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RESUMO 

A Organização Mundial da Saúde qualifica as doenças inflamatórias crónicas como a principal causa de 

morbilidade e mortalidade no mundo. A inflamação crónica é caracterizada por uma resposta inflamatória 

anormal e persistente que conduz à disfunção de tecidos e órgãos (p. ex. artrite). Nas últimas décadas, 

foram observadas melhorias significativas no tratamento destas doenças. No entanto, a contínua 

administração de fármacos anti-inflamatórios é limitada devido à sua associação com efeitos secundários 

graves. Assim, terapias mais seguras e eficazes devem ser exploradas. As plantas, sendo a base da 

medicina tradicional em muitas culturas por milhares de anos, são uma excelente fonte de moléculas 

bioativas, tornando-se algumas delas marcos na indústria farmacêutica (p. ex. morfina). Duas plantas 

tradicionalmente utilizadas no tratamento de doenças imunológicas são a Salvia officinalis e a Echinacea 

purpurea. Todavia, a sua atividade imunomoduladora ainda não foi amplamente estudada de forma a 

fornecer evidências científicas sólidas acerca da sua eficácia. Neste trabalho foram preparados extratos 

de diferentes órgãos dessas plantas (flores, folhas e raízes) para explorar o seu potencial como 

formulações pró- ou anti-inflamatórias. Diferentes solventes e métodos de extração foram usados para 

preparar extratos com diferentes características. Em particular, os extratos da E. purpurea foram 

separados em duas frações (fenóis/ácidos carboxílicos e alquilamidas) para permitir identificar a classe 

de compostos responsável pela maior bioatividade. A composição química dos extratos e das frações foi 

caracterizada por diferentes técnicas cromatográficas. A atividade antioxidante das diferentes 

formulações foi avaliada na presença de espécies reativas relevantes. Os efeitos pró- e anti-inflamatórios 

dos diferentes extratos e frações foram investigados, respetivamente, em macrófagos não estimulados e 

estimulados com lipopolissacarídeos. Relativamente às propriedades pró-inflamatórias, somente os 

extratos aquosos de E. purpurea demonstraram bioatividade ao induzir as principais vias de sinalização 

inflamatória e os mediadores pró-inflamatórios. Considerando as atividades antioxidantes e anti-

inflamatórias, todos os extratos e frações preparados apresentaram grande eficácia, a qual foi 

influenciada pelo método de extração, solvente utilizado e órgão da planta selecionado. Posteriormente, 

o extrato mais promissor foi encapsulado em vesículas unilamelares grandes, funcionalizadas com ácido 

fólico, com o objetivo de melhorar a sua biodistribuição. Por fim, demonstrou-se a segurança e a eficácia 

terapêutica desta formulação num modelo experimental de inflamação em ratos. Assim, concluiu-se que 

os extratos de plantas são formulações com grande potencial para serem posteriormente utilizadas como 

base no tratamento eficaz de doenças que afetam o sistema imunológico, seja quando este está 

comprometido ou hiper-reativo. 

Palavras-chave: atividades anti-inflamatória e antioxidante; composição química; inflamação; lipossomas; 

extratos de plantas.
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ABSTRACT 

Chronic inflammation-related diseases are ranked by the World Health Organization as the major cause 

of morbidity and mortality in the world. Chronic inflammation is characterized by a persistent and 

abnormal inflammatory response that leads to tissue damage and/or dysfunction (e.g., arthritis). There 

were remarkable improvements in the last decades in the management of chronic inflammatory diseases. 

However, the constant administration of the clinically available anti-inflammatory drugs is limited due to 

their association with serious side effects. Therefore, alternative, safer and more effective therapies must 

be investigated. Plants, being the basis of traditional medicine in many cultures for thousands of years, 

are a rich source of bioactive molecules. Some of them became landmarks in the pharmaceutical field 

(e.g., morphine). Two plants traditionally used in the treatment of immune-related diseases are Salvia 

officinalis and Echinacea purpurea. However, their immunomodulatory activity has not been extensively 

studied in a scientifically soundness. Therefore, in this work, we obtained extracts from different organs 

of those plants (flowers, leaves, and roots) to explore their potential as pro- or anti-inflammatory 

formulations. Different solvents and extraction methods were used to prepare a variety of extracts. 

Particularly for E. purpurea extracts were fractionated into phenolic/carboxylic acids and alkylamide 

fractions to identify the class of compounds responsible for the strongest bioactivity. Then, the chemical 

fingerprint in the extracts and fractions was evaluated by different chromatographic techniques. The 

antioxidant activity of the different formulations was evaluated against relevant reactive species. The pro- 

and anti-inflammatory effects of the different extracts and fractions were evaluated using non-stimulated 

and lipopolysaccharide-stimulated macrophages, respectively. Regarding pro-inflammatory properties, 

aqueous E. purpurea extracts were the most promising by the induction of main inflammatory signaling 

pathways and pro-inflammatory mediators. Considering antioxidant and anti-inflammatory activities, all 

the developed extracts displayed strong efficacy that was influenced by the extraction method, solvent 

used, and source organ of the plant. Afterward, the most promising extract was loaded in folic acid-

functionalized large unilamellar vesicles (FLUVs) to improve its therapeutic biodistribution. Finally, it was 

demonstrated in an experimental rat model of inflammation the safety and enhanced therapeutic efficacy 

of the most powerful extracts loaded in FLUVs. Therefore, we showed that the plant extracts are promising 

natural formulations that can be further used as a basis for the effective treatment for disorders in which 

the immune system is either overactive or impaired. 

 
 

Keywords: anti-inflammatory and antioxidant activities; chemical composition; inflammation; liposomes; 

plant extracts.
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INTRODUCTION TO THE THESIS FORMAT 

The present thesis is divided into four sections (I to IV), containing eight chapters (1 to 8), organized 

according to the specific aims of each one.  

Section I includes Chapter 1, which is an extensive literature overview of the concepts explored 

in this thesis. This chapter starts with a description of the immune system and the inflammatory response, 

exploring the major inflammatory signaling pathways. Examples of chronic inflammatory diseases and 

therapeutic options available are also provided. The role of plant-derived drugs in the pharmacological 

field, as well as the inconsistencies in pharmacological effects of the plant extracts are presented. 

Moreover, a detailed list of the chemical composition, the bioactive compounds, and the 

immunomodulatory mechanism of action of the studied plant extracts are discussed. This chapter also 

explores liposomes as effective drug delivery systems for its administration. 

Section II, comprising Chapter 2, presents a detailed description of the materials and methods 

used to obtain the results presented in this thesis. This chapter aims to provide additional information 

that is not included in the materials and methods subsection of each of the experimental chapters.  

Section III is composed of five chapters (Chapters 3 to 7). This group is related to original works 

published in different journals or submitted for publication, which are identified in the front page of each 

chapter. Thus, Chapters 3 to 7 are presented in a manuscript form, which includes sections such as 

abstract, introduction, experimental section, results, discussion, conclusions, and acknowledgements. A 

list of references is also provided as a subsection within each chapter.  

Chapter 3 compares the antioxidant and anti-Inflammatory activities of different cytocompatible 

Salvia officinalis extracts obtained by traditional and Soxhlet extraction. The main bioactive compounds 

are tentatively identified and correlated with the bioactivity obtained. 

Chapter 4 explores the anti-inflammatory activity of several Echinacea purpurea extracts prepared 

by an advanced technique. Here, different organs of the plant (flowers, leaves, and roots) and solvents of 

extraction (water, ethanol, dichloromethane) were used. The nine extracts were also chemically 

characterized. 

Chapter 5 investigates the pro-inflammatory mechanism of action of the aqueous extracts and 

fractions obtained from flowers, leaves, and roots of Echinacea purpurea. Moreover, the class of 

compounds responsible for this bioactivity is proposed. 

Chapter 6 studies the anti-inflammatory mechanism of action of the three of the most powerful 

extracts obtained in the Chapter 3. To identify the class of compounds responsible for the strongest 

bioactivity, they were fractionated into phenolic/carboxylic acids and alkylamides. 
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Chapter 7 reports the preparation and physicochemical characterization of folic acid-

functionalized large unilamellar vesicles (FLUVs) encapsulating the most potent Echinacea purpurea 

extract. Additionally, the biological activities of the extract-free, empty FLUVs, or extract-loaded FLUVs 

were assessed either in vitro (cytocompatibility and anti-inflammatory activity) or in vivo (safety and 

therapeutic efficacy), using an experimental rat model of inflammation. 

Finally, Section 4 includes the Chapter 8, where it is presented the general conclusions of the 

performed works and their significance for the field. Furthermore, the future directions of the work 

developed in this thesis are discussed.  
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Para ser grande, sê inteiro: nada 

      Teu exagera ou exclui.  

Sê todo em cada coisa. Põe quanto és  

      No mínimo que fazes.  

Assim em cada lago a lua toda  

      Brilha, porque alta vive. 

 

Ricardo Reis 

  



 

1 

 

 

 

 

SECTION I 

Introduction 

 

 

 

 

 

 

 

 

 



2 

 

 

 

 

CHAPTER 1 

General Introduction 
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S. F. Vieira, H. Ferreira, N. M. Neves. Plant-derived bioactive compounds as key players in the 

modulation of immune-related conditions. (Submitted). 2023. 
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1.1. INTRODUCTION 

Immune-related diseases pose a significant global burden, affecting both male and female of all 

ages. Over the years, the prevalence of immune disorders has increased from 11% to nearly 16% [1]. 

Consequently, millions of people worldwide suffered from these diseases, resulting in a serious impact 

on their quality of life [2]. As a result, immune-related diseases present a substantial socioeconomic 

public health challenge [1]. Therefore, there is a pressing need to develop new, safe, and more effective 

therapies to restore immune system homeostasis and enhance the well-being of patients. 

Currently, the pharmaceutical industry primarily focuses on developing new synthetic compounds 

and researching previously known molecules [3]. Nonetheless, natural products have being used as an 

inspiration for drug discovery. Several drugs derived from various natural sources, such as plants, marine 

organisms, and microorganisms, continue to emerge [4–10]. Particularly, plants have long been 

employed for the treatment of various diseases. Plant-derived formulations can present promising 

immunomodulatory bioactivity. These formulations can interact with the immune system, for example, by 

exerting influence on immune cell function, modulating the production of pro-inflammatory mediators, 

and regulating the levels of antioxidant molecules [11–13]. Thus, plant-derived formulations can help 

restoring immune system homeostasis and improve treatment outcomes by targeting specific 

components that are dysregulated. Furthermore, plants, presenting a rich chemical diversity of 

compounds, are an excellent resource for the discovery of novel, safe, and effective immunomodulatory 

drugs to potentially revolutionize immune-related therapeutics. Moreover, with the advances in 

pharmacology and pathophysiology, the integration of historical sources in the exploration of plant-based 

drugs can be a highly successful approach for the discovery of effective immunomodulatory agents [14]. 

In this thesis, Chapter 1 presents an overall description of the immune system and inflammatory 

response, exploring the major inflammatory signaling pathways. Examples of chronic inflammatory 

diseases and current therapeutic options are also provided. Then, the role of plant-derived formulations 

in the pharmacological field, as well as some of the inconsistencies in pharmacological effects of the plant 

extracts are presented. Chapter 1 carefully examines Salvia officinalis and Echinacea purpurea since 

they are plants traditionally used as immunomodulatory medicines. It also highlights their main active 

principle(s) and the respective mechanism of action. In addition, Chapter 1 presents the most complete 

and comprehensive list of chemical compounds present in both immune-related plants ever reported to 

date. Those tables are complemented with additional parameters of the extraction process (e.g., solvent 

of extraction) that have an impact on the composition of the final formulation. Conventional therapy has 

certain drawbacks that can be overcome using drug delivery systems. Hence, in Chapter 1 is also 



CHAPTER 1|General Introduction 

4 

provided insights into the field of liposomes to highlight their potential to improve the bioavailability of 

plant-derived formulations. 

  

1.2. IMMUNE SYSTEM 

The immune system is in constant surveillance, recognizing and eliminating harmful stimuli that 

can cause diseases [15]. Indeed, it has fast, specific, and effective mechanisms that are triggered by 

tissue injury or trauma and harmful entities (e.g., cancer cells, viruses, fungi, parasites, bacteria, 

allergens, and toxic compounds) [15]. The immune system is highly adaptable and involves a complex 

and dynamic network of cells, soluble molecules, and organized pathways. Moreover, it has different 

recognition and destruction mechanisms to match the several shapes, sizes, and chemical structures of 

harmful entities. Hence, an immune response is elicited to ensure the protection of all tissues and organs 

and to maintain or restore homeostasis in the body [15]. 

 

1.2.1. Organization of the immune system 

The immune system involves innate (non-specific) and adaptive (specific) immunity [16]. 

The effector mechanism of innate immunity – the first line of defense – comprises features that 

are encoded by genes in the germline, including anatomical barriers and cellular responses [17]. The 

main physical barriers for preventing pathogens to enter in the body are the epithelial layers of the skin, 

the mucosal tissues (e.g., gastrointestinal, respiratory, and urogenital tracts), and the glandular tissues 

(e.g., salivary, lacrimal, and mammary glands) [18]. In addition, the secretions of these tissues (e.g., 

mucus and urine) wash away potential invaders and can contain enzymes (e.g., lysozyme) and peptides 

(e.g., defensins) with antimicrobial properties. Moreover, the acidic pH in some tissues, such as stomach 

and urogenital tract, is important in conferring protection against bacterial and fungal pathogens [18]. 

Innate immune cells include monocytes, macrophages, neutrophils, eosinophils, mast cells, basophils, 

and dendritic cells [17]. They recognize in a fast and effectively way a wide range of pathogens after 

entering inside the organism, restricting and controlling their replication rate within hours [16]. The innate 

cells express an array of germline-encoded cellular membrane and intracellular receptors. They are 

defined as pattern-recognition receptors (PRRs), that immediately recognize specific conserved molecular 

components on the surfaces of pathogens (pathogen-associated molecular patterns, PAMPs) or 

endogenous molecules released from damaged cells (danger-associated molecular patterns, DAMPs) 

[16,19]. PRRs can be categorized into secreted, transmembrane, and cytosolic classes, ensuring the 

recognition of PAMPs and DAMPs in both extracellular and intracellular compartments of a cell [19]. 
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PAMPs could be bacterial and viral nucleic acids and wall components, including lipopolysaccharides 

(LPS), carbohydrates (e.g., mannans and β-glucans), peptidoglycans, lipoteichoic acids, and surface 

proteins [15,20]. Conversely, DAMPs are breakdown products of extracellular matrix, products of the 

proteolytic cascades activated by vascular and endothelial damage, or molecules released from debris 

cells (e.g., adenosine triphosphate – ATP, potassium ions, uric acid, high mobility group box – HMGB – 

1 protein, and S100 calcium-binding proteins family) [21].  

The adaptive immune system provides a second and more focused set of reactive molecules and 

cellular components against pathogens. The adaptive immune response is slower (5 or 6 days after initial 

exposure) than the innate response but is more specific against the pathogen [22]. Adaptive immune 

cells are composed of the effectors of cellular immunity –  T cells – and the antibody-producing cells – 

B cells –, whose receptors are not genetically encoded, but are generated by somatic recombination in 

each organism [19,22]. The adaptive immune response is generated under the influence of signals 

provided by the innate immune system that can be either directly by circulating offending agents or 

indirectly by antigen-presenting cells (APCs) migrating to secondary lymphoid organs [22]. The antibodies 

(also called immunoglobulins) produced by B cells confer humoral immunity. The various subpopulations 

of the T cells secreting soluble cytokines confer cellular immunity [22]. 

Although the innate immune system triggers the adaptive immune system, both systems 

communicate through cellular and molecular interactions, allowing for the protection of the organism 

[16]. 

 

1.2.2. Cells of the immune system 

The immune response involves an interconnected communication among diverse cell types that 

drive from hematopoietic stem cells (HSC) in the bone marrow (Figure 1.1) [23]. In homeostatic 

conditions, most HSCs are quiescent. In the presence of a stimulus (e.g., pathogen or cancer cells), HSCs 

differentiate into a common myeloid-erythroid progenitor (CMP) – myeloid lineage – or a common 

lymphoid progenitor (CLP) – lymphoid lineage [23].  

Myeloid cells are the first to respond to the invasion of a pathogen and communicate the presence 

of the insult to cells of the lymphoid lineage. The immune cells that arise from the myeloid lineage include 

granulocytes and phagocytic cells [23]. Granulocytes can be classified as neutrophils, basophils, mast 

cells, or eosinophils, depending on the cellular morphology and the cytoplasmic characteristic granules 

[17]. Indeed, their cytoplasm is enriched in cytotoxic granules that are released after contact with different 

pathogens. Granulocytes present different functions. Neutrophils are implied in many types of infections  
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Figure 1.1 | Immune cell lineages. TC: T cytotoxic cells; TFH: T follicular helper cells; TH: T helper cells; TREG: regulatory T cell.
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and are responsible for the engulfing of the pathogen – phagocytosis [17]. Basophils are critical for 

protecting the organism against parasites, particularly helminths. Mast cells protect mucosal surfaces 

against pathogens. Eosinophils are key players in the defense against multicellular parasitic organisms, 

including worms. The group of phagocytic cells includes monocytes, macrophages, and dendritic cells, 

that have APCs function [17]. Monocytes migrate into tissues and differentiate into tissue-resident 

phagocytic cells, namely macrophages and dendritic cells. Depending on the nature of the activating 

signals, macrophages can undergo classical macrophage activation or alternative macrophage activation, 

yielding pro-inflammatory M1 macrophages or anti-inflammatory M2 macrophages. The first and second 

phenotypes participate in immune responses and tissue repair, respectively. During an immune response, 

M1 macrophages exhibit great phagocytic activity, improved ability to kill ingested microbes, increased 

secretion of inflammatory and cytotoxic mediators, and enhanced capacity to activate T cells. Dendritic 

cells monitor the body for signs of invasion by pathogens and capture intruding or foreign antigens, which 

are presented to naïve lymphocytes in the secondary lymphoid organs. All APCs express both major 

histocompatibility complex (MHC) class I and class II molecules, cell membrane proteins, that are 

essential for the activation of T cells [17].  

Despite the myeloid cells exhibit an unspecific immune response, the lymphoid lineage regulates 

a specific immune response. In this lineage, lymphocytes are the main cells. According to their functional 

and phenotypic differences, lymphocytes can be categorized into B cells (B lymphocytes), T cells (T 

lymphocytes), and natural killer cells [23]. B cells, matured in the bone marrow, express B-cell receptor 

(BCR), a membrane-bound antibody molecule that binds to processed or unprocessed antigens [17]. 

After surface antibody link to a unique antigen, they become activated. Activated B cells differentiate into 

effector cells – plasma cells – and secrete antibodies. T cells, matured in the thymus, express a specific 

antigen-binding receptor – T-cell receptor (TCR). TCR only recognizes processed pieces of antigen bound 

to MHC molecules [17]. According to the presence of glycoproteins, namely CD4 or CD8, on their surface, 

T cells can be classified as T helper (TH) cells and T cytotoxic (TC) cells, respectively. TH cells (CD4+ T) 

recognize antigens in complex with MHC class II (expressed by APCs). Conversely, TC cells (CD8+ T) 

recognize antigens in complex with MHC class I (expressed by nearly all nucleated cells of vertebrate 

species). When naïve CD4+ T cells bind their TCR to the MHC-peptide complex, they become activated 

and proliferate and differentiate into a variety of effector T cell subsets. Depending on the type of pathogen, 

T cell subsets can be T helper type 1 (TH1), T helper type 2 (TH2), T helper type 17 cells (TH17), T 

follicular helper cells (TFH),  and regulatory T cell (TREG) [17]. TH1 and TH2 cells regulate the immune 

response to intracellular and extracellular pathogens, respectively. TH17 cells play an important role in 
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cell-mediated immunity and may help the defense against fungi infections. TFH cells play an important 

role in humoral immunity and regulate B-cell development in germinal centers. TREG cells have the 

unique capacity to inhibit an immune response. Similar to naïve CD4+ T cells, naïve CD8+ T cells also 

become activated after binding their TCR to the MHC-peptide complex, and then, they proliferate and 

differentiate into an effector cell called cytotoxic T lymphocyte [17]. Natural killer cells, presenting cytotoxic 

granules, attack and induce cell death in a variety of abnormal cells, such as tumor cells and virus-infected 

cells [17]. They recognize these cell debris by the absence of MHC class I on their surface. Natural killer 

cells also express immunoglobulin-like receptors and can, therefore, bind pathogens or proteins from 

pathogens on the surface of infected cells. 

 

1.3. INFLAMMATION 

Inflammation is a natural and essential protective mechanism, triggered by noxious stimuli or 

trauma, that aims to restore the homeostasis of the body [15,24]. The hallmarks, traditionally called 

cardinal signs, of an inflammatory response are calor (heat), rubor (redness), tumor (swelling), dolor 

(pain), and functio laesa (loss of function) [25]. These signals are consequences of vascular changes and 

leukocyte recruitment, influx, and activation. 

Some pathogens can penetrate the body through damaged anatomical barriers (e.g., wounds, 

abrasions, and insect bites). Once inside the human organism, the offending agent is rapidly recognized 

by soluble proteins and/or PRRs on the membrane surface of tissue-resident macrophages, neutrophils, 

dendritic cells, and mast cells [19]. When activated, the immune cells rapidly fight the pathogen [16,20]. 

The soluble phagocytosis-enhancing proteins, namely opsonins (e.g., surfactant proteins – SP – A and D, 

mannose-binding lectin – MBL –, L-ficolin, C-reactive protein – CRP –, and several components of 

complement system), that can bind to PAMPs, initiates the opsonization of the pathogen (Figure 1.2A). 

Once bound to the surface of the pathogen, opsonins are recognized by membrane opsonin receptors on 

phagocytic cells, activating and enhancing the phagocytosis [26]. Immediately, actin polymerization is 

activated in phagocytic cells to perform the phagocytosis (Figure 1.2B). Briefly, phagocytic cells extent 

their plasma membrane around the offending agent, and internalize it into phagosomes, which then fuse 

with lysosomes [27]. The resulting phagolysosomes contain antimicrobial proteins (e.g., lactoferrin and 

psoriasin) and peptides (e.g., defensins and cathelicidins), low pH, acid-activated hydrolytic enzymes 

(e.g., lipases and proteases), and free radicals (e.g., reactive oxygen and nitrogen species – ROS/RNS), 

to kill and degrade the internalized offending agent [28].  
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Figure 1.2 | Phagocytosis and intracellular destruction of invading agent (e.g., bacterium). (A) Opsonization of invading 

agent by different opsonin receptors on the surface of phagocytic cells. (B) Phagocytosis steps: (1) recognition and attachment: 

invading agent binds to phagocytic receptors present in the membrane; (2) engulfment: extension of the phagocytic membrane 

around the invading agent; (3) ingestion: the invading agent is ingested, forming a phagosome. (4) fusion: phagosome fuses 

with a lysosome; (5) killing and degradation: the invading agent is killed and then digested by lysosomal enzymes and reactive 

oxygen and nitrogen species (ROS/RNS); (6) releasing: digestion products are released from the cell.  

 

The recognition of the offending agent by phagocytic cells also triggers different signal-transduction 

pathways that activate the expression of important genes in the inflammatory process. Among the proteins 

encoded by these genes, there are several inflammatory mediators that amplify the inflammatory 

response. Briefly, the neutrophils create a cytotoxic environment by releasing noxious chemicals from 

their cytoplasmic granules, including proteinases and antimicrobial proteins [29]. Neutrophils and 

macrophages also initiate a massive respiratory burst, releasing high levels of ROS/RNS, as well as pro-

inflammatory mediators, namely cytokines, chemokines, prostaglandins (PGs), and leukotrienes (LTs) 

[30–33]. Histamine is released by mast cells. Some of these inflammatory mediators act on the vascular 

musculature to promote vasodilation, which increases blood flow and capillary permeability, to allow for 

the influx of leukocytes [34]. The recruited leukocytes adhere to vascular endothelial cells through cell 

adhesion molecules (CAMs), at the site of inflammation, passing then through the walls of capillaries into 

the tissue space (extravasation). In the target tissue, recruited phagocytic cells are activated [27]. The 

APCs, typically dendritic cells and macrophages, recognize and process the offending agent, and expose 

the pathogen-derived peptides (antigen) on the cell surface complexed with MHC class I and class II, as 

previously referred. Activated APCs also express high levels of costimulatory ligands (e.g., CD80 and 

CD86) to activate the lymphocytes. Then, they migrate through the lymphatic vessels to nearby secondary 

lymphoid tissues (e.g., lymph nodes and spleen) where they present the antigen to the T and B cells [35]. 
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The naïve T cells are co-stimulated by the engagement with both MHC-peptide complex by TCR 

(Signal 1) and costimulatory ligands (Signal 2) on APCs [17]. However, even with the increased functional 

avidity offered by coreceptors and adhesion molecules, the T cells are not fully activated. Indeed, a third 

set of signals, provided by local cytokines (Signal 3) are needed to completely activate the T cells 

(Figure 1.3). Then, as previously described, activated T cells and their progeny gain unique functional 

abilities, becoming effector TH or TC that directly or indirectly act to clear the offending agent [22]. 

CD8+ T cells leave the secondary lymphoid tissues and migrate to sites of inflammation. Activated 

CD8+ T cells acquire the ability to induce the death of the target cell, becoming cytotoxic T lymphocyte 

[22]. CD4+ T cells produce cytokines that coordinate the activity of other immune cells (B cells, 

macrophages, and other T cells) [17]. As previously referred, depending on the nature of the pathogen 

and its binding to specific PRRs, APCs activate different signaling pathways and induce the secretion of 

specific cytokines that influence the fate of the naïve CD4+ T cells into different subsets of cytokine-

producing phenotype (TH1, TH2, TH17, or TREG) [36]. 

 

 

Figure 1.3 | Activation of naïve T cells requires three signals. (1) The T-cell receptor/major histocompatibility complex 

(TCR/MHC) antigen interaction, along with CD4 and CD8 co-receptors and adhesion molecules provides Signal 1. (2) Co-

stimulation by a separate set of molecules, including CD28, provides Signal 2. (3) Both Signal 1 and Signal 2 initiate a signal 

transduction cascade that results in activation of transcription factors and cytokines (Signal 3) that direct T-cell proliferation 

and differentiation. 

 

The naïve B cells can be directly activated by the recognition of antigen-associated APCs. Moreover, 

they can also be activated by two different mechanisms: T-dependent (TD) response, T-independent (TI) 

response (Figure 1.4). The TD response is generated upon recognition of an antigen and requires the 

participation of CD4+ T cells  [22]. First, the antigen binds to the membrane immunoglobulin receptors 

of B cells (Figure 1.4A). Some of the antigens are internalized into specialized vesicles within the B 

cells, processed, allocated in the antigen-binding MHC class II, and presented to CD4+ T cells. Then, a T 
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cell previously activated by an antigen-bearing APC binds to the B cell through its MHC-peptide receptor 

and an interaction between CD40/CD80 or CD86 (on B cell) and CD40L/CD28 (on TH cell). To finalize 

the activation process, the bounded T cell release cytokines (e.g., IL-2 and IL-4), and other signals to the 

B cell. The TI response occurs directly toward multivalent or highly polymerized antigens and does not 

require T-cells involvement [22]. There are two subclasses of TI antigens. Type 1 TI (TI-1) antigens interact 

with B cells through both membrane immunoglobulin receptors and innate immune receptors (Figure 

1.4B). Type 2 TI (TI-2) antigens are frequently bound by complement components and crosslink both 

immunoglobulin and CD21 receptors on B cells (Figure 1.4C).  

 

  

Figure 1.4 | B cell activation. (A) T-dependent antigens bind to the immunoglobulin receptor of B cells (1); some of the 

antigens are processed and presented to helper T (TH) cells. T cells bind to the MHC-peptide antigen and deliver further 

activating signals to the B cell via interaction between CD40L (on T cells) and CD40 (on B cells) (2); in addition, T cells secrete 

activating cytokines (e.g., IL-2 and IL-4), which are recognized by receptors on the B-cell surface (3). (B) Type 1 T-independent 

antigens bind to B cells through both immunoglobulin (1) and innate immune receptors (2). (C) Type 2 T-independent antigens 

have the ability to crosslink both the immunoglobulin receptor and CD21 receptors on B cells (1). 

 

Some of the antigen-activated B cells move into specific regions, where they differentiate into 

clusters of activated B cells. There, they complete their differentiation into plasma cells to secrete large 

amounts of antibodies [37]. Some antigen-stimulated B cells also undergo further differentiation that 

results in the secretion of antibodies with altered sequences in their antigen-combining sites. This process 

generates B cells bearing receptors and secreting antibodies whose affinity for antigen increases as the 

immune response progresses. The antibodies generated by activated B cells can protect the body against 

the offending agents using different mechanisms: (i) blocking receptors that offending agents use to enter 

into the cells; (ii) opsonizing the offending agents by binding to or recruiting phagocytic cells; (iii) initiate 

the complement cascade, puncturing cell membrane [37]. The slower activity of the adaptive immune 

system is due to the development of the antigen specificity. An important population of both T and B cells 

are preserved as memory T and B cells in this primary response, ensuring a heightened reactivity to a 

subsequent challenge with the same antigen [17,22]. 
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All these mechanisms result in a successful acute inflammatory response with the clearance of the 

invading pathogens, dead cells, and damaged tissue. This is followed by a resolution and repair phase, 

which is mediated mainly by M2 macrophages, restoring tissue homeostasis.  

 

1.3.1. Inflammatory mediators 

The inflammatory response is coordinated by several mediators that form complex regulatory 

networks [15]. The inflammatory mediators include substances derived from plasma proteins or that are 

secreted by cells [15,38]. These molecules initiate and regulate inflammatory reactions and modify the 

functional states of tissues and organs. Inflammatory mediators act through specific receptors on target 

cells, generally having multiple effects in different cell types [39]. Depending on the biochemical 

properties, the inflammatory mediators can be vasoactive amines, vasoactive peptides, fragments of 

complement components, eicosanoids, cytokines, chemokines, free radicals, and proteolytic 

enzymes [15]. Table 1.1 presents several inflammatory mediators, as well as the main producing cells, 

the target cells, and the most common functions. The main functions of some inflammatory mediators 

will be discussed hereafter. 

The two major vasoactive amines are histamine and serotonin, which are stored in the granules of 

mast cells, basophils, macrophages, dendritic cells, and T cells [38]. Under certain stimuli, these cells 

release histamine and serotonin by degranulation [40]. For example, they have effects on the vasculature, 

leading to vasodilation and thus to increase the vascular permeability [15]. Vasoactive peptides promote 

similar events. These mediators are stored in an active form in secretory vesicles (e.g., substance P) or 

are generated by proteolytic cleavage of inactive precursors in the extracellular fluid (e.g., bradykinin) 

[15].  

The complement components are synthesized by hepatocytes and by other cell types, including 

blood monocytes, tissue macrophages, fibroblasts, and epithelial cells of the gastrointestinal and 

genitourinary tracts. The complement products (e.g., C5b, C6–C9) bind to a pathogen and kill it by 

creating pores on its membranes. Intermediate cleavage products (e.g., C3a, C3b, C4a, C5a) also 

stimulate the release of the histamine from mast cells, recruit and activate leukocytes (neutrophils, 

monocytes, eosinophils, and basophils), and promote phagocytosis [15,38]. 

The eicosanoids comprise PGs, thromboxanes (TXs), LTs, and lipoxins (LXs) [15]. PGs (e.g., PGD2, 

PGE2, PGF2, PGI2, PGJ2) and TXs (e.g., TXA2) produced by mast cells, macrophages, and endothelial 

cells during a stimulus, are involved in the vascular and systemic reactions of inflammation [38,40]. LTs 

(e.g., 5-hydroxyeicosatetraenoic acid – 5-HETE –, 5-hydroperoxyeicosatetraenoic acid – 5-HPETE –, 
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LTB4, LTC4, LTD4, LTE4) produced by leukocytes and mast cells, have prominent effects on bronchial 

smooth muscle, vasculature, and leukocyte recruitment [38,40]. Conversely, LXs (e.g., LXA4, LXB4) are 

important in the resolution of inflammation, by inhibiting the recruitment of leukocytes [38]. 

Cytokines are signaling molecules produced by several cell types, mainly activated lymphocytes, 

macrophages, and dendritic cells [38]. They can be pro-inflammatory (e.g., interleukin – IL – 1, IL-2, IL-

4, IL-6, IL-12, IL-17, tumor necrosis factor – TNF – α, interferon – IFN – γ) and anti-inflammatory (e.g., 

IL-10, transforming growth factor – TGF – β) cytokines. The pro-inflammatory cytokines play several roles 

in the inflammatory process, such as leukocyte recruitment and activation, endothelium activation, and 

induction of the acute-phase response. The anti-inflammatory cytokines reduce or limit the inflammation 

in the body. Cytokines have a pleiotropic action (induce different biological effects) and are redundant 

(two or more cytokines mediate similar functions). They can have synergistic (combined effect of two 

cytokines is greater than the additive effects of the individual cytokines) or antagonistic actions (the effect 

of one cytokine inhibits the effect of another). Cytokines also display a cascade induction mode (action of 

one cytokine-induced production of one or more additional cytokines). Chemokines (e.g., IL-8, monocyte 

chemoattractant protein – MCP – 1), produced by several cell types, control leukocyte extravasation and 

chemotaxis towards the injured tissues [15]. They influence the assembly, disassembly, and contractility 

of cytoskeleton proteins and the expression of cell-surface adhesion molecules. Both cytokines and 

chemokines can act in an endocrine (act on cells some distance away from the secreting cell), paracrine 

(act on cells near the secreting cell), and/or autocrine (act on own cell) manner. 

The activated neutrophils, macrophages, and dendritic cells produce also large amounts of 

ROS/RNS to that also leads to the efficient killing of the offending agent [40]. ROS (e.g., superoxide radical 

– O2
•– –, hydroxyl radical – •OH –, peroxyl radical – ROO•) and RNS (e.g., nitric oxide – •NO –, peroxynitrite 

– ONOO–) strongly modify the chemical structure of some molecules of the offending agent (e.g., oxidation 

and nitration).  

Proteolytic enzymes, such as matrix metalloproteinases (MMP; e.g., MMP-2, MMP-10), play an 

important role in tissue remodeling, in regulation of leukocyte migration and activation, as well as in 

controlling the cytokine and chemokine expression [15]. 
 

Table 1.1 | Examples of mediators of inflammation [41–51]. 

Inflammatory 

mediator 

Main producing 

cells 
Target cells Most common functions 

Vasoactive amines 
    

Histamine Mast cells, basophils 

Monocytes, macrophages, 

dendritic cells, T cells, B 

cells, endothelial cells 

Vasodilation; increase venular permeability; 

enhance leukocyte rolling and firm adhesion; 
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enhance leukocyte extravasation; immune cell 

maturation, activation, and differentiation 
    

Serotonin 

Mast cells, 

macrophages, dendritic 

cells, T cells 

Mast cells, macrophages, 

T cells, endothelial cells 

Vasodilation; endothelial activation; increase 

vascular permeability, enhance leukocyte 

recruitment; increase cytokine production; 

immune cell activation and differentiation 

Vasoactive peptides 

Substance P 

Mast cells, 

macrophages, dendritic 

cells, B cells, T cells, 

neurons 

Mast cells, macrophages, 

dendritic cells, B cells, T 

cells, endothelial cells 

Degranulation; cytokine production; modulation of 

antigen presentation; T cell activation and 

proliferation; enhancing antibody production; 

transmission of pain signals; increasing vascular 

permeability; regulate blood pressure 

Bradykinin 

Mast cells, 

macrophages, dendritic 

cells, B cells, T cells, 

endothelial cells 

Mast cells, macrophages, 

dendritic cells, B cells, T 

cells, endothelial cells 

Pain; antigen presentation; cytokine and antibody 

production; T and B cells activation and 

proliferation; increase vascular permeability; 

contraction of smooth muscle; dilation of blood 

vessels 

Complement fragments 

C5a, C3a, C4a 

Monocytes, 

macrophages, 

neutrophils, dendritic 

cells, hepatocytes 

Mast cells, basophils, 

eosinophils, neutrophils, 

monocytes, natural killer 

cells, T cells 

Chemotaxis; histamine production; stimulate 

degranulation; vasodilation; increase vascular 

permeability; recruitment and activation of 

leukocytes 

C3b 

Neutrophils, 

macrophages, dendritic 

cells, B cells, 

hepatocytes 

Neutrophils, macrophages Promote phagocytosis 

Prostaglandins 

PGE2 

Mast cells, neutrophils, 

monocytes, 

macrophages, dendritic 

cells, B cells, T cells, 

endothelial cells 

Macrophages, dendritic 

cells, natural killer cells, 

T cells, B cells, endothelial 

cells, neurons 

Pain; fever; vasodilation; vascular 

hyperpermeability; induction of smooth muscle 

contraction; leukocyte recruitment and migration; 

activation and differentiation of leukocytes; 

cytokine production 

PGD2 

Mast cells, basophils, 

eosinophils, 

macrophages, TH2 

cells, endothelial cells 

Mast cells, neutrophils, 

dendritic cells, B cells, 

T cells, endothelial cells 

Vasodilation; increase venules permeability; 

chemoattraction; cytokine production; mediation 

of histamine release; leukocyte recruitment; 

activation and differentiation of leukocytes 

PGF2 

Mast cells, neutrophils, 

monocytes, 

macrophages, T cells, 

endothelial cells 

Neutrophils, monocytes, 

macrophages, dendritic 

cells, T cells, endothelial 

cells 

Vasodilation; contraction of bronchial and uterine 

smooth muscle; cytokine and ROS production; 

modulation of antigen-presenting capacity; 

recruitment and activation of leukocytes 

Thromboxanes 

TXA2 

Mast cells, 

macrophages, T cells, 

endothelial cells 

Macrophages, dendritic 

cells, T cells, endothelial 

cells 

Platelet-aggregation promotion; vasoconstriction; 

smooth muscle contraction; lymphocyte 

proliferation; cytokine production 

Leukotrienes 

5-HPETE 
Mast cells, eosinophils, 

neutrophils, monocytes 

Mast cells, eosinophils, 

neutrophils, smooth 

muscle cells, endothelial 

cells 

Increase intracellular Ca2+ levels; enhance free 

radical production; cytokine and chemokine 

production; induce the migration and activation of 

immune cells 



  CHAPTER 1|General Introduction 

15 

5-HETE 

Mast cells, eosinophils, 

neutrophils, monocytes, 

macrophages 

Mast cells, eosinophils, 

neutrophils, smooth 

muscle cells, endothelial 

cells 

Chemotaxis; leukocyte adhesion; enhance free 

radical production; activation and recruitment of 

leukocytes 

LTC4 

Mast cells, basophils, 

eosinophils, monocytes, 

macrophages, epithelial 

cells 

 Mast cells, basophils, 

eosinophils, macrophages 

Bronchospasm; microvascular vasoconstriction; 

increase vascular permeability; recruitment of 

leukocytes; enhance mucus secretions 

LTD4 
Mast cells, basophils, 

eosinophils 

Mast cells, basophils, 

eosinophils, T cells 

Vasoconstriction; bronchospasm; microvascular 

vasoconstriction; increase venules permeability; 

recruitment and activation of leukocytes; enhance 

mucus secretions; promotion of degranulation 

Lipoxins 

LXB4 

Mast cells, neutrophils, 

monocytes, 

macrophages 

Neutrophils, monocytes, 

macrophages, dendritic 

cells 

Inhibition of chemotaxis; inhibition of neutrophil 

adherence and activation; inhibition of cytokine 

production; inhibition of phagocytosis; decrease 

antigen-presenting capacity; promotion of 

apoptosis 

Pro-inflammatory cytokines 

IL-1(α/β) 

Neutrophils, 

monocytes, 

macrophages, dendritic 

cells, T cells, 

endothelial cells 

Natural killer, B cells, T 

cells, endothelial cells, 

hepatocytes 

Fever; induction of acute phase proteins; 

induction of other cytokines; promote expression 

of adhesion molecules 

IL-2 

Natural killer cells, 

CD4+ T cells, CD8+ T 

cells 

B cells, T cells, natural 

killer cells 

Proliferation and differentiation of T cells; T cell 

effector and memory formation; TREG generation; 

natural killer cytotoxicity 

IL-4 CD4+ T cells, TH2 cells 
Mast cells, macrophages, 

B cells, T cells, TH2 cells 
Proliferation and differentiation of TH2 cells 

IL-6 

Mast cells, 

macrophages, dendritic 

cells, T cells, TH2 cells, 

B cells 

Monocytes, macrophages, 

natural killer cells, B cells, 

T cells, endothelial cells, 

hepatocytes 

Regulation of hematopoiesis; induction of acute 

phase response; differentiation, activation, and 

proliferation of leukocytes 

IL-12(A/B) 
Macrophages, dendritic 

cells; B cells 

Natural killer cells, T cells, 

TH1 cells 

TH1 differentiation; IFN-γ induction; promote 

cytotoxicity 

TNF-α 

Neutrophils, 

macrophages, 

monocytes, T cells 

Neutrophils, monocytes, 

endothelial cells, 

hepatocytes 

Inflammation; cachexia; induction of acute phase 

proteins; cytokine and chemokine production; 

induction of death in many types of cells; 

neutrophil activation 

IFN-γ 

Macrophages, dendritic 

cells, natural killer cells, 

TH1 cells, CD8+ cell, 

virus-infected cells 

Macrophages, dendritic 

cells, natural killer cells, 

TH1 cells, endothelial cells 

Activation and differentiation of leukocytes; induce 

MHC-I and -II molecules expression; cytokine and 

chemokine production; augments natural killer 

cells cytotoxicity 

Anti-inflammatory cytokines 

IL-10 

Monocytes, 

macrophages, dendritic 

cells, TREG cells 

Macrophages, dendritic 

cells, natural killer cells, 

TH1 cells, TREG cells 

Suppression cytokines and MHC-II; inhibition of 

the activation and proliferation of leukocytes; 

differentiation of TREG 
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TGF-β 

Mast cells, 

macrophages, dendritic 

cells, natural killer cells, 

B cells, T cells, TREG 

cells 

Macrophages, dendritic 

cells, natural killer cells, B 

cells, T cells 

Suppression B cell, T cell, and macrophages 

effector functions; TH17 and TREG differentiation; 

tolerance promotion; induction of tissue repair 

Chemokines 

IL-8 (CXCL8) 

Neutrophils, 

macrophages, T cells, 

endothelial cells 

Neutrophils 
Enhance adhesion; recruitment and activation of 

neutrophils 

MCP-1 (CCL2) 
Monocytes, 

macrophage 

Monocytes, basophils, 

eosinophils, T cells 
Chemotaxis 

Reactive oxygen species and reactive nitrogen species 

O2
•–, •OH, ROO•, 
•NO, ONOO– 

Macrophages, 

neutrophils, dendritic 

cells 

Pathogens 
Oxidation, hydroxylation, chlorination, nitration, 

and S-nitrosylation of pathogen molecules 

Proteolytic enzymes 

MMP-2 
Macrophages, 

neutrophils, T cells 

Components of ECM, 

endothelial cells 

Limit inflammation-inducing signals; stimulate 

vascular permeability; tissue remodeling and 

repair 

MMP-10 Macrophages, T cells 
Components of ECM, 

macrophages 

Regulate the resolution phase of acute 

inflammation 

Ca2+: calcium ions; CCL: C-C motif chemokine ligand; CD: cluster of differentiation; CXCL: C-X-C motif chemokine ligand; 

ECM: extracellular matrix; IFN: interferon; IL: interleukin; LT: leukotriene; LX: lipoxin; MCP: monocyte chemoattractant 

protein; MHC: major histocompatibility complex; MMP: matrix metalloproteinase; •NO: nitric oxide; O2
•–: superoxide radical; 

•OH: hydroxyl radical; ONOO–: peroxynitrite; PG: prostaglandin; ROO•: peroxyl radical; ROS: reactive oxygen species; TGF: 

transforming growth factor; TH: T helper cells; TNF: tumor necrosis factor; TREG: regulatory T cell; TX: thromboxane; 

5-HETE: 5-hydroxyeicosatetraenoic acid; 5-HPETE: 5-hydroperoxyeicosatetraenoic acid. 

 

1.4. INFLAMMATORY SIGNALING PATHWAYS 

If an antigen (e.g., PAMPS or DAMPS) or inflammatory mediator (e.g., cytokines or chemokines) 

binds to an immune cell receptor (e.g., PPRs), there are intracellular changes at the molecular level that 

regulate and coordinate the inflammatory response. These series of biochemical reactions within the cell 

are known as intracellular signaling pathways, also called signal transduction cascades. 

The immune signaling pathways result in the enhancement or inhibition of the expression of 

important genes involved in the inflammatory response [25]. These genes encode several inflammatory 

mediators, such as proteins with antimicrobial properties, chemokines, cytokines, and enzymes, that 

orchestrate the elimination of the offending agent and the healing of the damaged tissue. 

The immune cells share common downstream inflammatory signaling pathways, including nuclear 

factor kappa-light-chain-enhancer of activated B cells (NF-κB) [52], mitogen-activated protein kinase 

(MAPK) family [53], inflammasome activation [54], cytokine and chemokine signaling [55], 



  CHAPTER 1|General Introduction 

17 

cyclooxygenase (COX) and lipoxygenase (LOX) signaling [56], ROS/RNS mediated signaling [57,58], 

among others. 

 

1.4.1. NF-κB signaling pathway 

NF-κB pathway is rapidly activated in response to a wide range of stimuli, including PAMPs, stress 

agents, mitogens, and pro-inflammatory cytokines (e.g., TNF, IL-1) [52,59]. NF-κB transcription factor 

family is composed of Rel (c-Rel), RelA (p65), RelB, NF-κB1 (p50 and its precursor p105), and NF-κB2 

(p52 and its precursor p100) [60]. Each member, except RelB, can form homodimers and heterodimers 

with each other [52]. NF-κB enhances or promotes target genes transcription of several inflammatory 

mediators involved in different immune responses, including pro-inflammatory cytokines (e.g., TNF-α, IL-

1, IL-6), chemokines (e.g., CCL2, IL-8), ROS/RNS, CAMs, acute phase proteins, immunoreceptors, 

proteins involved in antigen presentation, stress-response proteins, and enzymes (e.g., COX-2, inducible 

nitric oxide synthase – iNOS). It also participates in the regulation of the activation of inflammasome, and 

of the activation, differentiation, and effector functions of lymphocytes [52,59,60]. 

NF-κB pathway may be activated by two distinct pathways, namely the classical (or canonical) and 

the alternative (or noncanonical) pathways (Figure 1.5). In the classical pathway, the NF-κB p65/p50 

heterodimer is inactive in the cytosol if associated with inhibitory NF-κB (IκB) proteins (IκBα, IκBβ, IκBε) 

[52]. Signaling through several receptors, such PPRs (e.g, toll-like receptors – TLR –, C-type lectin 

receptors – CLR –, and nucleotide oligomerization domain leucine-rich repeat-containing receptors – 

NLR), G-protein-coupled receptors (GPCR), TNF receptor – TNFR – 1, IL-1 receptor (IL-1R), TCR and BCR, 

recruit and activate specific intracellular adaptor proteins. This event phosphorylates the IκB kinases 

(IKK) complex that consists of two kinases (IKKα and IKKβ) and a regulatory subunit NF-κB essential 

modulatory (NEMO) [60]. Consequently, the IKK complex phosphorylates IκB proteins, leading to its 

ubiquitination and proteasomal degradation, releasing NF-κB dimers, namely p50/p65 and p50/Rel 

dimers [52,59,60]. Free NF-κB dimers are further activated by post-translational modifications and 

translocate to the nucleus where they bind to the specific site of the target genes to regulate their 

transcription [60]. In the alternative pathway, the NF-κB RelB/p100 complex is inactive in the cytosol. 

Signaling through TNFR superfamily members (e.g., lymphotoxin-β receptor – LTβR) activates the kinase 

NF-κB-inducing kinase (NIK), which in turn activates the IKKα subunit that phosphorylates NF-κB2 

precursor protein p100 [59,60]. Phosphorylation of the NF-κB2 precursor protein p100 leads to its 

ubiquitination and proteasomal processing to NF-κB2 p52. This creates mature NF-κB p52/RelB 
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Figure 1.5 | NF-κB signaling pathway. BRC: B-cell receptor; CLR: C-type lectin receptor; DNA: deoxyribonucleic acid; 

GPCR: G-protein-coupled receptor; IKK: inhibitor of nuclear factor kappa B kinase; IL-1R: interleukin-1 receptor; 

IκB: inhibitor of nuclear factor kappa B; NEMO: nuclear factor kappa-light-chain-enhancer of activated B cells essential 

modulatory; NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells; NIK: nuclear factor kappa-light-chain-

enhancer of activated B cells-inducing kinase; NLR: nucleotide-binding domain and leucine-rich repeat containing; RNS: 

reactive nitrogen species; ROS: reactive oxygen species; TCR: T-cell receptor; TLR: toll-like receptor; TNFR: tumor necrosis 

factor receptor. 

 

complexes that translocate to the nucleus and induce the gene expression referred for the classical 

pathway. 

 

1.4.2. MAPK signaling pathway 

MAPK signaling pathway consists of the activation of three protein kinases. It initiates with the 

phosphorylation of MAPK kinase kinase (MPAKKK), followed by the phosphorylation and activation of 

MAPK kinase (MAPKK), which, in turn, activates the MAPK by dual phosphorylation (Figure 1.6) [53,61].  
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Figure 1.6 | MAPK signaling pathway. ASK: apoptosis signal-regulating kinase; DNA: deoxyribonucleic acid; 

ERK: extracellular signal-regulated kinase; JNK: C-Jun N-terminal kinase; MAPK: mitogen-activated protein kinase; MPAKK: 

mitogen-activated protein kinase kinase; MPAKKK: mitogen-activated protein kinase kinase kinase; RAF: rapidly accelerated 

fibrosarcoma; TAK: transforming growth factor-β-activated kinase. 

 

Once activated, the MAPK phosphorylates diverse substrates in the cytosol and nucleus (e.g., NF-κB, c-

Jun, ELK-1, activator protein – AP – 1), changing the protein function and gene expression of several 
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cellular processes, such as cell growth, proliferation, differentiation, the production of pro-inflammatory 

cytokines development, cycle, survival, and death [61]. MAPK activation also induces the production of 

pro-inflammatory cytokines and chemokines. 

MAPK family includes extracellular signal-regulated kinase (ERK), C-Jun N-terminal kinase/stress-

activated protein kinase (JNK/SAPK), and p38 kinase signaling pathways (Figure 1.6) [53]. 

 

1.4.2.1. ERK signaling pathway 

ERK1 and ERK2 are the predominant members of the ERK family [62]. The ERK1/2 pathway is 

activated by growth factors (e.g., epidermal growth factor – EGF –, platelet-derived growth factor – PDGF) 

and cytokines (e.g., IL-1β, IL-6, TNF-α) through receptors tyrosine kinases (RTKs), GPCRs, integrins, and 

ion channels [63]. When these receptors are bound with their ligands, the adaptor proteins recruit the 

MAPKKK cytoplasmic rapidly accelerated fibrosarcoma (RAF) to the cell membrane for activation (Figure 

1.6). Activated RAF phosphorylates the MAPKK MEK1/2, which then phosphorylates the MAPK ERK1/2. 

It can regulate targets in the cytosol and also translocate to the nucleus where it activates several 

transcription factors that induce cell growth and differentiation [64]. Once inside the nucleus, ERK 

phosphorylates and activates a transcription factor, ELK-1, which cooperates with a second protein, 

serum response factor (SRF), to activate the transcription of the Fos gene. The Fos protein is also 

phosphorylated by ERK, and along with its partner, Jun, forms the master transcription factor, AP-1. ERK 

induces the production of pro-inflammatory cytokines and promotes leukocyte recruitment and 

phagocytosis. 

 

1.4.2.2. JNK signaling pathway 

JNK family members are constituted by JNK1, JNK2, and JNK3. The JNK pathway is activated by 

environmental stress (e.g., oxidative stress, DNA damage), inflammatory cytokines (e.g., TNF), and growth 

factors [65]. Adaptor proteins phosphorylate and activate the MAPKKK, such as MEKK1/4, apoptosis 

signal-regulating kinase – ASK – 1 or TGF-β-activated kinase – TAK – 1, which consequently 

phosphorylates the MAPKK MKK4/7 (Figure 1.6). Activated MKK4/7 phosphorylates the MAPK 

JNK1/2/3 that translocates to the nucleus and activates several genes involved in apoptosis, 

inflammation, cytokine production, and metabolism [65]. JNK stimulates the production of pro-

inflammatory cytokines, chemokines, ROS/RNS, and adhesion molecules. It also participates in the 

recruitment and activation of leukocytes. 
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1.4.2.3. p38 signaling pathway 

The p38 family members include p38α, p38β, p38γ, and p38δ. The p38 pathway is activated by 

environmental stress, growth factors, and inflammatory cytokines (e.g., TNF-α, IL-1β) [66]. Adaptor 

proteins phosphorylate and activate the MAPKKK, such as MEKK1/4, ASK1, or TAK1 (Figure 1.6). 

These molecules phosphorylate the MAPKK MKK3/6. Consequently, MAPK p38 is phosphorylated and 

activated, which participates in the regulation of genes involved in cell apoptosis, differentiation, and cycle 

regulation [53]. The p38 also stimulates the pro-inflammatory cytokine, chemokine, and ROS/RNS 

production and promotes leukocyte recruitment and phagocytosis.  

 

1.4.3. Inflammasome activation 

NLRs are a type of PRRs that can assemble in the cytosol with other proteins forming a complex 

inflammasome [54]. The inflammasome controls the maturation and release of cytokines [67]. The variety 

of the NLR protein-forming scaffold enables the formation of several inflammasomes, with distinct 

components and activation mechanism [67]. The best-characterized inflammasome is the NLR family 

pyrin domain containing 3 (NLRP3), expressed in monocytes, macrophages, neutrophils, dendritic cells, 

and some lymphocytes [67,68]. The NLRP3 inflammasome is activated with several PAMPs (e.g., pore-

forming toxin, and fungal, bacterial, or viral pathogens) or DAMPs (e.g., ATP, nucleic acids) [54,67]. 

However, NLRP3 must be primed before activation. The priming initiates when the NF-κB signaling 

pathway is activated and the NLRP3 protein is upregulated (Figure 1.7) [54]. Then, NLRP3 and adaptor 

protein apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC) suffer 

conformational changes to assemble into an NLRP3 inflammasome. The activation of NLRP3 is related 

to intracellular signals, such as potassium ion efflux, ROS, and/or leakage of lysosomal contents [54]. 

This induces oligomerization of the pro-caspase-1, ASC, and NLRP3, leading to their proximity-induced 

activation [54,67]. Oligomerization of pro-caspase-1 proteins induces their autoproteolytic cleavage into 

active caspase-1. Active caspase-1 cleaves the precursor cytokines pro-IL-1β and pro-IL-18 into mature 

cytokines IL-1β and IL-18, respectively [67]. Active caspase-1 is also able to induce pyroptosis, an 

inflammatory form of cell death [54]. 

 

1.4.4. Cytokines signaling 

Cytokines are key inflammatory molecules that allows the communication between the cells of the 

immune system, regulating the intensity and duration of the immune response [55]. Despite there are 

several pro-inflammatory cytokines, the ones with a function more prominent during an inflammatory 
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Figure 1.7 | NLRP3 inflammasome signaling pathway. ASC: apoptosis-associated speck-like protein containing a caspase 

recruitment domain; DNA: deoxyribonucleic acid; IL: interleukin; NF-κB: nuclear factor kappa-light-chain-enhancer of 

activated B cells; NLRP3: nucleotide oligomerization domain leucine-rich repeat-containing receptors family pyrin domain 

containing 3; TLR: toll-like receptor. 

 

response are IL-1β, IL-6, and TNF-α [55]. Their expression is induced by the binding of PAMPs or DAMPs 

to the PRRs, through the activation of the inflammatory signaling pathways, resulting in a change in 

enzyme activity and gene expression. 

 

1.4.4.1. IL-1β signaling 

The IL-1β is synthesized as a precursor peptide (pro-IL-1β) and secreted in its mature form (IL-1β) 

by activated monocytes, macrophages, neutrophils, and dendritic cells [55,69]. IL-1β is a potent 

pleiotropic cytokine that stimulates both local and systemic responses. IL-1β induces the expression of 

adhesion molecules on endothelial cells, as well as induces the release of chemokines by stromal cells, 

promoting the recruitment of inflammatory cells at the site of inflammation [69]. IL-1β also induces the 
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release of inflammatory mediators, such as PGE2 and •NO. Additionally, it promotes the differentiation of 

TH cells into TH17 cells and the production of IL-17. Additionally, IL-1β induces the liver to produce acute-

phase proteins, which further promotes the generation of fever. IL-1β also amplifies its production, since 

it induces the expression of its own genes [70]. 

To exert its effects, IL-1β binds to IL-1R on the surface of several immune cells, such as  monocytes, 

macrophages, and dendritic cells [71]. Then, the IL-1R accessory protein (IL-1RAcP) is recruited, forming 

a trimolecular signaling complex (Figure 1.8) [69,70]. The complex immediately assembles with 

intracellular adaptor molecules, including myeloid differentiation primary response 88 (MyD88) and 

interleukin-1 receptor-associated kinase (IRAK). After phosphorylation, IRAK recruits TNF receptor-

associated factor – TRAF – 6 that activates the previously referred NF-κB and MAPK signaling pathways. 

 

 

Figure 1.8 | IL-1β signaling pathway. DNA: deoxyribonucleic acid; IL: interleukin; IL-1RAcP: interleukin-1 receptor 1 

accessory protein; IL-R1: interleukin-1 receptor 1; IRAK: interleukin-1 receptor-associated kinase; MAPK: mitogen-activated 

protein kinase; MyD88: myeloid differentiation primary response 88; NF-κB: nuclear factor kappa-light-chain-enhancer of 

activated B cells; TRAF: tumor necrosis factor receptor-associated factor. 
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1.4.4.2. IL-6 signaling 

IL-6 is a pleiotropic cytokine secreted by phagocytes, T cells, and B cells [55]. IL-6 induce 

hematopoiesis, promotes the expansion and activation of T cells, the survival of B cells and their 

differentiation into antibody-secreting plasma cells, the regulation and differentiation of TH2 and TREG 

phenotypes, and the regulation of the acute phase response [55,72]. IL-6 regulates the neutrophil-

activating chemokines and neutrophil apoptosis, promoting and modulating the cellular adhesion 

molecules. IL-6 has also the ability to differentiate proinflammatory macrophages into anti-inflammatory 

macrophage phenotypes, promoting wound healing in the terminal step of inflammation [73]. 

IL-6 binds to the IL-6 receptor (IL-6R), associated with a signal transducer gp130 [72,73]. IL-6R is 

restricted to neutrophils, monocytes, CD4+ T cells, and hepatocytes, while gp130 is expressed on all 

cells.  The receptor subunits are associated only loosely with each other in the membrane, and the 

cytoplasmic region of each of the receptor subunits is associated with inactive tyrosine Janus kinases 

(JAKs) [74,75]. The binding of IL-6 to its cell-surface receptor induces dimerization of the gp130. This 

leads to the activation of the receptor-associated JAKs family (Figure 1.9) [72,75]. Consequently, the 

activated JAKs promotes the MAPK signaling pathway [72,73] or phosphorylate various specific tyrosine 

residues of the receptor, resulting in the creation of docking sites for the inactive transcription factor signal 

transducers and activators of transcription – STAT – 3 [73]. The inactive STAT3 is then phosphorylated 

by JAKs, which dimerize and change the conformation, leaving the receptor. The STAT3 dimer  

translocates into the nucleus, which binds specific regulatory sequences to activate or inactivate the 

transcription of target genes, inducing cell proliferation, differentiation, migration, apoptosis, and survival 

[74,75]. 

The adamalysin proteases ADAM17 and ADAM1 in response to apoptosis or bacterial toxins cleave 

a site in the IL-6R that is proximal to the plasma membrane of monocytes and activated T cells, resulting 

in the release of a soluble form of IL-6R (sIL-6R) [72]. IL-6 can also bind to sIL-6R to form a complex that 

increases the circulating half-life of IL-6 and, consequently, its bioavailability [72,73]. 

 

1.4.4.3. TNF-α signaling 

TNF-α is a central pleiotropic inflammatory mediator in the immune response, secreted by 

activated macrophages, monocytes, T cells, natural killer cells, and non-immune cells, such as endothelial 

cells and fibroblasts [55]. TNF-α induces the transcription of several genes encoding inflammation [76]. 

TNF-α facilitates the proliferation of immune cell clones, stimulates differentiation and recruitment of 
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Figure 1.9 | IL-6 signaling pathway. DNA: deoxyribonucleic acid; IL: interleukin; IL-6R: interleukin-6 receptor; JAK: Janus 

kinases; MAPK: mitogen-activated protein kinase; STAT: signal transducers and activators of transcription. 

 

naïve immune cells, and coordinates the destruction of immune cell clones to reduce inflammation. TNF-

α also induces the production of eicosanoids [77]. 

TNF-α is synthesized as a transmembrane precursor protein (mTNF-α) expressed on the surface 

of cells [55]. Metalloproteinase TNF-converting enzyme (TACE) cleaves mTNF-α, releasing TNF-α in the 

extracellular environment. Thus, TNF-α is able to bind and activate TNFRs [78]. Signaling through TNFRs 

can lead to survival or cell death, as previously referred, depending on the nature of the signal and the 

cellular context. For both pathways, TNF-α elicits its biological effects by binding to its receptor TNFR1 

present in immune cells [76,78]. Binding of TNF-α to TNFR1 induces trimerization of the receptor and 

conformational alteration in its cytoplasmic domain [55,78]. This results in the recruitment of the TNFR1- 
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associated death domain protein (TRADD, Figure 1.10). Then, TRADD binds to receptor-interacting 

protein – RIP – 1 kinase and the TRAF2 [55,78]. The assembling of these molecules (TRADD, RIP1, and 

TRAF2) is known as complex I. The survival signals are generated by the binding of cellular inhibitor of 

apoptosis protein – cIAP – 1 and cIAP2 [78]. Consequently, the proteins of the linear ubiquitin chain 

assembly complex (LUBAC) proteins bind to it. Then, these molecules trigger MAPK and NF-κB signaling 

pathways [78]. This results in the inhibition of the caspase-8 action, favoring the survival and proliferation 

of the cells. Additionally, more pro-inflammatory genes are expressed (Figure 1.10). Alternatively, 

apoptotic signals are produced by the release of silencer of death domain (SODD) protein inside the cell. 

Then, the complex I dissociates from the receptor and migrates to the cytoplasm where it binds to the 

adapter protein Fas-associated death domain-containing protein (FADD) [77]. These proteins recruit the 

 

 

Figure 1.10 | TNF-α signaling pathway. cIAP: cellular inhibitor of apoptosis protein; DNA: deoxyribonucleic acid; 

FADD: Fas-associated death domain-containing protein; LUBAC: linear ubiquitin chain assembly complex; MAPK: mitogen-

activated protein kinase; NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells; RIP: receptor interacting 

protein; TNF: tumor necrosis factor; TNFR1: tumor necrosis factor receptor 1; TRADD: tumor necrosis factor receptor 

1associated death domain protein; TRAF: tumor necrosis factor receptor-associated factor. 
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initiator caspase, pro-caspase-8, forming complex II. Complex II activates the caspase-8 leads to cell 

apoptosis through DNA degradation (Figure 1.10). 

 

1.4.5. Chemokine signaling 

Chemokines are small chemoattractants cytokines that bind to cell-surface receptors and induce 

the movement of leukocytes towards the site of inflammation [55]. Chemokines are recognized by specific 

cell surface GPCRs with seven transmembrane domains [79]. Among the different chemokines, IL-8 is 

produced rapidly and abundantly in response to a variety of stimuli, including bacterial and viral 

pathogens, inflammatory cytokines, and other signaling molecules. 

 

1.4.5.1. IL-8 signaling 

IL-8, also known as C-X-C motif chemokine ligand – CXCL – 8, is secreted by activated phagocytes 

and has a critical role in the recruitment and activation of myeloid cells to the site of inflammation [55]. 

IL-8 activates the contractile system and enables leukocytes to migrate and adhere to endothelial cells 

[80]. IL-8 also promotes degranulation and elicits a rapid respiratory burst by activating the nicotinamide 

adenine dinucleotide phosphate (NADPH)-oxidase, leading to a fast generation of O2
•– and hydrogen 

peroxide (H2O2). 

IL-8 binds with a great affinity to two GPCRs, namely CXC motif chemokine receptor – CXCR – 1 

and 2. This leads to their activation, with consequent dissociation of the G protein from the receptor and 

separation into Gα and Gβγ subunits [79,80]. The Gα subunit activates the membrane-bound adenylate 

cyclase (AC), which generates cyclic AMP (cAMP). Consequently, cAMP activates protein kinase A (PKA), 

leading to the activation of the MAPK ERK1/2 signaling pathway [55]. The Gβγ subunit activates the 

enzyme phosphoinositide-3 kinase (PI3K) to phosphorylate the phospholipid phosphatidyl inositol bis-

phosphate (PIP2) into phosphotidylinositol-3,4,5-trisphosphate (PIP3) [79]. PIP3 activates Ras-related C3 

botulinum toxin substrate (Rac), which in turn activates more molecules that stimulate actin-related 

protein – Arp – 2/3. This induces actin polymerization, responsible for the development and forward 

extension of the pseudopod. Gβγ subunit also activates a small cytoplasmic G protein, Rho, responsible 

for the movement of the cell through a gradient. Moreover, Gβγ also activates phospholipase β (PLCβ) 

activity, which hydrolyzes PIP2, cleaving the sugar inositol trisphosphate (IP3) from the diacylglycerol 

(DAG) backbone [55]. IP3 is released into the cytoplasm, where it interacts with specific IP3 receptors on 

the surface of endoplasmic reticulum vesicles, inducing the release of stored calcium ions (Ca2+) into the 

cytoplasm, leading to the degranulation of neutrophils. DAG recruits and activates the enzyme protein 
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kinase C (PKC), initiating a cascade that ultimately recruits TRAF6, leading to the activation of NF-κB and 

MAPK signaling pathways. 

 

1.4.6. Eicosanoid signaling 

Eicosanoids are lipid signaling molecules produced by monocytes, macrophages, neutrophils, 

eosinophils, mast cells, basophils, dendritic cells, and B cells [56,81,82]. Eicosanoids arise from the 

oxidation of arachidonic acid (AA) present in the cells membrane. An inflammatory stimulus increases 

the intracellular influx of Ca2+, which recruits phospholipase A2 (PLA2) enzymes, namely cytosolic PLA2 

(cPLA2), to the cell membrane to release AA [81,82]. After, free AA is oxidized by COX and LOX, 

generating eicosanoids, such as PGs, TXs, LTs, and LXs [56,81]. Eicosanoids promote the induction of 

edema from postcapillary venules, mediating the leukocyte recruitment to the site of inflammation [82]. 

 

1.4.6.1. COX-2 signaling 

COX-2 is an inducible enzyme primarily expressed in cells involved in inflammation, such as 

macrophages [83]. COX-2, activated by several inflammatory stimuli (e.g., LPS, IL-1β, IL-6, TNF-α), 

converts AA into unstable PGG2, which is further converted to PGH2. Afterward, cell-specific prostaglandin 

and thromboxane synthases (e.g., PGES, PGDS, PGFS, PGIS, TBXAS1) converts PGH2 into PGs (e.g., 

PGE2, PGD2, PGF2a, PGI2, PGJ2) and TXs (e.g., TXA2), respectively [56]. PGD2 and PGE2 are also 

metabolized to 15-deoxy-PGJ2 and 15-keto-PGE2, respectively. After generation, PGs and TXs are rapidly 

released from cells and bind to GPCRs on membranes, namely PGE receptor (e.g., EP1, EP2, EP3, EP4), 

PGD receptor (e.g., DP1 and DP2), PGF receptor (e.g., FP), PGI receptor (e.g., IP) and TXA receptor (e.g., 

TP) [81,83]. PGs enhance the expression of inflammation-related genes, amplifying cytokine expression 

[83]. Particularly, PGE2 binds to EP1, EP2, EP3, and EP4 and promotes vasodilation, vascular leakage, 

hyperalgesia, and fever [56]. PGD2 binds to DP1 to promote mast cell maturation and vasodilation, while 

its binding to DP2 promotes eosinophil recruitment. Conversely, PGE2 also plays an anti-inflammatory 

role, increasing IL-10 levels and reducing TNF-α levels. TXA2 increases platelet aggregation and promotes 

vasoconstriction when bound to TP.  

 

1.4.6.2. LOX signaling 

LOX enzymes, including 5-LOX, 12-LOX, and 15-LOX, generates LTs, HPETE, and HETE [56]. 

5-LOX, activated by Ca2+, translocates from the cytosol to the cell membrane, where it converts AA, 

in the presence of 5-lipoxygenase activating protein (FLAP), to 5-HPETE. 5-HPETE is further reduced to a 
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more stable form, 5-HETE, by a peroxidase [40]. On the other hand, 5-HPETE can be consecutively 

converted into the precursor LTA4 [82]. LTA4 can be synthesized into LTB4 through the action of the 

cytosolic LTA4 hydrolase in neutrophils and macrophages. LTA4 can also be converted by LTC4 synthase 

into cysteinyl leukotrienes in eosinophils, mast cells, macrophages, and endothelial cells. The LTC4 can 

be metabolized extracellularly to LTD4 by the action of transpeptidases [40]. LTD4 is further converted 

to LTE4. LTs exert their effects via surface receptors. LTB4 binds to LTB4 receptor – BLT –  1 and 2, 

members of GPCRs, coordinating and amplifying the inflammatory response [56,81,82]. LTB4 promotes 

neutrophil chemotaxis, adhesion of neutrophils to the endothelium, neutrophil degranulation and 

lysosomal enzyme release, O2
•– generation, pain, myelopoiesis, increase IL-6 production, and T 

lymphocyte proliferation. It also mediates the activation of the NF-κB transcription factor. LTC4, LTD4, 

and LTE4 bind to cysteinyl leukotriene receptors – CYSLT – 1 and 2 and induce airway, gastrointestinal, 

and bronchial smooth muscle contraction [56,82]. It mediates the activation of the MAPK transcription 

factor [40]. LTC4, LTD4, and LTE4 also increase the venular endothelium that allows for proinflammatory 

cells migration to the site of inflammation, contributing to the development of edema. The leukotrienes 

enhance the mucous secretion in the airways and stimulate the production of IL-1β.  

LXs can be generated at mucosal surfaces via leukocyte–epithelial cell interactions and within the 

vascular lumen during platelet–leukocyte interactions [40]. LXs, including LXA4 and LXB4, can be 

produced by the conversion of LTA4 by 5-LOX or 12-LOX [56,82]. Additionally, 5-LOX and 15-LOX can 

metabolize AA into 15-HEPTE, which is subsequently converted into LXA4 and LXB4. LXs bind to G 

protein-coupled lipoxin A4 receptor/formyl peptide receptor (ALX/FPR2), playing a role in the resolution 

of inflammation [84]. LXs inhibit the immune growth of the cells, suppress cytokine synthesis, and 

release, and modulate the levels of immune cells to induce the resolution phase of inflammation. LXs 

mediate its action through the inhibition of the NF-κB, MAPK, and STAT signaling pathways. 

 

1.4.7. ROS/RNS-mediated cellular signaling 

ROS and RNS, as previously described, are produced by phagocytic cells to kill the pathogen. They 

promote direct toxicity in the pathogen through molecule oxidation, hydroxylation, chlorination, nitration, 

and S-nitrosylation, along with the formation of sulfonic acids and the destruction of iron-sulfur clusters 

in proteins [57,58]. During the inflammatory response and in the presence of high concentrations of 

oxygen, the NADPH oxidase enzyme, present in the membrane of the cells, generates large amounts of 

O2
•– [58]. Activated neutrophils and macrophages also secrete the enzyme myeloperoxidase (MPO), which 

uses the H2O2, produced by dismutation of O2
•–, to oxidize chloride ions (Cl–) into hypochlorous acid 
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(HOCl), a powerful anti-bacterial agent [58,85]. Moreover, free radicals can interact between them, 

resulting in the generation of new radical species. For instance, •NO can react rapidly with O2
•– producing 

a reactive ONOO– [58,86]. Importantly, the decomposition of ONOOH involves the intermediate 

generation of the highly reactive •OH and nitrogen dioxide (•NO2) radicals. Moreover, H2O2 has the ability 

to diffuse across the cell membrane, having a high capacity to form ROS in the presence of transition 

metals (e.g., iron and cupper), also generating •OH [86]. Additionally, O2
•– promotes the release of redox-

active iron from iron storage proteins, such as ferritin, thereby providing the catalyst for •OH generation 

[85]. ROS can also activate signaling pathways (NF-κB and p38 MAPK) and upregulate several genes 

involved in inflammation [57]. ROS promotes the synthesis of proinflammatory cytokines (e.g., IL-1β, IL-

6, TNF-α), as well as participates in the activation of the inflammasome. Additionally, ROS controls the 

extravasation of leukocytes through the promotion of endothelial integrity disassembly and the expression 

and activation of CAMs (e.g., E-selectin, intercellular adhesion molecule – ICAM – 1 –, vascular cell 

adhesion molecule – VCAM – 1). This results in the higher endothelial permeability and adhesion of 

leukocytes to the site of inflammation, respectively. Under an inflammatory scenario, the transcription of 

the iNOS gene is also activated and large amounts of •NO are produced by the oxidation of L-arginine to 

L-citrulline [87]. •NO is a potent antimicrobial and vasodilator agent, also contributing for the elimination 

of the harmful agent. 

 

1.5. RESOLUTION OF INFLAMMATION 

The final event of an acute inflammatory response is its successful resolution, restoring the 

homeostasis of tissue [15]. The resolution of inflammation is characterized by the decrease of leukocyte 

infiltration, clearance of inflammatory cells, and restore of macrophages and lymphocytes to their normal 

pre-inflammatory phenotypes [88]. Leukocytes have the ability to trigger a self-limiting response to acute 

inflammation, switching the generation of pro-inflammatory (e.g., PGE2, PGD2) to anti-inflammatory 

eicosanoids (e.g., LXA4, LXB4). As previously referred, LXs and HETES can suppress neutrophil 

chemotaxis, vascular dilatation, permeability, fibrosis, and pain [89]. They also promote the phagocytosis 

of apoptotic neutrophils, initiating tissue remodeling [89]. Additionally, the phagocytosis of apoptotic cells 

can stimulate macrophages to release anti-inflammatory mediators, such as TGF-β1 and IL-10. These 

molecules are suppressors of classical pro-inflammatory macrophage activation and mediators of tissue 

repair [88,89]. Mast cells, basophils, and TH2 cells also release IL-4 to enhance the switch of pro-

inflammatory to anti-inflammatory macrophage phenotype to suppress inflammation and favor wound 

healing [89]. Myeloid-derived suppressor cells, a macrophage population, have the ability to suppress T 
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cell responses. Moreover, immune cells, such as macrophages and neutrophils, independently convert 

omega-3 polyunsaturated fatty acids eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) to 

resolvins and protectins, which are anti-inflammatory lipid mediators [88].  

Antioxidant defenses or scavenging systems are used to remove the excess of ROS and RNS to 

prevent cellular damage. Antioxidants are also chemical compounds obtained from food, such as α-

tocopherol (vitamin E), ascorbic acid (vitamin C), flavonoids, and polyphenols [90]. In addition, the 

induction of several antioxidant and cryoprotective genes is mainly regulated by the redox-sensitive 

transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2) [91]. Under physiological conditions, 

Nrf2 is inactivated in the cytosol via ubiquitination by Kelch-like ECH-associated protein 1 (KEAP1). When 

the cell is exposed to mild oxidative stress, ROS/RNS can disrupt the Nrf2-KEAP1 complex and Nrf2 is 

activated (Figure 1.11). Free Nrf2 translocates into the nucleus and dimerizes with specific molecules. 

Then, it binds to antioxidant response elements (ARE), inducing the activation of antioxidant and 

cytoprotective genes, encoding quinone oxidoreductase-1 (NQO-1), glutathione peroxidase (GPx), heme 

oxygenase-1 (HO-1), glutathione peroxidase (GSH-Px), glutathione-S-transferase (GST), catalase (CAT), 

and superoxide dismutase (SOD). Therefore, the Nfr2-KEAP1 pathway confers protection against cellular 

oxidative stress by boosting the expression of antioxidant enzymes, being essential for the resolution of 

inflammation and repair of tissue damage [89].  

 

 

Figure 1.11 | Nrf2-KEAP1 signaling pathway. DNA: deoxyribonucleic acid; KEAP1: Kelch-like ECH-associated protein 1; 

Nrf2: nuclear factor erythroid 2-related factor 2; RNS: reactive nitrogen species; ROS: reactive oxygen species. 
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1.6. DYSREGULATION OF THE IMMUNE SYSTEM 

The immune system response may not always lead to the expected outcomes. Indeed, if the 

immune systems fail to effectively eliminate the offending agent, a state of chronic inflammation can 

ensue. Conversely, the immune response can also be compromised, leading to the development of 

immunodeficiency. Further elucidation of these events will be provided in this section. 

 

1.6.1. Chronic inflammation 

If the resolution phase fails, the inflammatory response can become exacerbated in magnitude and 

time, leading to chronic inflammation. For example,  the inflammatory response can be prolonged by a 

failure of neutrophils to undergo apoptosis, of macrophages to clear apoptotic neutrophils, and/or by 

deficiency of other factors that promote ingestion of apoptotic cells by macrophages [89]. Additionally, a 

failure in the suppression of T cells prolongs the expansion and activation of myeloid-derived suppressor 

cells. A failed phenotypic switch in macrophage and T cell populations and an inadequate production of 

resolution mediators also lead to the non-resolution of inflammation. Chronic inflammation can also arise 

in the presence of some microorganisms, such as mycobacteria, that are difficult to eradicate, culminating 

in persistent infections and after prolonged exposure to potentially toxic agents (e.g., exogenous 

particulate silica and endogenous cholesterol). Finally, an excessive and inappropriate activation of the 

immune system against self-antigens (e.g., autoimmune diseases) and common environmental 

substances (e.g., allergic diseases) can also lead to chronic inflammation [92,93]. 

Chronic inflammation is characterized by a long duration (weeks, months, or even a lifetime) [94]. 

The hallmarks of chronic inflammation are the constant infiltration and presence of macrophages and 

lymphocytes, angiogenesis, tissue destruction, and fibrosis [89]. Macrophages are the dominant cells in 

most chronic inflammatory reactions. Activated macrophages contribute to the prolonged inflammatory 

state by secreting ROS/RNS, cytokines, chemokines, and eicosanoids that activate several cells, notably 

T cells [89]. An excess of ROS/RNS can be accumulated in cells and tissues, a process called oxidative 

and nitrosative stress [57,87]. These high amounts of ROS/RNS in the tissues alter the normal redox 

state within the cell environment, which can irreversibly damage several biomolecules, resulting in the 

loss of their function. For instance, ROS/RNS can lead to proteins unfolding and fragmentation, changing 

their conformation, interactions with other biological molecules, and turnover, as well as can damage the 

purine and pyrimidine bases of DNA, resulting in deoxyribose oxidation, strand breakage, mutations, and 

alterations in the encoded proteins and enzymes [95,96]. Moreover, ROS/RNS can induce lipid 

peroxidation, a free radical chain reaction, in both cellular and organellar membranes, yielding ROO• [85]. 
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The accumulation of lipid peroxides in the membrane disrupts its function, inactivating, e.g., receptors 

and membrane-bound enzymes, which can culminate in its collapse. The activated T cells, as well as B 

cells, amplify and propagate chronic inflammation by the production of cytokines and recruitment and 

activation of more immune cells. These interactions strongly contribute for the cycle – positive feedback 

– of chronic inflammation. Because of this dysregulated scenario, prolonged and continuous tissue 

damage can be translated into a chronic inflammatory disease, such as arthritic diseases (e.g., 

osteoarthritis, rheumatoid arthritis), autoimmune diseases (e.g., psoriasis, inflammatory bowel disease, 

type 1 diabetes), neurodegenerative diseases (e.g., multiple sclerosis, Alzheimer’s disease, Parkinson’s 

disease), hypersensitivity reactions (e.g., allergies), asthma, and cancer. Indeed, more than half of global 

deaths are correlated with chronic inflammatory diseases [97] and, consequently, World Health 

Organization ranked them as the most significant cause of death in the world nowadays [98,99]. 

Moreover, its prevalence is estimated to increase persistently for the next decades [100]. 

 

1.6.1.1. Arthritic diseases 

Arthritic diseases are highly incident chronic inflammation-mediated diseases [101,102]. These 

diseases affect more than 350 million people in the world and are often associated with extremely high 

societal and economic burdens, being a leading cause of work disability [103]. They comprise more than 

150 different joint disorders, being the most common osteoarthritis and rheumatoid arthritis. These 

inflammatory diseases usually affect the hands, hips, spine, and/or knees. The main symptoms are pain, 

warmth, swelling, stiffness, and decreased range of flexibility in or around the joints [104]. Indeed, these 

complex diseases involve pathological changes in the overall joint tissue, including cartilage, subchondral 

bone, ligaments, meniscus, and the synovial membrane [105], being their hallmark the development of 

low-grade synovial inflammation (synovitis) [106]. 

In the diarthrodial joints, the joint cavity is surrounded by a specialized connective tissue – the 

synovial membrane – that produces the lubricant synovial fluid rich in hyaluronic acid [107,108]. Thus, 

the synovial membrane plays a critical role in joint locomotion and homeostasis [107]. It allows the 

movement of adjacent relatively non-deformable tissues and lubricates the cartilage. It also controls and 

regulates the synovial fluid volume and the composition and nutrition of chondrocytes within joints 

[108,109].  

The synovial membrane is composed of two layers: the intima and subintima layers (Figure 

1.12A). The intima layer is the one that is closest to the joint cavity and is enriched in macrophages 

(type A synoviocytes) and fibroblasts (type B synoviocytes) [107,108]. This last type of cell is responsible 
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Figure 1.12 | The normal synovium (A) versus the inflamed synovium (B). 

 

for the production of hyaluronic acid. The intima layer is a very thin layer, comprising only one to three 

cell layers [109]. The resident macrophages are strongly positive for CD163 and CD68, but less for CD14 

[108]. Basal amounts of cytokines, including IL-1, IL-6, and TNF-α, are observed in normal synovium 

[108]. The underlaying subintima layer is constituted by a collagenous extracellular matrix where blood 

and lymphatic vessels together with the resident and infiltrating cells reside (e.g., mast cells, adipocytes, 

lymphocytes, macrophages, and fibroblasts) [108,109]. The appearance of the subintima layer can vary 

even within the same joint. Conversely, in a synovitis scenario, there is a continuous recruitment of the 
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CD68+ macrophages and the proliferation of fibroblast-like synoviocytes, resulting in hyperplasia of the 

synovial lining (Figure 1.12B) [108,110]. Additionally, the subintima layer is heavily infiltered with T 

and B lymphocytes, plasma cells, and macrophages, which is associated with stromal edema and 

angiogenesis [108]. Activated macrophages, strongly expressing the folate receptor on their surface, are 

the most abundant immune cells in the synovial membrane and have been correlated with arthritis 

severity and symptoms [109]. Indeed, activated macrophages in synovium contribute to articular 

degeneration due to the high production of pro-inflammatory cytokines (e.g., IL-6, IL-1β, TNF-α) and 

ROS/RNS [111,112]. 

Based on the microscopic structure and content of the subintimal layer, the normal synovium can 

be classified as areolar, adipose, and fibrous synovium (Figure 1.13) [108]. The areolar type – the most 

specialized form – is intricately folded and may extend projections or villi into the joint cavity. It represents 

a continuous layer of lining cells, often two or three, on the tissue surface. Immediately bellow, there are 

capillaries and lymphatic vessels. The deepest area consists of a loose connective tissue layer, allowing 

the free movement of the membrane. The adipose synovium, mainly found in fat pads, also exhibits villi. 

It is composed of a complete intimal cell layer and a superficial net of capillaries. The intima layer lies 

directly on adipocytes, often separated by a band of the collagen-rich substratum, while the deeper tissue 

is constituted by fat. Finally, the fibrous synovium is composed of fibrous tissue, such as ligament or 

tendon, on which lies a discontinuous layer of cells. It can be indistinguishable from fibrocartilage, 

especially in the annular pads found in finger joints. 

 

 

Figure 1.13 | Synovial membrane: (A) areolar, (B) adipose, and (C) fibrous. Second harmonic generation microscopy at 

x630 magnification. Adapted from [113]. 

 

1.6.2. Immunodeficiency 

Immunodeficiency results from the failure or absence of elements of the immune system (e.g., 

phagocytes, lymphocytes, complement system) to fight against infectious diseases [114]. This 
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immunodeficiency can be either primary or secondary (acquired). The first results from an inherited 

genetic or developmental defect in the immune system. Examples are the Bruton disease (B-cell 

deficiency) [115], DiGeorge syndrome (T-cell immunodeficiency) [116], Wiskott-Aldrich syndrome (T-cell 

and B-cell deficiencies) [117], Bare leukocyte syndrome (MHC deficiency) [118], and chronic 

granulomatous disease (phagocyte deficiencies) [119]. The secondary immunodeficiency occurs when 

the immune system is compromised by an external agent, such as a treatment or illness. The most well-

known secondary immunodeficiency is the acquired immunodeficiency syndrome (AIDS), which results 

from infection with the human immunodeficiency virus (HIV) [120]. Thus, these individuals have an 

increased risk of opportunistic infections. Usually, these microorganisms are easily eradicated in healthy 

organisms, but they can cause disease and even death in those with significantly impaired immune 

function. 

 

1.7. ANTI-INFLAMMATORY DRUGS IN THE MARKET 

At the present time, there is no cure for chronic inflammatory diseases, being the main goals of 

current treatments to reduce pain and improve tissue function. Symptoms are usually treated with a 

combination of therapies, including, for instance, co-administration of painkillers (e.g., acetaminophen) 

and/or nonsteroidal anti-inflammatory drugs (NSAIDs, e.g., salicylic acid, diclofenac, celecoxib) [121]. 

More potent drugs, such as corticosteroids (e.g., dexamethasone and betamethasone), conventional 

disease-modifying antirheumatic drugs (cDMARDs; e.g., methotrexate), biologic (b)DMARDs (e.g., TNF or 

IL-6 inhibitors), and targeted synthetic (ts)DMARDs (e.g., JAK inhibitors) can also be administered 

[122,123]. Nonetheless, these anti-inflammatory drugs can be associated with severe side effects mainly 

if administered for long periods (e.g., gastrointestinal, cardiovascular, blood, renal, and adrenal injuries), 

being their use limited [124,125]. In addition, immune-suppressant agents present an increased risk for 

infection and/or cancer [126]. Therefore, newer and safer drugs are urgently needed to efficiently treat 

chronic inflammatory diseases. 

 

1.8. NATURE AS A SOURCE OF NEW DRUGS 

Nature is a broad source of bioactive compounds. In fact, the approval of natural products and 

their derivatives for the clinic has been increasing over the years [127–132]. From 1981 to 2019, more 

than half of approved drug entities (a total of 1881) are derived from natural sources [132]. From 2019 

to 2022, Food and Drug Administration (FDA) authorized 31 new drugs inspired by natural products [7–

10]. These new chemical entities include natural, semisynthetic, and synthetic natural products. The 
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major disease areas with the highest number of drug approvals are infectious diseases (402 drugs), 

cancer (247 drugs), hypertension (82 drugs), antidiabetic (63 drugs), and inflammation (53 drugs) [132]. 

More specifically, from the 53 approved anti-inflammatory drugs, 13 were natural product derivatives and 

1 was a synthetic drug obtained after identification of the natural product [132]. A small number of 

immunostimulatory natural-derived drugs were also approved. Of the 14 immunostimulants, 8 have origin 

in botanical drugs (defined mixture), 3 were unaltered natural products, and 2 were natural product 

derivatives [132]. Particularly, new molecular entities derived from non-mammalian natural products are 

mainly obtained from plants (45%), followed by bacteria (29%) and fungi (22%) [133]. These data highlight 

the important role of plants in drug discovery. Indeed, they present compounds with unique structural 

diversity. Thus, this opens several opportunities for the research of novel drugs. 

 

1.8.1. Plant-derived bioactive compounds in the market 

Plants synthesize several chemical compounds, known as secondary metabolites, to protect 

themselves against surrounding environment adversities, such as herbivores, pathogens and abiotic 

environmental stresses [134–137]. Interestingly, many of those compounds have positive effects in the 

treatment of certain human diseases. In fact, plants have been the basis of the traditional medicine in 

many cultures for thousands of years to treat several conditions. Even nowadays, plants are widely used 

by the world population, especially in developing countries, as an important part of the primary healthcare 

[138]. Thus, the search of plant-derived compounds as potential drugs increased, leading to the isolation 

of many therapeutically relevant natural products. Indeed, widely used pharmaceuticals, including 

analgesics, and anti-inflammatory and anti-cancers drugs, among others, arise from compounds present 

in plants. Table 1.2 comprises some of the plant-derived bioactive compounds in clinical use. The first 

plant-derived drug included in the clinical use was morphine, a strong analgesic isolated from the Papaver 

somniferum [139]. Salicylic acid, obtained from the bark of the willow tree Salix alba L., was used to 

produce acetylsalicylic acid, known as aspirin in the market to treat inflammatory conditions [140]. The 

most widely used anti-cancer drugs are also derived from plants, namely paclitaxel (Taxus brevifolia), as 

well as vincristine and vinblastine (Catharanthus roseus) [141–143]. All these mentioned compounds are 

considered the safest and most effective medicines required in a health system by the World Health 

Organization’s List of Essential Medicines [144]. 
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Table 1.2 | Examples of plant-derived bioactive compounds in clinical use [6,8,9,127–132]. 

Bioactive compound Plant specie Therapeutical indication Approval year 

Morphine Papaver Somniferum Pain and itch 1827 

Salicylic acid Salix alba Pain and itch 1899 

Digoxin Digitalis lanata Cardiovascular diseases 1937 

Deslanoside Digitalis lanata Cardiovascular diseases 1939 

Digitoxin Digitalis purpurea Cardiovascular diseases 1948 

Oxycodone Papaver somniferum Pain and itch 1950 

Quinidine 
Cinchona succirubra 

Cinchona cordifolia 
Cardiovascular diseases 1950 

Codeine Papaver Somniferum Pain and itch 1952 

Pseudoephedrine Ephedra vulgaris Immunological diseases 1952 

Methoxsalen Ammi majus Oncology 1955 

Atropine Atropa belladonna Digestive diseases 1960 

Vincristine Catharanthus roseus Oncology 1963 

Vinblastine Catharanthus roseus Oncology 1965 

Cromolyn Ammi visnaga Immunological and respiratory diseases 1966 

Artemisin Artemisia annua Antiparasitic 1987 

Paclitaxel Taxus brevifolia Oncology 1992 

Vinorelbine Catharanthus roseus L. Oncology 1994 

Docetaxel Taxus baccata Oncology 1996 

Galantamine Galanthus nivalis Neurological diseases 2001 

Sinecatechins Camellia sinensis Infectious diseases, oncology 2006 

Omacetaxine Cephalotaxus Oncology 2012 

Crofelemer Croton lechleri Antidiarrheal 2012 

Cannabidiol Cannabis sativa L. Epilepsy 2018 

Artesunate Artemisia annua Malaria 2020 

Samidorphan Papaver Somniferum Schizophrenia and bipolar disorder 2021 

  

1.8.2. Plant-derived bioactive compounds under clinical trials 

Many plant-derived compounds are currently under clinical trials for the treatment of several 

diseases. Besides individual chemical entities, formulations of whole plant extracts are also investigated 

due to the synergistic and additive effects that can arise from the different bioactive compounds. Indeed, 

these more complex mixtures usually involve one or more bioactive compounds with known biological 

activities at high concentrations. Moreover, as several chemical compounds are present in these plant 
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mixtures, the standardization process regarding the content of the main active principle(s) must be 

employed [145]. Therefore, it is ensured the safety, efficacy, and quality of the plant extract formulation. 

For the treatment of immune system-related diseases there are several examples of plant-based 

drugs or formulations under clinical trials. For instance, a plant-based medication composed of 

concentrated extracts of Dioscorea cirrhosa, Impatiens balsamina, Eclipta prostrata, Phyllanthus urinaria, 

Adenosma glutinosum, mixed with ascorbic acid was used to elevate T and B lymphocytes levels and 

decrease the damage of HIV on CD4+ T cells (phase 4, completed, NCT04770701). Indeed, the mixture 

involve compounds with complementary activities. The bioactive compound diosgenin, presented in 

Dioscorea cirrhosa, is a precursor of cortisol and when combined with ascorbic acid helps to balance the 

cortisol levels, reducing cell inflammation. Flavonoids present in Impatiens balsamina (e.g., kaempferol, 

quercetin, rutin, and astragalin) reduce the impact of the virus on T cells, leads to the production of 

antihistamine compounds, and protect the cell from inflammation. The flavonoids present in Eclipta 

prostrata, Phyllanthus urinaria, and Adenosma glutinosum also protect and increase the CD4+ T cell 

population. 

Two natural oils obtained from borage and echium seed were employed in asthma treatment 

(phase 3, completed, NCT01560988). This formulation aimed to decrease asthma symptoms through 

the reduction of LTC4 production by granulocytes. Another clinical trial analyzed the benefits of consuming 

ginger by individuals with asthma (early phase 1, completed, NCT03705832). Ginger blocks one of the 

critical inflammatory pathways in asthma, reducing the airway inflammation and relaxation of airway 

smooth muscle, as well as the serum levels of asthma-related inflammatory markers. 

Nabiximols (trade name Sativex), an oromucosal spray formulation containing a 1:1 fixed ratio of 

delta-9-tetrahydrocannabinol (THC) and cannabidiol (CBD) derived from cloned Cannabis sativa L., was 

proposed for multiple sclerosis (completed, NCT03186664). The main active substance, THC, acts as a 

partial agonist of human cannabinoid receptors (CB1 and CB2) and may modulate the effects of excitatory 

(glutamate – GLU) and inhibitory (gamma-aminobutyric acid – GABA) neurotransmitters, leading to 

muscle relaxation, which in turn is responsible for spasticity improvement. In addition, the anti-

inflammatory properties of the cannabinoids THC and CBD in individuals across the weight spectrum will 

also be assessed (recruiting, NCT04114903). The effects of nanocurcumin, the main active principle of 

turmeric, in multiple sclerosis was also evaluated (phase 2, completed, NCT03150966). A reduction of 

the number of TREG and TH17 cells, of the expression levels of their associated transcription factors, and 

of the secretion levels of cytokines is expected. 
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1.8.3. Inconsistences in pharmacological effects of plant-based formulations 

The description in the literature of different therapeutic outcomes using “similar” plant-derived 

formulations occurs with some frequency. These incongruences among the published studies is intimately 

related to the use of formulations with different composition and purity, as well as the employment of 

different extraction techniques, in vitro assays, animal models, and administration routes. Indeed, the 

characteristics of the plant used, as well as the experimental procedure employed for the recovery of 

bioactive compounds demonstrate a strong impact in the biological activity. Thus, factors, such as (i) 

specie, (ii) age, (iii) selected organ, (iv) developmental stage, (v) growth conditions, (vi) geographical 

location, (vii) drying methods, (viii) storage conditions, (ix) type of solvent selected for extraction, and (x) 

extraction method are important in defining the final composition of the plant extract. Therefore, the 

extracts with the strongest bioactivity are obtained by the selection of the optimal conditions of these 

factors. The impact of the selected organ, type of solvent, and extraction method on the composition and 

bioactivity of the plant extract will be presented in detail in this Ph.D. work. 

 

1.8.3.1. Organ of the plant 

A plant is composed of different organs, such as roots, stems, leaves, buds, flowers, and 

seeds [146]. Each organ is responsible for different functions in the plant organism. Consequently, 

distinct chemical compositions will be observed in each of them. For instance, an aqueous extract 

prepared from flowers, leaves, or roots of Echinacea purpurea showed a particular chemical fingerprint 

[147]. Alkylamides were more abundant in roots extracts, while phenolic/carboxylic acids were richer in 

leaves extracts. Flowers extracts showed a balanced mix of both chemical compounds. These extracts 

exhibited the strongest anti-inflammatory activity in the reduction of IL-1β production in LPS-stimulated 

macrophages, demonstrating that the mixture of compounds can be beneficial. Therefore, when specific 

bioactivity is required, careful consideration should be given to the selection of the appropriate plant 

organ. 

 

1.8.3.2. Solvent of extraction 

The solvent strongly influences the type of bioactive compounds recovered from the plant material 

[148]. The ability of different solvents to solubilize dissimilar chemical classes of molecules is determined 

by their polarity [149]. Polar solvents (e.g., water, methanol, and ethanol) have the ability to extract more 

polar compounds (e.g., alkaloids, flavonoids, glycosides, tannins, and phenolic compounds) [150]. 

Nonpolar solvents (e.g., hexane and dichloromethane) are not miscible in water and remove lipophilic 
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compounds (e.g., fatty acids and alkanes). For example, the solid-liquid extraction efficacy of O. europaea 

was significantly different for several solvents, namely hexane – 0.9%; ethanol – 4.1%; dichloromethane 

– 6.2%; acetone – 6.8%; water – 5.7%; and methanol – 7.2% [151]. However, no correlation was obtained 

between the extraction yield and scavenging activity. The acetonic extracts exhibited the highest biological 

activity and methanolic and ethanolic extracts presented the lowest. Also, aqueous and ethanolic 

S. officinalis extracts exhibited different extraction yields, chemical composition, and anti-inflammatory 

activity [152]. Rosmarinic acid was found in aqueous and ethanolic extracts, while carnosol and carnosic 

acid were only present in ethanolic extracts. Interestingly, ethanolic extracts, with the smallest extraction 

yield (12.2%), were more efficient in the reduction of IL-6 production, than the aqueous extracts, with 

approximately twice the extraction yield (29.9%). Different chemical compositions and consequent 

bioactivity were also observed for E. purpurea aqueous and ethanolic extracts obtained from leaves [147]. 

Only phenolic/carboxylic acids were found in aqueous extracts, while a mixture of phenol/carboxylic acid 

with alkylamides was detected in ethanolic extracts. Consequently, ethanolic extracts reduced more 

efficiently the IL-6 production in LPS-stimulated macrophages than the aqueous extracts. 

The ratio between plant material and volume of solvent also directly influences the recovery of 

specific chemical compounds. The extraction of dodeca-2E,4E,8Z,10E/Z-tetraenoic acid isobutylamide 

and dodeca-2E,4E,8E,10Z-tetraenoic acid isobutylamide from E. purpurea roots was more efficient with 

a plant to solvent ratio of 1:5 (W:V) [153]. The ratio of 1:11 (W:V) was more effective for the removal of 

dodeca-2E-ene-8,10-diynoic acid isobutylamide. 

As demonstrated in the selected studies, the meticulous selection of solvents of extraction and the 

ratio between plant material and volume of solvent are crucial in the extraction process, as they strongly 

influence the extraction efficiency, chemical composition, and subsequent bioactivity of the resulting 

formulations. 

 

1.8.3.3. Extraction method 

There are different extraction methods, which can be divided into traditional and advanced 

techniques [154,155]. The traditional methods can mimic the conventional use of plant preparations 

[154]. Examples of traditional methods are infusion, decoction, maceration, stirring, shaking, Soxhlet 

apparatus, and reflux. Steam distillation and hydrodistillation by Clevenger apparatus are also employed. 

Other equipment are also applied to increase the efficacy of the extraction process (e.g., UltraTurrax, 

enamel boiler, Unger apparatus, and ball mill). Nowadays, new advanced techniques have arisen to 

improve the recovery of bioactive compounds and reduce, for instance, the time of extraction [156]. 
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Examples of new advanced techniques are ultrasounds, supercritical fluid extraction, accelerated solvent 

extraction, and microwaves. Furthermore, the employment of temperature can improve the efficiency of 

the extraction by changing the physicochemical properties of the solvent [157]. Nonetheless, as heat can 

have a significant impact on structure integrity of the bioactive compound, a balance between the level of 

temperature and the preservation of compound must be achieved. Methods that include an enzymatic, 

mechanical, or chemical pre-treatment of the plant material can also increase the concentration of some 

chemical compounds since they degrade the cell wall structure, releasing the intracellular content. For 

example, the recovery of several compounds from L. angustifolia was improved with its pre-treatment 

with cellulase (e.g., cis-linalool oxide, trans-linalool oxide, lavandulol, 1-octen-3-ol acetate, and borneol), 

hemicellulase (e.g., 1,8-cineole), or a mixture of both (e.g., linalool, lavandulyl acetate, α-terpinol, geranyl 

acetate, geraniol, and neryl acetate) [158]. The same tendency was observed in the extraction of essential 

oils from L. angustifolia [158] and Laurus nobilis [159] if preceded by an enzymatic pre-treatment. The 

mechanochemical pre-treatment of L. nobilis leaves with lithium carbonate in a ball mill also yielded 

comparable phenolic content to the one obtained for Soxhlet extraction [160]. 

Each extraction method has its own particularities, obtaining, therefore, different chemical 

compounds and/or concentrations. For instance, significant differences between the oil composition of 

S. officinalis obtained by infusion (25 compounds) and hydrodistillation (60 compounds) were reported 

[161]. More particularly, high-volatile compounds (e.g., ocimene, camphene, and 1-octen-3-ol) were 

present in the extracts obtained by hydrodistillation, but not when infusion was used [162]. In fact, 

hydrodistillation is based on distillation of the volatile compounds at a lower temperature than their boiling 

points. Conversely, infusion uses the boiling temperature to extract the compounds. In addition, the 

infusion is performed in an open extraction system, during which the most volatile compounds are lost 

due to direct volatilization and co-vaporization with water vapors. In another study, a high percentage of 

compounds with higher polarity (e.g., linalool) were obtained by hydrodistillation of L. angustifolia flowers, 

while increased amounts of compounds with lower polarity (e.g., linalyl acetate and neryl acetate) were 

observed after microwave-assisted extraction [163]. Conversely, the main compounds of the L. nobilis 

leaves extracts were obtained using different extraction methods – steam distillation, microwave-assisted 

hydrodistillation, and ohmic-assisted hydrodistillation, hydrodistillation – but their amount was 

dramatically different [164]. Microwave-assisted hydrodistillation and ohmic-assisted hydrodistillation 

showed high yield for oxygenated monoterpenes, whereas sesquiterpenes recovery was enhanced by 

hydrodistillation and steam distillation. 
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Given the potential variations in the obtained chemical compounds composition and their 

concentrations, it is imperative to thoroughly consider the selection of the extraction method for biological 

assays. 

 

1.9. PLANT-DERIVED IMMUNOMODULATORY COMPOUNDS AND THEIR MECHANISM 

OF ACTION 

A variety of preparations obtained from several species of plants have been reported to have ability 

to interact with immune cells, either stimulating or inhibiting their function. The immunomodulatory 

activity is closely related to the chemical composition of the plant extract. Various extraction methods and 

solvents have been used to prepare different plant extracts that can modulate both in vitro and in vivo 

inflammatory signaling pathways. Particularly, S. officinalis and E. purpurea formulations have been 

traditionally used as immunomodulatory medicines, whose bioactivity is being under investigation. 

Therefore, in the next sections, the bioactive compounds present in formulations obtained from these 

plants, as well as their mechanism of action are reviewed. 

 

1.9.1. Salvia officinalis 

S. officinalis (Lamiaceae family), also known as garden sage, Dalmatian sage, or common sage, is 

cultured worldwide but mainly in the Mediterranean region. Sage tea has been traditionally used to treat 

mouth, throat, and bronchial inflammations, coughs, asthma, fever, aphthas, ulcers, amygdalitis, and 

stomach pain. Topical applications of sage preparations (tinctures) are also used after sun exposure to 

prevent sunburn and for the treatment of wounds.  

S. officinalis extracts (Sage-E) are composed of a wide range of chemical compounds, including 

flavonoids, monoterpenes, sesquiterpenes, diterpenes, phenolic acids, fatty acids, triterpenes, and 

polysaccharides. Appendix Table A1.1 presents the phytochemical composition of S. officinalis, 

together with the solvent of extraction, the extraction method, and the organ of the plant used. Carnosol, 

carnosic acid, rosmarinic acid, ursolic acid, oleanolic acid, apigenin, and luteolin have been considered 

the main responsible for the anti-inflammatory activity of Sage-E. This bioactivity of Sage-E is associated 

with (i) the reduction of pro-inflammatory cytokines and prostaglandins expression and production; (ii) the 

decrease of respiratory burst and molecular oxidation levels; (iii) the reduction of immune cells 

proliferation and infiltration; (iv) the increase in antioxidant enzymes and anti-inflammatory cytokines 

levels; and (v) the amelioration of edema, pain, and tissue injury [152,165–176]. The details of the anti-
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inflammatory studies are described in Table 1.3. Some of the most relevant studies will be presented 

in more detail.  

Sage-E, obtained with dimethyl sulfoxide (DMSO), presented a critical role in the reduction of the 

inflammatory state in LPS-stimulated RAW 264.7 macrophages [165]. Sage-E significantly decreased the 

IL-6 and TNF-α production. Notably, Sage-E completely inhibited iNOS production, but COX-2 was not 

affected. It was also demonstrated that C20-norabietane diterpenoids (salofficinoids A – H), isolated from 

ethanolic Sage-E obtained from leaves, were responsible for the anti-inflammatory activity in LPS-

stimulated RAW 264.7 macrophages [170]. Indeed, as a 95% ethanolic Sage-E inhibited •NO production 

in macrophages, it was subjected to liquid-liquid partitioning to give hexane, dichloromethane, and ethyl 

acetate fractions. Among the three fractions, hexane, presenting the highest inhibition of •NO production, 

was further fractionated into 5 fractions (A – E). As fractions B and C exhibited the best •NO production 

inhibition in macrophages, they were purified, yielding eight (A – H) and four (I – L) isolated C20-

norabietane diterpenoids, respectively. All the compounds decreased the •NO production in LPS-

stimulated macrophages, being salofficinoid G the most potent compound. Additionally, salofficinoid G 

significantly inhibited the phosphorylation of JNK in the MAPK signaling pathway, down-regulating the 

expression of iNOS and COX-2. The authors proposed that the presence of the intact C-ring, the hydroxyl 

at C-12, the furan-ring, and the double bound in the A-ring can increase the •NO inhibitory effect. Further 

studies purified Fraction C, yielding officinalin A, officinalin B, and deacetoxynemorone [171]. The anti-

inflammatory activity of the three isolated compounds was also evaluated in LPS-stimulated RAW 264.7 

macrophages. All the compounds decreased the •NO production in a concentration-dependent manner, 

exhibiting officinalins A the most significant inhibitory activity. Officinalins A markedly decreased the iNOS 

and COX-2 production, via downregulating the phosphorylation of p38 in the MAPK signaling pathway. 

However, officinalins A did not prevent the phosphorylation of ERK and JNK. Additionally, the potential of 

two Sage-E obtained by supercritical extraction (S1 and S2) were investigated in the prevention of 

atherosclerosis with oxidized low-density lipoproteins (ox-LDL)-stimulated THP-1-derived macrophages 

[172]. The co-treatment with supercritical Sage-E S1 and S2 significantly decreased the production of 

TNF-α, IL-1β, and IL-6, which was related to the marked decrease of the gene expression of these 

cytokines. Particularly, the highest tested concentration of S1 led to lower amounts of TNF-α in 

comparison with basal conditions in non-stimulated macrophages. Moreover, S1 also exhibited higher 

ability to reduce IL-1β production compared to indomethacin. Supercritical extracts did not interfere in 

the production of IL-10, but their gene expression was significantly increased. The main compounds 

presented in supercritical Sage-E – camphor, borneol, and 1,8-cineole – constituted 62.4% of S1 and 
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48.1% of S2, indicating a potential correlation between their presence and the observed high anti-

inflammatory activity. 

The efficacy of Sage-E extracts was also confirmed in vivo. For instance, the treatment with 

hydroethanolic Sage-E and its isolated compounds (carnosol and ursolic/oleanolic acids mixture) before 

the induction of visceral inflammatory and nociceptive response in mice exhibited anti-inflammatory and 

analgesic properties [175]. The administration of Sage-E significantly decreased the number of writhes, 

the number of total leukocytes, and the plasmatic extravasation in the inflamed tissue. Sage-E also 

promoted the inhibition of the neurogenic and inflammatory phases and nociception and decreased the 

edema. The isolated compounds and mixture – carnosol and ursolic/oleanolic acids mixture – also 

reduced the inflammatory phase and the nociceptive behavior, but not the paw edema. The authors 

proposed that hydroethanolic Sage-E potentially inhibits the transient receptor potential ankyrin 1 (TRPA1) 

and transient receptor potential cation channel subfamily V member 1 (TRPV1) pain and heat receptors. 

This in turn reduced the neurogenic inflammation, being the carnosol and the mixture of ursolic/oleanoic 

acids possibly responsible for the activity of the Sage-E. Moreover, ursolic acid emerged as the primary 

active compound of the chloroformic Sage-E in the reduction of ear edema in croton oil-induced ear 

edema in mice [174]. Finally, Sage-E presented the ability to decrease oxidative stress in vivo. The 

administration of hydroethanolic Sage-E in streptozotocin-induced diabetic mice significantly increased 

the levels of SOD and CAT enzymes activity in plasma and, consequently, lipid peroxidation was markedly 

reduced [176]. 

These in vitro and in vivo studies demonstrated that Sage-E, or its isolated compounds, can be 

effectively used as anti-inflammatory agents for treating chronic inflammatory conditions. However, further 

investigation is needed to fully understand, for instance, the mechanism of action. This is crucial for the 

development of a safe and efficient anti-inflammatory formulation that can then be translated into clinical 

practice. 

Despite Sage-E have only been traditionally used for anti-inflammatory diseases, some studies show 

their pro-stimulatory activity. The immunostimulatory activity of Sage-E is related to (i) the increase of 

respiratory burst; (ii) the promotion of cytokine production; and (iii) the increment of the mitogenic and 

co-mitogenic cell activity [177–179]. The main active compounds associated with this activity are 

polysaccharides, including for example arabinogalactan, rhamnogalacturonan, pectin, 

homogalacturonan, glucuronoxylan, and xylan. Phenols and flavonoids also contributed to the strength of 

the immune system. The details of the pro-inflammatory studies are described in Table 1.4. Some of 

the most relevant studies will be presented in more detail. For instance, an ethyl acetate Sage-E had the 
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ability to activate resident peritoneal macrophages, increasing the production of •NO and TNF-α [177]. 

Moreover, different polysaccharide fractions induced rat thymocyte proliferation [178]. The particular 

composition of each fraction contributed to the different extent of the immunostimulatory activity. In 

summary, potassium hydroxide-extractable polysaccharides (composed of xylan-related polysaccharides 

and glucuronoxylan-related polymers) exhibited the most potent immunostimulatory activity, followed by 

ammonium oxalate- (composed by arabinan-rich pectin component), and water-extractable 

polysaccharides (composed by arabinogalactans associated with a galacturonan and/or 

rhamnogalacturonan core). The water-extractable polysaccharides subfractions (A1 – A6) also 

demonstrated mitogenic and co-mitogenic activity [179]. The highest immunostimulatory activity was 

observed in the acidic subfractions A2 – A4 but all subfractions were significantly more potent than the 

original fraction. The highest content of 3-O-methylgalactose residues in subfraction A2 and the arabinan- 

or arabinogalactan-rich side chains in subfractions A2 – A4 could be important for the enhancement of 

the immunostimulatory activity. Indeed, although the polysaccharide fractions and subfractions presented 

similar monosaccharide composition, they considerably differ in the primary structure of their backbones, 

generating a significant increase in their immunostimulatory activity.  

The presented studies demonstrate that Sage-E has also been shown to be a potent 

immunostimulatory formulation, with the polysaccharides identified as the main bioactive compounds. 

These findings highlight the potential application of Sage-E as an immunomodulatory formulation, 

emphasizing the need for further research in this area 

 

1.9.2. Echinacea purpurea 

E. purpurea (Asteraceae family), also known as the purple coneflower, is a perennial flower native 

to eastern and central North America. Tea, freshly pressed juice, and tinctures, containing around 60% 

ethanol, are traditional E. purpurea preparations obtained from flowers, leaves, and/or roots. They are 

often therapeutically employed to prevent and relief a variety of different inflammatory conditions, 

including swollen gums, sore throats, skin inflammation, and gastrointestinal disorders. Additionally, 

Echinacea preparations have been used to prevent or treat the common cold, flu, and infections in the 

upper respiratory tract. E. purpurea preparations have also been traditionally and highly used as an 

immune booster during common cold or infection. 

E. purpurea extracts (Echi-E) are rich in alkylamides, phenolic compounds, sesquiterpenes, 

monoterpenes, monosaccharides, polysaccharides, flavonoids, and fatty acids.  Appendix Table A1.2 

presents the phytochemical composition of E. purpurea, together with the solvent of extraction, the 
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extraction method, and the organ of the plant used. Chicoric acid, caftaric acid, a mixture of alkylamides 

– particularly dodeca-2E,4E,8Z,10E/Z-tetraenoic acid isobutylamide –, and polysaccharides are the main 

responsible for the anti-inflammatory activity of Echi-E. This bioactivity of Echi-E is related to (i) the 

reduction of pro-inflammatory cytokines and chemokines expression and production; (ii) the decrease of 

respiratory burst and molecular oxidation levels; (iii) the reduction of immune cells infiltration; (iv) the 

reduction of the degranulation process; (vi) the decrease of clonal expansion of immune cells, (vi) the 

blocking of receptors on immune cells; (vii) the increase in antioxidant enzymes and anti-inflammatory 

cytokines levels; and (viii) the amelioration of edema, pain, and tissue injury [147,180–214]. The details 

of the anti-inflammatory studies are described in Table 1.5. Some of the most relevant studies will be 

presented in more detail. For instance, an aqueous ethanolic Echi-E obtained from roots efficiently 

reduced the TNF-α and •NO production in LPS-stimulated murine RAW 264.7 macrophages [202]. This 

Echi-E was further fractionated to determine the main compounds responsible for the bioactivity. All the 

fractions were able to decrease the •NO production, but Fraction 3 (containing alkylamides) demonstrated 

the most potent activity, followed by Fraction 2 (content unknown) and Fraction 5 (most hydrophobic 

compounds). Conversely, Fraction 1 (caffeic acid derivatives) induced increased arginase activity that 

promote the resolution phase of inflammation. Other studies demonstrated that cynarin isolated from 

Echi-E is a strong immunosuppressive agent. It can block the CD28 receptor of human Jukart T-cells, 

preventing the binding of other ligands, such as CD80 of human Raji B lymphocyte cells [184,185]. Thus, 

cynarin disturbed the CD28-dependent T-cell activation and reduced the production of IL-2 through the 

inhibition of the signal 2 pathway, acting as an antagonist of the CD28/CD80 interaction. Additionally, an 

aqueous ethanolic Echi-E prepared from aerial parts (steams, leaves, and flowers) modulated the fate of 

the murine bone marrow-derived dendritic cells (BMDCs) [187]. This Echi-E, primarily composed of 

chicoric acid and dodeca-2E,4E,8Z,10E/Z-tetraenoic acid isobutylamide, decreased the frequency and 

relative expression of molecules involved in antigen presentation (MHC class II) and co-stimulation (CD86 

and CD54), as well as the activity of COX-2. The pre-treatment of ovalbumin-sensitized murine BMDCs 

with this Echi-E also reduced the frequency of dendritic cells engulfing the antigen. At this point, the APC 

functions of dendritic cells are compromised, and the activation of T cells, consequently, can be affected. 

The co-culture of ovalbumin-sensitized murine BMDCs pre-treated with extracts and T cells demonstrated 

that Echi-E significantly decreased the clonal expansion of CD4+ T cells. Therefore, alkylamides might 

inhibit T cell-mediated immune response by potentially affecting both innate (antigen uptake) and adaptive 

(CD4+ T cells) immunity. 
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In vivo studies also demonstrated the potential of Echi-E as anti-inflammatory formulations. 

Particularly, the alkylamide dodeca-2E,4E,8Z,10E/Z-tetraenoic acid isobutylamide isolated from Echi-E 

inhibited the TNF-α production in lipopolysaccharides/D-galactosamine (LPS/D-GalN)-induced hepatitis 

in ICR mice through the induction of HO-1 protein expression [199]. In addition, the infiltration of 

inflammatory cells – mainly macrophages – and the tissue injury were significantly attenuated. Chicoric 

acid isolated from Echi-E was also proposed for the treatment of diabetes since it allowed for the alleviation 

of inflammation and oxidative stress [203,204]. Indeed, after oral administration, chicoric acid 

significantly reduced the damage in the liver and muscle of streptozotocin-induced diabetes in C57BL/6J 

mice. The TNF-α and IL-1β levels were decreased in the serum. Moreover, the gene expression of 

inflammatory cytokines (TNF-α, IL-6, IL-1β, and MCP-1), inflammatory enzymes (iNOS and COX-2), and 

inflammatory signaling pathways (NF-κB, AP-1/2, and JNK) were dramatically attenuated in the presence 

of chicoric acid. Additionally, this compound was able to increase the gene expression of antioxidant 

enzymes (HO-1 and NQO-1) via the inhibition of KEAP1 and activation of Nrf2 nuclear translocation. 

Therefore, the activity of antioxidant enzymes (GSH, CAT, and SOD) was enhanced, being the MDA levels 

(lipid peroxidation) significantly decreased. The administration of Echi-E prepared from flowers in 

ovalbumin sensitized-guinea pigs to analyze the effects on asthma treatment was also reported [207]. 

The long-term treatment with Echi-E significantly decreased bronchoconstriction, basal hyperreactivity, 

and specific airway resistance. Echi-E significantly decreased the levels of exhaled •NO and key cytokine 

mediating asthma (IL-4, IL-5, IL-13, and TNF-α), both in bronchoalveolar lavage fluid (BALF) and plasma. 

The contractile response of tracheal and pulmonary smooth muscle was also significantly lower in the 

presence of Echi-E. Furthermore, long-term treatment of animals with Echi-E did not change the frequency 

of cilia beating, maintaining its basal levels, which allowed mucociliary clearance. 

These in vitro and in vivo studies show the potential of Echi-E, along with its isolated compounds, 

as potent anti-inflammatory formulations, suggesting their administration in the treatment of inflammatory 

disorders. Nonetheless, further investigation is necessary to completely explore their mechanisms of 

action and determine their safety and efficacy in clinical conditions. 

The immunostimulatory activity of Echi-E is related to (i) the activation of different immune cells; 

(ii) the promotion of cytokine, chemokine, prostaglandins, and immunoglobulin expression and 

production; (iii) the stimulation of phagocytosis; (iv) the increase of respiratory burst; (v) the increase of 

immune cell and clonal proliferation; and (vi) the stimulation of immune cells migration and mobility 

[147,187,188,192,193,215–239]. The details of the pro-inflammatory studies are described in Table 

1.6. Some of the most relevant studies will be presented in more detail.  
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Dodeca-2E,4E-dienoic acid isobutylamide presented ability to bind to the human CB2 receptor, 

increasing the total intracellular free Ca2+ concentration via a CB2-mediated G-protein-coupled 

mechanism, leading to stimulation of PLC, in human CB2-positive promyelocytic HL60 cells [188]. 

Dodeca-2E,4E,8Z,10E/Z-tetraenoic acid isobutylamide also showed the ability to strongly modulate the 

TNF-α expression in human monocytes [192]. This effect was mediated via the cannabinoid receptor 

CB2, through the up-regulation of cAMP, the activation of JNK and p38 kinases, and the downstream 

activation of activating transcription factor 2/cAMP response element binding protein 1 (ATF-2/CREB-1) 

and NK-κB. A commercial Echi-E (chicoric acid, caftaric acid, chlorogenic acid, and undeca-2Z,4E-diene-

8,10-diynoic acid isobutylamide) exhibited the ability to modulate the polarization of BMDCs [217] and 

murine bone marrow-derived macrophages (BMDMs) [239]. The CD80 and CD86 were markedly 

increased in both cell types. The expression of key molecules CCR7 and MHC class II was also significantly 

increased in macrophages, while CD40 and CD83 were promoted in dendritic cells. Moreover, this Echi-

E significantly induced the gene expression in M1 macrophages (IL-6, TNF-α, IL-12p70, and iNOS). This 

was validated by the increase in the production of •NO and several pro-inflammatory cytokines (IL-1β, IL-

6, IL-12p70, TNF-α, IFN-γ). Echi-E also enhanced the phagocytic and bactericidal capacity of murine 

macrophages. These effects were obtained due to Echi-E ability to significantly activate the MAPK signaling 

pathway, through the phosphorylation of ERK, JNK, and p38. NF-κB signaling pathway was also triggered 

with an increase of p65 protein in the nucleus, with a correspondent decrease of IκB protein in the 

cytoplasm. Interestingly, the stimulation of the murine dendritic cells was promoted via the activation of 

the same inflammatory signaling pathways, resulting in higher production of IFN-γ and IL-12 production. 

Echi-E also significantly increased the gene expression of TLR1 and TLR2 in murine dendritic cells. The 

treatment of LPS- or concanavalin A (ConA)-stimulated lymphocytes with a different commercial Echi-E 

was reported to strengthen the immune system thought the increase of immunoglobulin (IgA, IgG, and 

IgM) and TH1 cytokines (IL-2 and IFN-γ) production [229]. Additionally, the regulation of the production 

of the TH2 cytokines (IL-4 and IL-6), suggests that this Echi-E induced a balanced differentiation of the 

spleen lymphocytes towards the production of both TH1 and TH2 cytokines. A butanol fraction of Echi-E 

also exhibited a strong capacity to mature human monocyte-derived immature dendritic cells [222]. The 

Echi-E fraction enhanced the expression of the CD83 and induced the gene expression of over different 

genes involved in various key immune modulatory activities (e.g., CCL2, CCL5, IL-8, JAK2, TANK, and 

CXCL2). Additionally, dendritic cells exposed to the butanol fraction of Echi-E significantly up-regulated 

the antioxidant defense enzymes, including manganese superoxide dismutase (MnSOD), CAT, and 

peroxiredoxin 6, which are essential to induce T cell activation. Moreover, cytoskeletal and actin-binding 
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proteins were up-regulated, enabling the formation of its characteristic dendrites and veils, important for 

the motility and migration to lymph nodes. Other classes of proteins were also enhanced, including cell 

growth- or maintenance-related proteins, energy pathway-related proteins, metabolic enzymes, proteins 

involved in protein metabolism or degradation, ion channel/transport proteins, signal transduction, and 

cell communication. A bioinformatic approach hypothesized that the butanol fraction of Echi-E may 

activate the cAMP and PKC pathways, leading to the regulation of adenylate cyclase 8 (AC8) thought a 

Ca2+ receptor calmodulin. The same Echi-E also increased the responsive genes related to cell adhesion 

(e.g., CDH10, ITGA6, CDH1, GJA1, and MMP8), chemokines (e.g., CXCL2 and CXCL7), and signaling 

molecules (e.g., NRXN1, PKCE, and ACSS1) in murine BMDCs [216]. Also, the expression of the 

metabolic, cytoskeleton, and singling-related proteins, led to the enhancement of mobility, migration, and 

adhesion of the cells in the presence of Echi-E. The maturation of dendritic cells by an aqueous Echi-E 

obtained from roots, mainly composed of polysaccharides, was also studied [187]. Moreover, 

polysaccharides-enriched Echi-E have been proposed as adjuvant effectors on Jukart T cells [238]. The 

pre-treatment of T cells with this Echi-E enhanced the response to PMA and ionomycin, significantly 

increasing the production of IL-2 and IFN-γ. The authors proposed that Echi-E could influence Ca2+ 

mobilization to increase the intensity of IL-2 production since a dose-related effect was observed when 

the ionomycin was used alone. 

The pro-inflammatory activity of Echi-E, as well as its isolated compounds, has been extensively 

explored, as demonstrated. These findings highlight their potential application as an immunomodulatory 

agent with implications for boosting immune responses and supporting immune system function. 

However, more research needs to be performed to fully understand the potential interactions with other 

clinical drugs, for instance. Additionally, studies focusing on specific patient populations, such as those 

with compromised immune systems or underlying medical conditions, would help determine the safety 

and efficacy of Echi-E and its isolated compounds in these individuals. 
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Table 1.3 | Salvia officinalis bioactive compounds, methods of their extraction, biological assays, and anti-inflammatory effects. 

Plant extract composition/Isolated 

compound 
Extraction method Biological assay Anti-inflammatory effects Ref 

Not described 
Dried powdered leaves (100 mg) were 

extracted (24 h) in DMSO (1 mL), at RT. 

LPS-stimulated murine RAW 264.7 

macrophages were pre-treated with extracts 

(200 and 500 µg/mL) for 24 or 72 h. 

⬇IL-6 and TNF-α production 

⬇iNOS production 
[165] 

Caffeic acid, luteolin-7-glucoside, luteolin-O-

glucuronide, (cis/trans)-rosmarinic acid, 

apigenin-O-glucuronide, salvianolic acid K, 

nepetin, rosmanol isomer 1/2/3, luteolin, 

hispidulin, cirsimaritin, apigenin, 

genkwanin, 7-O-methylrosmanol, 

rosmadial, carnosol, pedalitin, 12-O-

methylcarnosic acid, carnosic acid, and 

ursolic acid 

Fresh leaves or flowers were macerated 

(72 h, × 3) with methanol (1 L). 

 

Fresh leaves or flowers were ultrasonicated 

(130 W, 40 kHz, 1 h, × 3) with methanol 

(150 mL). 

LPS-stimulated murine RAW 264.7 

macrophages were co-treated with extracts 

(1, 5, 10, 25, and 50 µg/mL) for 1, 6, or 

24 h. 

⬇ROS and •NO production 

⬇NF-κB nuclear translocation 

⬇TNF-α, IL-6, and IL-1β expression 

[169] 

Salofficinoid A 

Salofficinoid B 

Salofficinoid C 

Salofficinoid D 

Salofficinoid E 

Salofficinoid F 

Salofficinoid G 

Salofficinoid H 

Salofficinoid I 

Salofficinoid J 

Salofficinoid K 

Salofficinoid L 

Dried smashed leaves (5 kg) were 

exhaustively extracted (2 h) under reflux with 

95% ethanol (× 3). 

The crude extract was liquid-liquid partitioned 

with hexane, dichloromethane, and ethyl 

acetate. Hexane fraction was fractionated 

(Fractions A–E). The Fractions B and C were 

purified, yielding isolated salofficinoid A, B, C, 

D, E, F, G, H, I, J, K, and L. 

LPS-stimulated murine RAW 264.7 

macrophages were pre-treated with extracts, 

fractions, or isolated compounds (10, 20, 

and 40 µM) for 18 h. 

⬇•NO production: 

Solvent partitioning: hexane > extract > 

dichloromethane > ethyl acetate 

Fractions: C > B > D > A > E 

Salofficinoid: G > E ≥ K > J > D > L > C 

> F > A ≥ B > H ≥ I 

 

Salofficinoid G: 

⬇•NO production 

⬇iNOS and COX-2 production 

⬇JNK phosphorylation 

[170] 

     

Officinalin A 

Officinalin B 

Deacetoxynemorone 

Dried smashed leaves (5 kg) were extracted 

with 95% ethanol (2 h) under reflux (× 3). 

The crude extract was liquid-liquid partitioned 

with hexane, dichloromethane, and ethyl 

LPS-stimulated murine RAW 264.7 

macrophages were pre-treated with isolated 

compounds (0.63, 1.25, 2.5, 5, and 10 µM) 

for 18 h. 

⬇•NO production:  

officinalin A > officinalin B > 

deacetoxynemorone 

 

[171] 
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acetate. Hexane fraction was fractionated 

(Fractions A–F). The Fraction C was further 

eluted, yielding Fractions C1–C8. Fraction C3 

was purified, yielding Fractions C3.1–C3.6. 

Fraction C3.4 was purified giving origin to 

officinalins A and B. Fraction C5 was purified, 

yielding Fractions C5.1–C5.6. Fraction C5.4 

was purified, giving origin to 

deacetoxynemorone. 

Officinalin A: 

⬇p38 phosphorylation 

⬇iNOS and COX-2 production 

     

Rosmarinic acid, carnosol and carnosic 

acid 

Dried leaves (10 g) were infused (10 min) 

with boiling water (200 mL). 

 

Dried leaves (10 g) were macerated (7 days) 

with an aqueous-ethanol mixture (50:50, 

100 mL), at RT. 

 

Dried leaves (10 g) were extracted by Soxhlet 

apparatus with water, ethanol, or aqueous-

ethanol mixture (50:50). 

LPS-stimulated human THP-1 macrophages 

were treated with extracts (5, 10, 25, 75, 

125, and 250 µg/mL) for 24 h. 

⬇IL-6 and TNF-α production [152] 

1,8-cineole, linalool, cis-sabinol, camphor, 

borneol, α-terpineol, linalyl acetate, 

endobornyl acetate, sabinyl acetate, α-

terpinenyl, E-cariophyllene, α-humulene, 

geranyl propionate, spathulenol, 

cariophyllene oxide, and viridiflorol 

Dried grounded leaves (0.6 kg) were 

obtained by supercritical fluid extraction 

(30 MPa, 313 K, 50 g/min CO2, 8 h), 

resulting in S1 and S2 extracts. 

 

Dried grounded leaves (2 g) were shaken 

(4 h) with ethanol (100 mL) or 

methanol:chloroform mixture (1:1, 100 mL) 

at 37°C (× 3). 

ox-LDL-stimulated human THP-1 

macrophages were treated with extracts (10, 

20, and 30 µg/mL) for 24 h. 

⬇TNF-α, IL-1β, and IL-6 expression and 

production 

⬆IL-10 expression 

 

S1 extracts > S2 extracts > methanol-

chloroformic extracts > ethanolic extracts 

[172] 

Not described 
Plant material was extracted with boiling 

methanol. 

PMA-induced ear edema in ICR mice was 

pre-treated with extract (2 mg/ear) for 6 h. 
⬇edema [173] 
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Ursolic acid, carnosol, rosmarinic acid, 

caffeic acid, oleanolic acid, kaempferol, p-

coumaric acid, apigenin, luteolin, luteolin-

7-glucoside, and apigenin-7-glucoside 

Dried pulverized leaves (full bloom phase, 

30 g) were successively extracted by Soxhlet 

apparatus with hexane, chloroform, or 

methanol (400 mL). The chloroformic extract 

was further fractionated into Fractions I–III. 

Croton oil-induced ear edema in albino Swiss 

mice was treated with extracts, fractions, or 

essential oils for 6 h. 

⬇edema:  

chloroformic extracts > hexanolic 

extracts > methanolic extracts 

 

Fractions II + III > Fraction II > Fraction I 

> Fraction III 

[174] 

Carnosol 

Ursolic acid 

Oleanolic acid 

Dried grounded leaves (2 kg) were percolated 

with 85% ethanol, at RT (× 2). 

The extract was dissolved in acetone and the 

soluble part was separated by column 

chromatography, resulting in fractions 

containing an oleanolic/ursolic acids mixture 

and carnosol. 

Acetic acid-, formalin-, glutamate-, capsaicin- 

or cinnamaldehyde-induced inflammation in 

Swiss mice were pre-treated with extracts 

(10, 30, 100 mg/kg, oral), carnosol (10 

mg/kg, oral), and ursolic/oleanolic acids 

(30 mg/kg, oral). 

⬇writhes 

⬇edema 

⬇number of total leukocytes 

⬇extravasation 

⬇neurogenic and inflammatory phases 

[175] 

Not described 
Dried leaves (100 g) were macerated (72 h) 

in 80% ethanol (1000 mL) at RT (× 2). 

Streptozotocin-induced diabetes in Wistar rats 

was treated with extracts (400, 600, and 800 

mg/kg, gavage) for 30 days. 

⬇MDA levels 

⬆SOD and CAT levels 
[176] 

Not described 
Dried leaves (10 g) were slowly boiled 

(30 min) in water (100 mL). 

Azathioprine-induced toxicity in Wistar rats 

was pre-treated with extracts (10 mL/kg/day, 

oral) for 5 weeks. 

⬇tissue injury  

⬇infiltration of inflammatory cells  

⬇MDA levels 

⬆CAT and GSH levels 

[166] 

Quinic acid, gallic acid, 1,3-di-O-

caffeoylquinic acid, protocatchuic acid, p-

coumaric acid, luteolin-7-O-glucoside, 

naringin, apigenin-7-O-glucoside, salviolinic 

acid, trans-cinnamic, quercetin, 

kaempherol, and cirsilineol 

Dried flowers were boiled (5 min) at 100 °C 

in water (1:5, W/V), under stirring. 

Ethanol-induced gastric inflammation in 

Wistar rats was pre-treated with extracts (100 

and 200 mg/kg/BW, oral) for 15 days. 

⬇tissue injury 

⬇edema 

⬇leucocytes infiltration 

⬇CRP levels 

⬇MDA levels 

⬆SOD, CAT, and GPx levels 

[167] 

     

Gallic acid, coumaroyl hexose, catechin, 

rosmarinic acid hexoside, salvianolic acid 

Dried powdered leaves were boiled (5 min) at 

100 °C in water (1:5, W/V), under stirring. 

Acetic acid-induced ulcerative colitis in Wistar 

rats was pre-treated with extracts (50, 100, 

and 200 mg/kg/BW, oral) for 10 days. 

⬇tissue injury  

⬇edema 
[168] 
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isomer, salvianolic acid B, rosmarinic acid, 

and salvianolic acid A 

⬇inflammatory cell infiltration 

⬇CRP levels 

⬇MDA levels 

⬆SOD, CAT, and GPx levels 
     

BW: body weight; CAT: catalase; COX: cyclooxygenase; CRP: C-reactive protein; DMSO: dimethyl sulfoxide; GPx: glutathione peroxidase; GSH: glutathione; IL: interleukin; iNOS: inducible nitric oxide 

synthase; ox-LDL: oxidized low-density lipoproteins; JNK: c-Jun N-terminal kinase; LPS: lipopolysaccharides; MDA: malondialdehyde; NF-κB: nuclear factor kappa-light-chain-enhancer of activated B 

cells; •NO: nitric oxide; PMA: phorbol 12-myristate 13-acetate; ROS: reactive oxygen species; RT: room temperature; SOD: superoxide dismutase; TNF: tumor necrosis factor. 

 

Table 1.4 | Salvia officinalis bioactive compounds, methods of their extraction, biological assays, and pro-inflammatory effects. 

Plant extract composition/Isolated 

compound 
Extraction method Biological assay Pro-inflammatory effects Ref 

Apigenin-7-O-glucoside, homoplantaginin, 

apigenin-acetylglucoside, rosmarinic acid, 

isorhamnetin-luteolin, apigenin, hispidulin, 

rosmanol isomer 1/2, epirosmanol, 

methoxycarnosol, carnosol, rosmadial, 

carnosic acid, methyl carnosate, betulinic 

acid, oleanoic acid, and ursolic acid 

Dried and grounded leaves (100 g) were 

extracted firstly with hexane (6 h, 200 mL) 

and then with ethyl acetate (6 h, 200 mL), in 

a Soxhlet apparatus. 

Resident peritoneal macrophages were 

treated with extracts (25, 50, and 

100 µg/mL) for 24 h. 

⬆•NO production 

⬆TNF-α production 
[177] 

     

Arabinogalactan, rhamnogalacturonan, 

pectin, homogalacturonan, glucuronoxylan, 

and xylan 

Dried crushed aerial parts (480 g) were 

exhaustively extracted in a 

methanol:chloroform mixture (10:1), and the 

drug residue was successively macerated 

with distilled water (10 L) in the presence of 

0.02% solution of natriumazid, at RT. Then, 

the aqueous extracts were added to 96% 

ethanol containing 1% of acetic acid and the 

precipitate was collected (Fraction A). This 

residue was extracted (2 h, × 2) with 0.5% 

aqueous ammonium oxalate (10 L) at 90°C, 

Wistar rat thymocytes were treated with 

Fractions A, B, and D (3, 10, 30, 100, 300, 

and 1000 µg/mL). 

 

⬆mitogenic and co-mitogenic activity: 

 

Fraction D > Fraction B > Fraction A 

[178] 
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yielding Fraction B. The remaining 

depectinated material was washed with water 

and extracted (24 h) with DMSO (2 L) at RT 

(Fraction C). The residue was treated (2 h, 

× 2) with an aqueous KOH solution 

containing NaBH4 (3 L) at RT. The extracts 

were neutralized with acetic acid (Fraction D). 

The residue was treated (2 h, × 2) with 

aqueous KOH containing a solution of NaBH4 

(2.5 L) at RT (Fraction E). 
     

Arabinose, galactose, 3-O-methylgalactose, 

glucose, mannose, xylose, fucose, 

rhamnose, and uronic acids 

Dried crushed aerial parts (480 g) were 

exhaustively extracted in a 

methanol:chloroform mixture (10:1), and the 

drug residue was successively extracted 

(24 h) with distilled water (10 L) in the 

presence of 0.02% solution of natriumazid, at 

RT. Then, the aqueous extracts were added 

to 96% ethanol containing 1% of acetic acid 

and the precipitate was collected, giving 

origin to Fraction A. Further, Fraction A was 

submitted to ion-exchange chromatography, 

resulting Fractions A1–A6. 

Wistar rat thymocytes were treated with 

subfractions A1, A2, A3, A4, A5, and A6 (1, 

3, 10, 30, 100, and 300 µg/mL). 

⬆mitogenic and co-mitogenic activity: 

 

Fraction A2 > Fraction A3 ≥ Fraction A4 

> Fraction A1 ≥ Fraction A5 ≥ Fraction 

A6 > Fraction A 

[179] 

DMSO: dimethyl sulfoxide; KOH: potassium hydroxide; NaBH4: sodium tetrahydridoborate; •NO: nitric oxide; RT: room temperature; TNF: tumor necrosis factor. 

 

Table 1.5 | Echinacea purpurea bioactive compounds, methods of their extraction, biological assays, and anti-inflammatory effects. 

Plant extract composition/Isolated 

compound 
Extraction method Biological assay Anti-inflammatory effects Ref 

     

Chicoric acid, chlorogenic acid, caftaric 

acid, and alkylamides 

Fresh powdered roots and flowers were 

extracted with methanol (50 mL) using a 

goldfish extractor. 

H2O2-induced intracellular oxidation in murine 

RAW264.7 macrophages was pre-treated 

with extracts (2.5 mg/mL) overnight. 

 

⬇intracellular oxidation 

⬇•NO production 
[180] 
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LPS-induced nitric oxide production in murine 

RAW264.7 macrophages was co-treated with 

extracts (0.625, 1.25, 2.5, and 5 mg/mL) for 

24 h. 
     

Caftaric acid, chicoric acid, and 

alkylamides 

Dried powdered roots were extracted (6 h) 

with different organic solvents (250 mL, 

100% ethanol, 95% ethanol, chloroform, and 

hexane) using a Soxhlet apparatus. 

LPS-stimulated murine RAW 264.7 

macrophages were co-treated with extracts 

(100, 200, and 500 µg/mL). 

⬇•NO production 

⬇TNF-α production 
[191] 

Caftaric acid, chicoric acid and amides 

Dried powdered roots were extracted (6 h) in 

a Soxhlet apparatus with 75% ethanol 

(250 mL). 

Ethanolic extracts were fractionated in a 

semi-preparative HPLC, yielding Fractions  

1–5. 

LPS-stimulated murine RAW 264.7 

macrophages were co-treated or not with 

extracts (10, 25, 50, 100, and 200 µg/mL) 

or fractions (25 µg/mL) for 22 or 24 h. 

⬇TNF-α production by extracts 

⬇•NO production by extracts and 

Fractions 

⬇iNOS production by extracts and 

Fraction 5 (hydrophobic compounds) 

⬆arginase activity by Fraction 1 (caffeic 

acid derivatives) 

[202] 

     

Undeca-2E/Z,4Z/E-diene-8,10-diynoic acid 

isobutylamide, dodeca-2E,4E-dienoic acid 

isobutylamide, dodeca-2Z,4E-diene-8,10-

diynoic acid isobutylamide, dodeca-2E,4Z-

diene-8,10-diynoic acid 2-

methylbutylamide,  

dodeca-2E,4E,8Z-trienoic acid 

isobutylamide, dodeca-2E,4E,8Z,10E/Z-

tetraenoic acid isobutylamide, and 

xanthienopyran 

Dried grounded roots (1.9 kg) were 

macerated (7 days) with 75% ethanol (9.5 L). 

The filtered concentrated extract was deffated 

by partitioning between hexane and 10% 

aqueous methanol (1:1). The dried aqueous 

methanol layer was partitioned using 

water:methanol:chloroform mixture (4:1:5). 

The chloroform layer was fractionated with 

normal-phase flash chromatography over a 

column, generating Fractions 1–13. 

Fractions 9 and 10 were combined 

(747.7 mg) and subjected to flash 

chromatography, yielding Subfractions A–H. 

Subfraction E (392.9 mg) was subjected to 

flash chromatography, giving Subfractions I–

III. Subfraction I (174.9 mg) was subject to 

LPS-stimulated murine RAW 264.7 

macrophages were co-treated with extract, 

partition layers, fractions (10, 50, and 

100 µg/mL), or isolated compound (1.56, 

3.13, 6.25, 12.5, 25 µg/mL) for 10 to 18 h. 

 

 

⬇TNF-α production: xanthienopyran > 

Fraction 7 > Fraction 8 > Fraction 10 ≈ 

Fraction 6 ≈ Fraction 9 > Fraction 5 > 

chloroform layer > hexane layer > 

aqueous ethanolic extract 

 

⬇CCL3 production: Fraction 7 ≈ 

chloroform layer > Fraction 6 ≈ Fraction 

9 

 

⬇CCL5 production: Fraction 2 ≈ 

Fraction 3 ≈ Fraction 7 ≈ chloroform 

layer > Fraction 8 

 

[209] 
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further separation using HPLC, generating 

Subfractions a–c. Subfraction b (3.2 mg) 

yielded xanthienopyran. 
     

Alkylamides 

The ethanolic extract (Echinacea Premium 

Liquid – EPL –, 300 mg/mL) was diluted in 

water (1:100) and loaded into a solid phase 

extraction cartridge, yielding the alkylamide 

fraction (EPL–AA). 

LPS-stimulated murine RAW 264.7 

macrophages were pre-treated with extracts 

(0.2 and 2 ng/mL) for 3 or 20 h. 

⬇NF-κB protein expression: EPL ≈ EPL–

AA 

⬇TNF-α production: EPL ≈ EPL–AA 

⬇•NO production: only EPL–AA 

[210] 

     

Undeca-2E,4Z-diene-8,10-diynoic acid 

isobutylamide 

Undeca-2Z,4E-diene-8,10-diynoic acid 

isobutylamide 

Dodeca-2Z,4E-diene-8,10-diynoic acid 

isobutylamide 

Dodeca-2E,4Z-diene-8,10-diynoic acid 

isobutylamide 

Dodeca-2E,4E,10E-triene-8-ynoic acid 

isobutylamide 

Dodeca-2E,4Z,10Z-trien-8-ynoic acid 

isobutylamide 

Dodeca-2E,4E,8Z,10E-tetraenoic acid 

isobutylamide 

Dodeca-2E,4E,8Z,10Z-tetraenoic acid 

isobutylamide 

Trideca-2E,7Z-diene-10,12-diynoic acid 

isobutylamide 

Grounded roots (5 kg) were extracted with 

70% ethanol. The extract was partitioned 

between hexane and 90% methanol. The 

hexane layer was chromatographed on a 

column, yielding dodeca-2Z,4E-diene-8,10-

diynoic acid isobutylamide,  

undeca-2E,4Z-diene-8,10-diynoic acid 

isobutylamide, undeca-2Z,4E-diene-8,10-

diynoic acid isobutylamide, 

dodeca-2E,4Z-diene-8,10-diynoic acid 

isobutylamide, dodeca-2E,4E,10E-triene-8-

ynoic acid isobutylamide, trideca-2E,7Z-diene-

10,12-diynoic acid isobutylamide, dodeca-

2E,4E,8Z,10E-tetraenoic acid isobutylamide, 

dodeca-2E,4E,8Z,10Z-tetraenoic acid 

isobutylamide, and dodeca-2E,4Z,10Z-trien-8-

ynoic acid isobutylamide. 

LPS-stimulated murine RAW 264.7 

macrophages were pre-treated with isolated 

alkylamides or a mixture of them (1.6, 3.3, 

7.5, 15, and 30 µg/mL) for 24 h. 

⬇•NO production:  

 

dodeca-2E,4Z-diene-8,10-diynoic acid 

isobutylamide > dodeca-2E,4E,8Z,10E-

tetraenoic acid isobutylamide = dodeca-

2E,4E,8Z,10Z-tetraenoic acid 

isobutylamide ≥ dodeca-2E,4Z,10Z-trien-

8-ynoic acid isobutylamide ≥ total 

alkylamides > undeca-2Z,4E-diene-8,10-

diynoic acid isobutylamide 

 

[211] 

     

     

10α-hydroxy-cadin-4-en-15-al 

Pulioplopanone B 

Voleneol 

10-oxy-isodauc-3-en-15-al 

(+)-aphanamol I 

(4S,9R,10R)-isodaucene-9, 14-diol 

Dried powdered aerial parts (20 kg) were 

refluxed (2 h) with 75% ethanol (× 3). The 

extract (3.4 kg) was suspended in water and 

partitioned with dichloromethane and 

butanol. The dichloromethane fraction 

(200 g) was subjected to a silica gel column 

LPS-stimulated murine RAW 264.7 

macrophages were pre-treated with isolated 

compounds (3, 10, 30, and 100 µM) for 

24 h. 

 

⬇•NO production:  

Purpureaterpene E > Purpureaterpene F 

> 10-oxy-isodauc-3-en-15-al > 

Purpureaterpene A ≈ Purpureaterpene B 

≈ Purpureaterpene C ≈ Purpureaterpene 

[212] 
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Purpureaterpene A 

Purpureaterpene B 

Purpureaterpene C 

Purpureaterpene D 

Purpureaterpene E 

Purpureaterpene F 

to yield Fractions A–C. Fraction B was further 

chromatographed on a column to give 

Subfractions B1–B9. Subfraction B3 and B6 

were subjected to a column to obtain 13 

Subfractions B3.1–B3.7 and B6.1–B6.8, 

respectively, which were subjected to 

preparative HPLC. Subfraction B3 afforded 

purpureaterpene A, purpureaterpene B, 

purpureaterpene C, purpureaterpene D, 10α-

hydroxy-cadin-4-en-15-al, pulioplopanone B, 

and voleneol. Subfraction B6 yielded 

purpureaterpene E, purpureaterpene F, 10-

oxy-isodauc-3-en-15-al, (+)-aphanamol I and 

(4S,9R,10R)-isodaucene-9, 14-diol. 

LPS-stimulated murine RAW 264.7 

macrophages were co-treated with isolated 

compounds (3, 10, 30, and 100 µM) for 

24 h. 

D ≈ 10α-hydroxy-cadin-4-en-15-al ≈ 

Pulioplopanone 

B ≈ voleneol ≈ (+)-aphanamol I ≈ (4S, 

9R, 10R)-isodaucene-9, 14-diol 

 

⬇IL-1β and IL-6 production by 

Purpureaterpene E 

 

⬇NF-κB and iNOS production 

 

⬇NF-κB phosphorylation 

     

8,11-dihidroxy-dodeca-2E,4E,9E-trienoic 

acid isobutylamide 

Dried grounded roots (1.9 Kg) were 

macerated (7 days) with 75% ethanol (9.5 L). 

The extract was fractionated into Fractions 

1–13. Fractions 9 and 10 were combined 

and separated into Subfractions A–E. 

Subfraction C was subjected to separation 

and pooled into Subfractions I–III. 

Subfraction II was purified, yielding 8,11-

dihidroxy-dodeca-2E,4E,9E-trienoic acid 

isobutylamide. 

LPS-stimulated murine RAW 264.7 

macrophages were co-treated with isolated 

compound (3.2, 10, 31.6, 100, and 

316.2 µM) for 18 h. 

⬇TNF-α production [213] 

Dodeca-2E,4E,8Z,10E/Z-tetraenoic acid 

isobutylamide 

Fresh whole plant was extracted in methanol 

(1.6 L, × 2) at RT. The dry extract was re-

dissolved in water (1 L). Then, ethyl acetate 

was added, and this layer was 

chromatographed into Fractions 1–5. 

Fraction 3 was subsequently purified yielding 

dodeca-2E,4E,8Z,10Z/E-tetraenoic acid 

isobutylamide. 

LPS-stimulated murine RAW 264.7 

macrophages were pre-treated with Fraction 

3 (5 – 50 µg/mL) and isolated compound 

(5 – 100 µM) for 24 h. 

⬇•NO production 

⬇TNF-α, IL-1α, IL-1β, IL-2, IL6, IL-

12p70, MCP-1, MIP-1β, and RANTES 

production 

⬇iNOS and COX-2 production 

⬆HO-1 production 

[214] 
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Polysaccharides 

Dried powdered roots (50 g) were stirred 

(overnight) in boiling water (500 mL). Acetone 

was added to the solution (overnight) and the 

precipitate was collected. The resulting dry 

solid material was reconstituted with water. 

Pam3Csk4-stimulated human monocytes THP-

1 cells were treated with extracts (40 µg/mL) 

for 18 h. 

⬇TNF-α production [181] 

     

Malic acid, vanillic acid, protocatechuic 

acid, caftaric acid, chlorogenic acid, quinic 

acid, vanillin, caffeic acid, benzoic acid, p-

coumaric acid, chicoric acid, rutin, 

quercetin, undeca-2E/Z-ene-8,10-diynoic 

acid isobutylamide, undeca-2E/Z,4Z/E-

diene-8,10-diynoic acid isobutylamide, 

undeca-2E,4E-diene-8,10-diynoic acid 

isobutylamide, dodeca-2E-ene-8,10-diynoic 

acid isobutylamide, dodeca-2E,4E-dienoic 

acid isobutylamide, dodeca-2E,4E-dienoic 

acid isobutylamide isomer 1, dodeca-

2E/Z,4Z/E-diene-8,10-diynoic acid 

isobutylamide, dodeca-2,4-diene-8,10-

diynoic acid 2-methylbutylamide, dodeca-

2E,4E,8Z-trienoic acid isobutylamide, 

dodeca-2E,4E,8Z-trienoic acid 

isobutylamide isomer 1 and 2, dodeca-

2E,4Z,10E/Z-triene-8-ynoic acid 

isobutylamide, dodeca-2E/Z,4E,10Z-triene-

8-ynoic acid isobutylamide, dodeca-

2E/Z,4E/Z,10E/Z-triene-8-ynoic acid 

isobutylamide, dodeca-2,4,10-triene-8-

ynoic acid isobutylamide isomer 1, dodeca-

2E,4E,8Z,10E/Z-tetraenoic acid 

isobutylamide, dodeca-2E,4E,8Z,10E/Z-

tetraenoic acid 2-methylbutylamide, 

Dried blended flowers, leaves, or roots (2–5 g) 

were extracted (30 min) with ethanol or 

dichloromethane using an accelerated solvent 

extractor (1500 psi, 40 °C). 

 

Dried blended flowers, leaves, or roots (20 g) 

were stirred (24 h) with water (150 mL), at 

RT. 

LPS-stimulated human THP-1 macrophages 

were treated with extracts (12.5, 25, 50, 

100, 200, and 250 µg/mL) for 22 h. 

⬇IL-6, IL-1β, and TNF-α production  

⬇ROS/RNS/O2
•- production 

 

Dichloromethanolic extracts > ethanolic 

extracts > water extracts 

[147] 
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trideca-2E,7Z-diene-10,12-diynoic acid 

isobutylamide, trideca-2E/Z,7Z-diene-

10,12-diynoic acid 2-methylbutylamide, 

hexadeca-2E,9Z-diene-12,14-diynoic acid 

isobutylamide, pentadeca-2E,9Z-diene-

12,14-diynoic acid isobutylamide, and 

pentadeca-2E,9Z-diene-12,14-diynoic acid 

2-hydroxyisobutylamide 
     

Dodeca-2E,4E,8Z,10E/Z-tetraenoic acid 

isobutylamide, undeca-2Z,4E-diene-8,10-

diynoic acid isobutylamide, chlorogenic 

acid, caftaric acid, and chicoric acid. 

Dried leaves and flowers were macerated 

(7 days) in four different ethanol:water 

mixtures (95:5, 75:25, 50:50, and 25:75).  

PHA/PMA-stimulated human Jukart T cells 

were treated with extracts (0.1, 1, 10, 50, 

100 µg/mL) for 24 h. 

⬇IL-2 production only by 95:5 

ethanol:water extract 
[182] 

Undeca-2E/Z,4Z/E-diene-8,10-diynoic acid 

isobutylamide, undeca-2E,4Z-diene-8,10-

diynoic acid 2-methylbutylamide, dodeca-

2Z/E,4E/Z-diene-8,10-diynoic acid 

isobutylamide, dodeca-2,4-diene-8,10-

diynoic acid 2-methylbutylamide, and 

dodeca-2E,4E,8Z,10E/Z-tetraenoic acid 

isobutylamide 

Fresh roots (1 g) were blended in 95% 

ethanol (2 mL) and macerated (7 days), at 

4 °C. The solvent was removed with a 

hydraulic press. 

PHA/PMA-stimulated human Jukart T cells 

were treated with extracts (diluted 10-fold) for 

24 h. 

⬇IL-2 production [183] 

Cynarin 

Cynarin was purified from E. purpurea 

extracts with serial elution buffers of hexane 

(1 L), ethyl acetate (1 L), methanol:ethyl 

acetate mixture (3 L, 50:50), methanol:ethyl 

acetate mixture (3 L, 75:25), and methanol 

(3 L). 

The plates were coated with anti-CD3. After 

24 h, cynarin (2 – 500 µg/mL) was added 

for 15 min, and then human Jukart T cells 

plus CD28 were mixed for 24 h. 

 

The plates were coated with anti-CD3. After 

24 h, human Jukart T-cells with cynarin 

(100 – 1000 µg/mL) were added for 15 min, 

and then CD28 or human Raji B lymphocyte 

cells were mixed for 24 h.  

Block of CD28 receptor of T cells 

⬇IL-2 production 

[184, 

185] 
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Alkylamides 

Dried ground roots were macerated (7 days) 

in 75% ethanol. After, the chloroform layer 

purified by liquid-liquid partitioning was 

separated into Fractions 1–13 by flash 

chromatography, achieving different levels of 

alkylamides. 

Calcium ionophore-stimulated rat RBL-2H3 

basophils were treated (25 µg/mL) with 

extract, chloroform layer, Fraction 2 (no 

alkylamide content), Fraction 6 (high 

alkylamide content), or Fraction 8 (low 

alkylamide content) for 1 h. 

⬇degranulation and calcium influx: 

Fraction 6 > chloroform layer > aqueous 

ethanolic extract > Fraction 8 

[186] 

Chicoric acid, caftaric acid, chlorogenic 

acid, dodeca-2E,4E,8Z,10E/Z-tetraenoic 

acid isobutylamide, glucitol acetate, 

mannitol acetate, arabinitol acetate, 

rhamnitol acetate, galactitol acetate, and 

xylitol acetate 

Dried aerial parts (stems, leaves, and flowers) 

were macerated (7 days) in 75% ethanol 

(1:5, W/V). 

Murine BMDCs were treated with extracts (50 

and 150 µg/mL) for 48 h. 

 

Ovalbumin-sensitized murine BMDCs were 

pre-treated with extracts (150 µg/mL) for 

48 h. 

 

Ovalbumin-sensitized murine BMDCs were 

pre-treated with extracts (150 µg/mL) for 

48 h. Then, BMDCs were added to T cells at 

several ratios (1:1, 1:2.5, 1:10) for 4 days. 

⬆CD11c+ frequency and relative 

expression 

⬇clonal expansion of CD4+ T cell 

⬇MHC-II and CD86 frequency and 

relative expression 

⬇CD54 frequency 

⬇frequency of antigen uptake 

⬇COX-2 activity 

[187] 

Dodeca-2E,4E-dienoic acid isobutylamide 

Dried grounded roots (1.8 kg) were extracted 

(48 h) with hexane in a Soxhlet apparatus. 

The crude extract was further fractionated 

and the dodeca-2E,4E-dienoic acid 

isobutylamide was purified. 

LPS-stimulated human whole blood cells 

were pre-treated with isolated compound (5, 

50, 500, and 5000 nM) for 18 h. 

⬇TNF-α, IL-1β, and IL12p70 production  [188] 

Amides and caffeic acid derivatives 

Fresh diced roots (1 part) were suspended 

(20 min) in 50% aqueous ethanol (9 parts), 

at RT. 

Human PBMCs were treated with extracts 

(15 µL, diluted 1:12.5) for 24 h. 
⬆IL-10 production [189] 

Caffeic acid derivatives, flavonoids, and 

alkylamides (dodeca-2E,4E,8Z,10Z-

tetraenoic acid isobutylamide, dodeca-

2E,4E-dienoic acid isobutylamide, undeca-

2E,4Z-diene-8,10-diynoic acid 

isobutylamide, dodeca-2E,4Z-diene-8,10-

diynoic acid isobutylamide) 

Echinaforce (an aqueous ethanolic extract 

made from fresh aerial parts and roots), 

aerial parts, and roots extracts were obtained 

from A. Vogel Bioforce AG (Switzerland). 

 

Powdered roots were percolated (12 h) with 

hexane. 

Human HL-60 CB2-positive cells were treated 

with extracts (10 µg/mL). 

 

LPS-stimulated human PBMCs were treated 

with aerial parts (9.5 µg/mL) or roots 

(0.5 µg/mL) extracts for 18 h. 

Activation of the CB2 receptor by hexane 

extract 

⬆[Ca2+] intracellular: roots extract > 

aerial part extracts 

⬇TNF-α production: Echinaforce  

⬆IL-10 production: Echinaforce  

[190] 
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Dodeca-2E,4E,8Z,10E/Z-tetraenoic acid 

isobutylamide 

Dried grounded roots (1.8 kg) were extracted 

(48 h) with hexane in a Soxhlet apparatus. 

The crude extract was further fractionated 

and dodeca-2E,4E,8Z,10E/Z-tetraenoic acid 

isobutylamide was purified. 

LPS-stimulated human 

monocytes/macrophages were pre-treated 

with isolated compound (0.5 and 5 µM) for 

39 h 

⬇TNF-α expression and production 

⬇NF-κB expression 
[192] 

Chicoric acid, rutin, and alkylamides 
Fresh whole plant, stems, and leaves were 

imbibed (30–40 days) in 70% ethanol, at RT. 

Human monocyte-derived immature dendritic 

cells were treated with extracts (1, 10, 100, 

and 500 µg/mL) for 24 h. 

⬇MHC-II, CD32, and CD83 expression 

⬇STAT 1, FASLG, IGSF6, CD34, IL1B, 

CD86, IL10RA, CCL22, CD1A, CCL8, 

CLEC1A, LILRB4, CLEC4A, CCL3, 

IFNA1, CD68, CCR1, CCBP2 expression 

[193] 

Not described 
E. purpurea root dry powder was obtained 

from Arkopharma (Carros, France). 

Carrageenan-induced paw edema in BALB/c 

mice was pre-treated with extract (30 and 

100 mg/kg, twice daily, gavage) for 72 h. 

 

BALB/c mice were treated with extracts 

(100 mg/kg, gavage, twice daily) for 14 days. 

Isolated peritoneal macrophages were 

stimulated with LPS and IFN-γ for 24 h. 

⬇edema 

⬇COX-2 production 

⬆granulocyte count 

[194] 

     

Uronic acid, arabinose, galactose, 

galacturonic acid, glucuronic acid, and 

glucose 

Cut aerial parts were soaked (24 h) in 

petroleum ether at 60 °C. The defatted 

materials were enzymatically extracted 

(75 min) with 5% pectinase, at 50 °C and 

pH 3. The concentrated solution was applied 

to a cellulose column. The obtained fractions 

were purified by a gel filtration column to yield 

EPPS-3. 

LPS-stimulated murine RAW 264.7 

macrophages were pre-treated with EEPS-3 

(10, 50, and 100 µg/mL). 

 

LPS-induced septicemia in male BALB/C 

mice was pre-treated with EPPS-3 

(50 mg/kg, intraperitoneal administration) for 

8 h. 

⬇tissue injury 

⬇TNF-α and IL-6 expression and 

production 

⬆IL-10 expression and production 

[195] 

     

     

Undeca-2E-ene-8,10-diynoic acid 

isobutylamide, undeca-2E,4Z-diene-8,10-

diynoic acid isobutylamide,  

Hydroethanolic extract prepared from roots, 

leaves, flowers, and seeds was obtained from 

certified trading houses which are subjected 

to trademarks. 

Carrageenan-induced paw inflammation in 

Wistar rats was treated with extracts 

(0.4 mL of extract/kg) for 11 days. 

⬇ edema  [196] 
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undeca-2E/Z,4Z/E-diene-8,10-diynoic acid 

2-methylbutylamide, dodeca-2E-ene-8,10-

diynoic acid isobutylamide, 

dodeca-2E-ene-8,10-diynoic acid 2-

methylbutylamide, dodeca-2Z/E,4E/Z-

diene-8,10-diynoic acid isobutylamide,  

dodeca-2E,4Z-diene-8,10-diynioc acid 2-

methylbutylamide, dodeca-2E,4E,8Z,10Z-

tetraenoic acid isobutylamide, dodeca-

2E,4Z,8Z,10Z-tetraenoic acid 

isobutylamide, chlorogenic acid, sucrose, 

glucose, fructose saponins, 

anthraquinones, and flavonoids 
     

Camphene, camphor, limonene, linalool, 2-

hexenal, (α/β)-pinene, p-cymene, p-

cymen-8-ol, α-fenchene, 

α-phellandrene, isomenthone, borneol, 

lavandulol, α-terpineol, naphthalene, 

estragole, (cis/trans)-carveol, carvone, 

thymol, (α/β)-cubebene, methyl eugenol, 

geranyl acetone, germacrene D, 

caryophyllene, caryophyllene oxide, cedrol, 

ledol, and α-cadinol 

Dried roots (368 g) were hydrodistilled (4 h) 

in a Clevenger apparatus. 

Carrageenan-induced inflammation in Wistar 

rats was pre-treated with essential oils (100 

and 200 mg/kg, oral) for 1, 2, 3, and 4 h. 

 

Acetic acid-induced writhing in Swiss mice 

was pre-treated with essential oils (100 and 

200 mg/kg, oral) for 20 min. 

⬇edema 

 

⬇writhings 

[197] 

     

Rhamnose, inositol, fructose, sucrose, 

glucose, galactose, trehalose, sorbitol, 

arabinose, xylitol, and fucose 

Polysaccharide of E. purpurea was obtained 

from Nanjing Dasf Biotechnology Co., Ltd. 

LPS-induced lung injury in C57BL/6 mice 

was co-treated with extract (5 and 10 mg/kg) 

for 24 h. 

 

LPS-stimulated murine RAW 264.7 

macrophages were pre-treated with extract 

(100 µg/mL) for 25h. 

⬇tissue injury 

⬇wet/dry weight ratio 

⬇leukocytes, eosinophils, neutrophils, 

lymphocytes, and macrophages 

⬇MPO activity 

⬇TNF-α, IL-1β, and IL-6 production 

[198] 
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⬇TLR4, MyD88, and NF-κB p65 

production 

⬇IκBα and NF-κB p65 phosphorylation 

⬆IκBα production 
     

Dodeca-2E,4E,8Z,10E/Z-tetraenoic acid 

isobutylamide 

Fresh whole plant was extracted in methanol 

(1.6 L, × 2), at RT. The dry extract was re-

dissolved in water (1 L). Then, ethyl acetate 

was added, and this fraction was 

chromatographed generating Fractions 1–5. 

Fraction 3 was subsequently purified, yielding 

dodeca-2E,4E,8Z,10Z/E-tetraenoic acid 

isobutylamide. 

LPS-stimulated murine RAW 264.7 

macrophages were pre-treated with isolated 

compound (5, 25, 50, and 100 µM) for 1 h. 

 

LPS/D-GalN-induced hepatitis in ICR mice 

was pre-treated with isolated compound (0.1 

and 1 mg/kg, intraperitoneally) for 1, 24, 

and 48 h. 

⬇tissue injury 

⬇macrophage infiltration 

⬇TNF-α production 

⬆HO-1 and CO production 

[199] 

Glucose, galactose, arabinose, galacturonic 

acid, and glucuronic acid 

Dried aerial parts were refluxed and then 

extracted in water at 80 °C (× 2). The 

supernatant was precipitated with 80% 

alcohol, dried by freeze-drying, and 

deproteinized. Then, the polysaccharides 

were purified by cellulose column, yielding 

EPPS-3. 

CCl4-induced hepatic injury in ICR mice was 

pre-treated with EPPS-3 (5, 10, and 

20 mg/kg/BW, intragastric) for 5 days. 

⬇tissue injury 

⬇inflammatory cell infiltration 

⬇MDA levels 

⬇JNK phosphorylation 

⬆GSH-Px and SOD levels 

⬆HO-1 and Nrf2 production 

⬇KEAP1 production 

[200] 

     

Arabinose, galactose, glucose, mannose, 

galacturonic acid, glucuronic acid, uronic 

acid, proteins, and sulfate 

Dried powdered flowers were stirred (12 h) in 

petroleum ether. The degreased flowers (1 g) 

were extracted (58 min) in distilled water 

(28 mL) by ultrasounds, at 70 °C (× 2). The 

concentrated supernatant was precipitated 

(overnight) with absolute ethanol. The 

precipitate was deproteinated and 

decolorated, and then stepwise alcohol of 

80% was added to yield EPP80. The 

precipitate was dialyzed for 3 days. 

Alcohol-induced alcoholic liver injury in 

Kunming mice was pre-treated with EPP80 

(100, 200, and 400 mg/kg, gavage) for 21 

days. 

⬇tissue injury 

⬇MDA levels 

⬇TNF-α, IL-6, and IL-1β production 

⬆GSH-Px, GSH, and SOD levels 

⬆Nrf2, NQO1, and HO-1 production 

[201] 
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Chicoric acid 
Obtained from Chengdu Pufei De Biotech 

Co., Ltd. 

Streptozotocin-induced diabetes in C57BL/6J 

mice was treated with chicoric acid 

(60 mg/kg, daily) in drinking water for 4 

weeks. 

⬇cell damage 

⬇infiltration of inflammatory cells 

⬇MDA levels 

⬇TNF-α and IL-1β production 

⬇MCP-1, IL-6, TNF-α and IL-1β 

expression 

⬇iNOS and COX-2 production 

⬇NF-κB and JNK phosphorylation 

⬇AP-1/2 production 

⬆CAT, SOD, and GSH levels 

⬆HO-1, NQO-1, NFR-2 and KEAP1 

expression 

[203, 

204] 

Chicoric acid 

Obtained from Chengdu Purify 

Phytochemicals Ltd (China), isolated from 

E. purpurea. 

Methotrexate-induced liver injury in Wistar 

rats was pre-treated with chicoric acid (25 

and 50 mg/kg, oral) for 15 days. 

⬇tissue injury 

⬇ROS and •NO production 

⬇MDA levels 

⬇TNF-α production 

⬆SOD, CAT, GSH, and GPx levels 

⬆Nrf2, NQO-1, HO-1 expression 

[205] 

     

Chicoric acid 

Obtained from Chengdu Purify 

Phytochemicals Ltd (China), isolated from 

E. purpurea. 

Methotrexate-induced chronic kidney disease 

in Wistar rats was pre-treated with chicoric 

acid (25 and 50 mg/kg, oral) for 15 days 

⬇tissue injury 

⬇inflammatory cell infiltration 

⬇ROS and •NO production 

⬇MDA levels 

⬇TNF-α production 

⬇IL-1β and NLRP3 production 

⬇NF-κB p65 phosphorylation 

[206] 



CHAPTER 1|General Introduction 

66 

⬆SOD, CAT, GSH, and GPx levels 

⬆Nrf2 expression and production 

⬆NQO-1 and HO-1 expression 
     

Uronic acid, galactose, arabinose, 

rhamnose residues, xylose, glucose, 

mannose, fucose galacturonic acid, 

phenols, and proteins 

Dried grounded flowers were extracted (24 h) 

in NaOH, at RT, and then refluxed (6 h). The 

solution was neutralized with HCl and 

sequentially extracted with hexane (1:1), 

diethyl ether (1:1), chloroform (1:1), and 

chloroform:ethanol mixture (3:2). Water 

fraction was treated with methanol at RT and 

the methanolic part was used. 

Ovalbumin-sensitized guinea pigs were 

treated with the extract (50 mg/kg, oral) for 

14 days. 

⬇bronchoconstriction 

⬇hyperreactivity 

⬇specific airways resistance 

⬇amplitude of isomeric contraction of 

tracheal and pulmonary smooth muscle 

⬇exhaled •NO levels 

⬇IL-4, IL-5 IL-13, and TNF-α production 

[207] 

     

Uronic acid, galactose, D-galacturonic acid, 

D-arabinose, D-rhamnose, D-xylose, D-

glucose, D-mannose, D-fucose, phenols, 

proteins,  

Rhamnogalacturonan, and arabinogalactan 

Dried minced flowers (200 g) were refluxed 

(5 h) in hexane (2 L), at 69 °C (× 2). The 

plant residue was refluxed (5 h) with NaOH 

(2 L) at 97 °C. The supernatant was 

neutralized with concentrated HCl and 

dissolved in water (1 L). Diethyl ether (1 L) 

was added, and the mixture was stirred (6 h) 

at 34 °C. After, the water-soluble fraction 

was collected by separating it from the 

organic one (× 2). Chloroform (1 L) was 

added to the water extract and the mixture 

was refluxed (6 h) at 61 °C. The water-

soluble fraction was refluxed (6 h) with a 

mixture of chloroform and ethanol (3:2) at 

70 °C (× 2). The concentrated extract was 

suspended in methanol (500 mL) and stirred 

(24 h) at RT (× 5). The precipitate was 

dialyzed. 

Citric acid-induced cough reflex in Trik strain 

guinea pigs was treated with the extract 

(50 mg/kg/BW) in time intervals of 1, 2, and 

5 h. 

 

Citric acid-induced contractile mediators in 

Trik strain guinea pigs were treated with the 

extract (50 mg/kg/BW) for 1 min 

consecutively after the short exposure (30 s). 

⬇specific airway resistance 

 

⬇number of coughs 

[208] 

     

AP: activator protein; BMDCs: bone marrow-derived dendritic cells; BW: body weight; Ca2+: calcium ion; CAT: catalase; CB2: cannabinoid type 2 receptor; CCBP2: chemokine-binding protein 2; 
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CCL: chemokine C-C motif ligand;  CCl4: carbon tetrachloride; CCR: C-C chemokine receptor; CD: cluster of differentiation; CLEC: C-type lectin domain; CO: carbon monoxide; COX: cyclooxygenase; 

D-GalN: D-galactosamine; FASLG: Fas ligand gene; GSH: glutathione; GPx: glutathione peroxidase; HCl: hydrochloric acid; HO: heme oxygenase; H2O2: hydrogen peroxide; HPLC: high performance 

liquid chromatography; IGSF: immunoglobulin superfamily; IFN: interferon; IκB: inhibitor of nuclear factor kappa-light-chain-enhancer of activated B cells; IL: interleukin; IL10R: Interleukin-10 receptor; 

iNOS: inducible nitric oxide synthase; JNK: c-Jun N-terminal kinase; KEAP1: kelch-like enoyl-CoA hydratase-associated protein 1; LILRB4: leukocyte immunoglobulin-like receptor subfamily B member 

4; LPS: liposaccharides; MCP: monocyte chemoattractant protein; MDA: malondialdehyde; MHC: major histocompatibility complex; MIP: macrophage inflammatory protein; MPO: myeloperoxidase; 

MyD88: myeloid differentiation primary response protein 88; NaOH: sodium hydroxide; NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells; NLRP3: nucleotide-binding oligomerization 

domain leucine-rich repeat pyrin domain-containing protein 3; •NO: nitric oxide; NQO: nicotinamide adenine dinucleotide phosphate quinone oxidoreductase; Nrf2: nuclear factor erythroid 2-related factor 

2; O2
•‒: superoxide anion radical; Pam3Csk4: Pam3CysSerLys4; PBMCs: peripheral blood mononuclear cells; PGC: peroxisome proliferator-activated receptor-gamma coactivator; 

PHA: phytohaemagglutinin; PMA: phorbol 12-myristate 13-acetate; RANTES: regulated upon activation, normal T cell expressed and secreted; ROS: reactive oxygen species; RNS: reactive nitrogen 

species; RT: room temperature; SOD: superoxide dismutase; STAT: signal transducer and activator of transcription; TNF: tumor necrosis factor; TLR: toll-like receptor. 

 

Table 1.6 | Echinacea purpurea bioactive compounds, methods of their extraction, biological assays, and pro-inflammatory effects. 

Plant extract composition/Isolated 

compound 
Extraction method Biological assay Pro-inflammatory effects Ref 

Caftaric acid, chicoric acid, undeca-

2E/Z,4Z-diene-8,10-diynoic acid 

isobutylamide, dodeca-2E/Z,4Z/E-diene-

8,10-diynoic acid isobutylamide, dodeca-

2E,4E,8Z,10E/Z-tetraenoic acid 

isobutylamide, and dodeca-2E,4E-dienoic 

acid isobutylamide 

Dried powdered dormant roots (1 g) were 

macerated (7 days) with 75% ethanol (5 mL). 

The extract was pressed using a hydraulic 

press. 

To the aqueous ethanolic extracts (1 mL), 

95% ethanol (1 mL) was added to obtain the 

precipitated extracts. 

Murine RAW 264.7 macrophages were 

treated with aqueous ethanolic (6.7 µL in 

1 mL of medium) and precipitated (5.8 µL in 

1 mL of medium) extracts for 24 h. 

⬆TNF-α and PGE2 production [235] 

Not described Herb and roots 
Human THP-1 monocytes were treated with 

extracts (10, 50, and 250 µg/mL) for 6 h. 

⬆IL-1α, IL-1β, TNF-α, ICAM, and IL-8 

expression  
[236] 

Arabinose, galactose, glucose, mannose, 

xylose, and chicoric acid 
Not described 

Human TPH-1 monocytes were treated with 

extracts (100 µg/mL) for 6 h. 

⬆IFN-γ, TNF-α, IL-1α, IL-1β, IL-6, IL-8, 

and MIP-1α expression 
[237] 

     

Malic acid, vanillic acid, protocatechuic 

acid, caftaric acid, benzoic acid, p-

coumaric acid, chicoric acid, undeca-2E/Z-

Blended flowers, leaves, or roots (20 g) were 

stirred (overnight) in water (150 mL), at RT. 

Human THP-1 macrophages were treated 

with extracts (25, 50, 100, 200, and 

250 µg/mL) for 24 h. 

⬆IL-6, IL-1β, and TNF-α production: 

flowers > roots > leaves 
[147] 
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ene-8,10-diynoic acid isobutylamide, 

undeca-2E/Z,4Z/E-diene-8,10-diynoic acid 

isobutylamide, dodeca-2E-ene-8,10-diynoic 

acid isobutylamide, dodeca-2E/Z,4Z/E-

diene-8,10-diynoic acid isobutylamide, 

dodeca-2E,4E-dienoic acid isobutylamide, 

dodeca-2,4-diene-8,10-diynoic acid 2-

methylbutylamide, dodeca-2E,4E,8Z-

trienoic acid isobutylamide, dodeca-

2E,4Z,10E/Z-triene-8-ynoic acid 

isobutylamide, dodeca-2E/Z,4E,10Z-triene-

8-ynoic acid isobutylamide, dodeca-

2E/Z,4E/Z,10E/Z-triene-8-ynoic acid 

isobutylamide, dodeca-2E,4E,8Z,10E/Z-

tetraenoic acid isobutylamide, dodeca-

2E,4E,8Z,10E/Z-tetraenoic acid 2-

methylbutylamide, pentadeca-2E,9Z-diene-

12,14-diynoic acid isobutylamide, trideca-

2E,7Z-diene-10,12-diynoic acid 

isobutylamide, and trideca-2E,7Z-diene-

10,12-diynoic acid 2-methylbutylamide 

 

⬆O2
•– production: 

leaves > flowers > roots 

     

Galactose, glucose, arabinose, mannose, 

rhamnose, xylose, glutamic, aspartic acid, 

glycine, alanine, proline, valine, threonine, 

serine, leucine, lysine, phenylalanine, 

isoleucine, arginine, tyrosine, histidine, 

methionine, chicoric acid, caftaric acid, 

and cynarin 

Fresh aerial parts were grounded with spring 

water into a slurry and passed through a 

hydraulic press. Then, 20% ethanol was 

added to the solution overnight and the 

supernatant was mixed with 70% ethanol. 

The solid pellet was collected and re-

dissolved in distilled water. The solution was 

fractionated. 

Low- and high-density human Jurkat E6-1 

T cells were treated with extracts (10, 25, 

100, and 250 µg/mL) for 40 min and then 

stimulated with PMA and ionomycin for more 

24 h. 

⬆IL-2 and IFN-γ production in high-

density culture 

⬇CD25 expression in low-density 

culture 

[238] 

     

Chicoric acid, caftaric acid, chlorogenic 

acid, and undeca-2Z,4E-diene-8,10-diynoic 

acid isobutylamide 

Obtained from Shandong Qilu Animal Health 

Co., Ltd. 

Murine BMDMs were treated with extracts 

(100 µg/mL) for 12 or 24 h. 

 

⬆M1 polarization [239] 
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Murine BMDMs were treated with extracts 

(100 µg/mL) for 12 h and FITC-dextran for 1 

h. 

 

Salmonella entericaserovar Typhimurium-

infected murine BMDMs were pre-treated 

with extracts (100 µg/mL) for 24 h. 

⬆CD80, CD86, CCR7, MHC-II 

expression 

⬆phagocytosis and bactericidal capacity 

⬆•NO production 

⬆IL-1β, IL-6, IL-12p70, TNF-α, and IFN-

γ production 

⬆IL-6, TNF-α, and iNOS expression 

⬆ERK, JNK, p38, and NF-κB p65 

phosphorylation 
     

Polysaccharides 

Polysaccharide fraction, isolated from aerial 

parts and roots, was supplied by Factors 

R&D Inc. (Vancouver, BC, Canada). 

Polysaccharide was fractioned using 

Centricon 100 filters (fractions < 100 kDa). 

BALB/cByJ peritoneal macrophages were 

treated with extract and fractions (150, 300, 

600, 1200, and 2400 µg/mL) for 48 h. 

 

Peritoneal C57BL/6 macrophages were 

treated with extract or fractions (500 µg/mL) 

for 2 h or 24 h. 

 

C3H/HeJ macrophages were treated with the 

extract (500 µg/mL) for 48 h. 

Extract engages TLR4 

Extract recruits MyD88 adaptor 

⬆IL-6, TNF-α, and IL-12p70 production 

⬆•NO levels 

⬆ERK 1/2 (p44/42), p38, JNK 

(p54/48), and IκB-α phosphorylation 

[215] 

Hypoxanthine, chlorogenic acid, caffeic 

acid, chicoric acid, rutin, quercetin-3-O-

rhamnosyl-(16)-galactoside, and 

kaempferol-3-O-rhamnosyl-(16)-

galactoside 

Fresh stem and leaf were imbibed (35 days) 

in 70% ethanol, at RT. The aqueous ethanolic 

extract was dried and re-suspended in water 

(1 L) and then successively partitioned with 

ethyl acetate (1 L × 3) and butanol (1 L × 3). 

Murine BMDCs were treated with a butanol 

fraction (75 µg/mL) for 24 h. 

 

Labeled murine BMDCs treated with butanol 

fraction (75 µg/mL) were injected in the tail 

vein of syngeneic BALB/c mice for 24 h. 

⬆cell migration and mobility 

⬇macrophage capping protein 

⬆CCR5 production 

⬆NEMO, MMP8, CXCL5, CXCL7, 

CTLA4, and CD38 expression 

⬇CDH10, CDH1, and PRKCE 

expression 

[216] 

     

Chicoric acid, caftaric acid, dodeca-

2E,4E,8Z,10E/Z tetraenoic acid 

isobutylamide, glucitol acetate, mannitol 

Dried roots were macerated (7 days) in water 

(1:5, W/V). 

Murine BMDCs were treated with extracts 

(150, 450 µg/mL) for 48 h. 

 

⬆CD11c+, MHC-II, CD86 and CD54 

frequency 
[187] 
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acetate, arabinitol acetate, rhamnitol 

acetate, galactitol acetate, and xylitol 

acetate 

Ovalbumin-sensitized murine BMDCs were 

pre-treated with extracts (150 µg/mL) for 

48 h. 

 

Ovalbumin-sensitized murine BMDCs were 

pre-treated with extracts (150 µg/mL) for 

48 h. Then, BMDCs were added to T cells at 

several ratios (1:1, 1:2.5, 1:10) for 4 days. 

⬆MHC-II, CD86 and CD54 relative 

expression 

⬆TNF-α and IL-6 production 

⬆clonal expansion of CD4+ T cells 

⬇frequency of antigen uptake 

     

Cichoric acid, caftaric acid, chlorogenic 

acid, and dodeca-2E,4E,8Z,10E/Z-

tetraenoic acid isobutylamide 

Obtained from Shandong Qilu Animal Health 

Co., Ltd. 

BMDCs were treated with extracts 

(400 µg/mL) for 48 h. 

⬆dendritic cells maturation 

⬇endocytosis 

⬆CD40, CD80, CD83, CD86 expression 

⬆IFN-γ and IL-12 production 

⬆TLR1 and TLR2 expression 

⬆JNK, p38, and NF-κB p65 

phosphorylation 

⬇IκBα in the cytoplasm 

[217] 

Not described 

Powder root and leaves extract were 

dissolved (24 h) in distilled water and the 

supernatant was used. 

Non-adherent or adherent mouse splenocytes 

were treated with extracts (1 mg/mL) for 

48 h. 

⬆IL-6, MIP-1α, and TNF-α production [218] 

Dodeca-2E,4E-dienoic acid isobutylamide 

Dried grounded roots (1.8 Kg) were extracted 

(48 h) with hexane in a Soxhlet apparatus. 

The crude extract was further fractionated 

and dodeca-2E,4E-dienoic acid isobutylamide 

was purified. 

Human HL-60 promyelocytic CB2-positive 

cells were stimulated with the isolated 

compound (10 µM). 

 

Human whole blood was stimulated with 

isolated compound (5, 50, 500, and 

5000 nM) for 18 h. 

⬆intracellular released of Ca2+ in HL60 

cells via the CB2 receptor 

⬆IL-6 and IL-8 production, via the CB2 

receptor 

[188] 

     

Not described Echinaforce 
PBMCs were stimulated with Echinaforce 

(10, 15, 25 µg/mL) for 24 h 

⬆cell cycle 

⬆IL-1β, IL-6, IL-8, TNF-α, IFN-γ, and 

GM-CSF expression 

[192] 
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⬆NF-κB p65, IκBα, STAT4, and NFAT 

expression 

⬆iNOS and COX-2 expression 
     

Not described 

Fresh diced roots (2 g) were soaked (20 min) 

in 50% aqueous ethanol mixture (18 mL), at 

RT. 

 

Fresh diced roots (2 g) were infused (20 min) 

in water (18 mL) at RT or in near-boiling 

water (18 mL). 

Human PBMCs were treated with extracts for 

5 days. 

 

Human monocytes were treated with extracts 

or 24 h. 

⬆TNF-α production: RT infusion > 

aqueous ethanol > hot infusion 

 

⬆IL-12 production: aqueous ethanol > 

cold infusion > hot infusion 

[219] 

Alkylamides and polysaccharides 
Dried preparations of fresh herbs were 

obtained from D & F Industries. 

Human PBMC from either a normal 

individual, or a patient with CFS or AIDS were 

treated with extracts (0.001, 0.01, 0.1, 1, 

10, and 100 µg/mL) for 4 h. 

 

K562 cells (target cells, T) were mixed with 

PBMC (effector cells, E) at different E:T ratios 

(40:1, 20:1, 10:1 

and 5:1) followed by the addition of extracts 

(0.001, 0.01, 0.1, 1, 10, and 100 µg/mL). 

Human HHV-6 infected-H9 T cells (target 

cells, T) were mixed with PBMC (effector cells, 

E) at different ratios (40:1, 20:1, 10:1, and 

5:1), in the presence of extracts (0.001, 0.01, 

0.1, 1, 10, and 100 µg/mL). 

⬆function and activity of natural killer 

cells 

⬆antibody-dependent cellular 

cytotoxicity 

[220] 

Not described 
EchinaFresh: fresh and dried pressed juice of 

steams, leaves, and flowers. 

Human peripheral blood macrophages were 

treated with dried juice (10, 1, 0.1, 0.03, 

0.01 µg/mL) and fresh juice (10, 3, 1.2, 0.2, 

0.05 µg/mL) for 18 h, 36 h, and 72 h. 

⬆IL-1, TNF-α, and IL-6 production [221] 
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Dodeca-2E,4E,8Z,10E/Z-tetraenoic acid 

isobutylamide 

Dried grounded roots (1.8 kg) were extracted 

(48 h) with hexane in a Soxhlet apparatus. 

The crude extract was further fractionated 

and dodeca-2E,4E,8Z,10E/Z-tetraenoic acid 

isobutylamide was purified. 

Human monocytes/macrophages were 

stimulated with isolated compound (0.5 and 

5 µM) for 22 h 

⬆TNF-α gene expression via CB2 

receptor 

⬆cAMP 

⬆NF-κB p50 and p65, JNK1/2 and p38 

phosphorylation  

[192] 

Chicoric acid, rutin, and alkylamides 
Fresh roots and flowers were imbibed (30–

40 days) in 70% ethanol, at RT. 

Human monocyte-derived immature dendritic 

cells were treated with extracts (1, 10, 100, 

and 500 µg/mL) for 24 h. 

⬆CD83 expression 

⬆CCL2, CCL3, CCL4, JUN, ICAM1, 

IL17R, and NFATC2 expression 

[193] 

Hypoxanthine, caffeic acid, chlorogenic 

acid, chicoric acid, rutin, quercetin 3-O-

rhamnosyl-(16)-galactoside, and 

kaempferol 3-O-rhamnosyl-(16)-

galactoside 

Fresh stem and leaf were imbibed in 70% 

ethanol, at RT. The aqueous ethanolic extract 

was concentrated and partitioned with ethyl 

acetate (1 L, × 3) and butanol (1 L, × 3). 

Human monocyte-derived immature dendritic 

cells were treated with butanol fraction (75 

µg/mL) for 4, 12, and 24 h. 

⬆CD83 expression 

⬆gelsolin, CAPG, CAT, and SOD2 

production 

⬆CCL2, CCL5, TNFRSF4, JAK2, TANK, 

IL-8, CXCL2, MMP2, and NRF1 

expression 

[222] 

Not described Aqueous extracts  

Human PBMCs were treated with extracts 

(0.1, 1, and 10 µg/mL) for 24 h. 

 

Human peripheral blood lymphocytes were 

treated with extracts (0.1, 1, and 10 µg/mL) 

for 10 min. Then, those lymphocytes were 

incubated with GL40 natural killer cells for 

4 h. 

⬇CD16 and CD69 expression frequency 

⬆natural killer cytotoxicity activity 

⬆frequency of conjugates formation 

(CD56+, CD16+, CD56+CD16+, 

CD56+CD16– subsets) 

⬆frequency of killer cells in CD56+ 

subset 

Activation of the programming for lysis of 

the conjugate population by natural killer 

cells 

Activation of CD56+ lymphocytes 

Maturation of natural killer non-target 

conjugates into natural killer-target 

conjugates 

[223] 
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Not described Roots extract. 

Aged DBA/2 mice were fed with a mouse 

chow fresh daily containing 0.45 mg/day for 

14 days. 

 

Spleen cell suspensions (effector cells, E) 

were mixed with YAC-1 lymphoma cells 

(target cells, T) at different E:T ratios (1:1, 

5:1, 10:1, 13:1, and 25:1) for 4 h. 

⬆Natural killer cell number in the bone 

marrow and the spleen 

⬆Natural killer cell functional activity 

[224] 

Active fractions with uronic acid 

Polysaccharides were purified by 

chromatography from alkaline-water extracts. 

The fraction was dialyzed and hydrolyzed 

with trifluoroacetic acid (1 h). 

Starch-, thioglycolate-, and bone marrow-

induced macrophages were incubated with 

extracts (1-500 µg/mL) for 24 h. After, P815 

mastocytoma cells were added for more 

24 h. 

 

Bone marrow macrophages were stimulated 

with extracts from 8 h to 24 h. Fresh media 

was added for more 48 h. 

 

Splenic B lymphocytes were incubated with 

extracts (100 µg/mL) for 48 h. 

⬆cytotoxic capacity of peritoneal 

macrophages and bone marrow 

precursor cells against tumor cells 

⬆B lymphocyte proliferation 

⬆ROS production 

⬆IL-1β production 

[225] 

Not described 

Stem, leaf, and flower were extracted in 50% 

aqueous glycerine mixture (250 mg/mL) 

obtained from Nature’s Way, Golden CO. 

Sheep red blood cells-immunized Swiss 

Webster mice were pre-treated with extracts 

(0.08, 0.4, and 0.8 mL/kg, daily, oral 

gavage) for 4 or 8 days. 

⬆IgM-specific antibody-forming cell 

capacity 
[226] 

     

Polysaccharides 

Dried whole plant (300 g) was defatted with 

petroleum ether, at 80 °C. The plant reside 

was extracted with boiling water (2.4 L, × 3). 

The concentrated supernatant was mixed 

with ethanol. The precipitate was freeze-dried 

to yield a crude polysaccharide. 

ConA-stimulated mouse spleen lymphocytes 

were treated with the extract (3.9, 7.8, 15.6, 

31.2, 62.5, 125, 250, and 500 µg/mL) for 

48 h. 

 

Cyclophosphamide-immunosuppressed 

Kunming SPF mice were treated with the 

extract (40, 80, and 160 mg/kg, BW, 

⬆proliferation of spleen lymphocytes 

⬆IL-2, IFN-γ, and TNF-α production 
[227] 
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intragastrical administration), once a day, for 

6 days. 
     

Lysine motif (LysM) lectin 

Fresh powdered roots (100 g) were 

suspended (2 h) in PBS with 2% PVPP, at 4 

°C. The supernatant was precipitated with 

60–80% ammonium sulfate and dialyzed. 

The Hemagglutinin fraction was eluted with 

lactose solution in PBS to yield LysM lectins. 

Male BALB/c mice were treated with purified 

hemagglutinin (5 µg, peritoneal injection), 4 

times every 7 days, for 4 weeks. 

⬇monocytes and neutrophils 

percentage 

⬆vacuolated leukocytes and 

lymphocytes 

⬆lymphocyte in the spleen in 

periarterial lymphoid sheaths 

⬆T lymphocytes count in follicles 

[228] 

Not described Obtained from Api Ltd (Gifu, Japan). 

Sprague Dawley rats were fed with extracts 

(10 g/kg) for 4 weeks. Then, the spleen 

lymphocytes were isolated and stimulated 

with LPS or ConA for 48 h.  

⬆IgA, IgG, and IgM production 

⬆IL-2 and IFN-γ production 

Regulation of IL-6 and IL-4 production in 

spleen lymphocytes 

[229] 

Alkylamides, chicoric acid, and 

polysaccharides 

Roots or aerial parts were extracted with an 

aqueous ethanolic solution and further 

purified. 

Sprague-Dawley rats were treated with the 

extracts (2000 µg/kg/day of chicoric acid, 

50000 µg/kg/day of polysaccharides, and 

200 µg/kg/day of alkylamides) by oral 

gavage twice a day for 4 days. Alveolar 

macrophages were incubated with latex 

beads for 1 h or with LPS for 60 h. 

Splenocytes were incubated with PMA plus 

ionomycin for 60 h. 

⬆phagocytic activity 

⬆•NO and TNF-α production by alveolar 

macrophages 

⬆TNF-α and IFN-γ production by 

splenocytes. 

[230] 

Alkylamides 

E. purpurea extracts were purified by 

preparative liquid chromatography, giving 

alkylamide fraction. 

Sprague-Dawley rats were treated with the 

extract (0.5, 4, and 12 µg/mL, oral gavage) 

twice a day for 4 days. Alveolar macrophages 

were incubated with latex beads for 1 h or 

with LPS for 60 h. 

⬆phagocytic activity 

⬆•NO production 

⬆TNF-α production 

[231] 

     

Dodeca-2E,4E,8Z,10E/Z-tetraenoic acid 

isobutyl amide, alkanes, chicoric acid, 

Content from commercial E. purpurea 

capsules (Natural Whole Herb, Idea Sphere, 

Sprague-Dawley rats were treated with 

extracts (50 and 100 mg of dry weight/kg, 

oral gavage), once daily for 7 days. Myeloid 

⬆number of myeloid progenitor cells [232] 
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caftaric acid, β-sitosterol, decanoic acid, 

and nonanoic acids 

Inc.) was macerated (overnight) with 75% 

ethanol, at RT.  

progenitor cells of bone marrow from treated 

rats were cultured for 5 days, after 14 days. 
     

Alkylamides, caftaric acid, chicoric acid, 

and β-sitosterol 

Dried pulverized aerial parts were macerated 

(overnight) with 75% ethanol, at RT. 

Sprague-Dawley rats were treated with 

extracts (50 and 100 mg of dry weight/kg, 

oral gavage) once daily for 7 days. Myeloid 

progenitor cells of bone marrow from treated 

rats were cultured for 5 days, after 14 days. 

⬆number of myeloid progenitor cells [232] 

Not described 
One volume of fresh roots was extracted with 

two volumes of extraction solvent.  

Subjects ingested the extract (7.5 mL) twice 

daily for 7 days. 

⬆CD25 expression in CD4 T cells within 

4 h of ingestion, sustained for 7 days 
[233] 

Not described 
One volume of fresh roots was extracted with 

two volumes of extraction solvent. 

Subjects ingested the extract (7.5 mL) twice 

daily for 7 days. 

⬆CD69 expression after 24 h of 

ingestion, sustained for 7 days. 

⬆CD8 T cells and CD4 T cells, after 

24 h of ingestion 

⬆total number of CD4 T cells, CD8 T 

cells, and natural killer cells 

[234] 

AIDS: acquired immunodeficiency syndrome; BMDCs: bone marrow-derived dendritic cells; BMDMs: bone marrow-derived macrophages; Ca2+: calcium ion; cAMP: cyclic adenosine monophosphate; 

CAPG: macrophage-capping protein; CAT: catalase; CB2: cannabinoid type 2 receptor; CCL: chemokine C-C motif ligand; CCR: C-C chemokine receptor; CD: cluster of differentiation; CDH: cadherin; 

CFS: chronic fatigue syndrome; ConA: concanavalin A; COX: cyclooxygenase; CTLA4: cytotoxic T-lymphocyte associated protein 4; CXCL: C-X-C motif chemokine ligand; ERK: extracellular signal-

regulated kinase; GM-CSF: granulocyte-macrophage colony-stimulating factor; ICAM: intercellular adhesion molecule; Ig: immunoglobulin; IL: interleukin; IL17R: interleukin-17 receptor; IFN: interferon; 

iNOS: inducible nitric oxide synthase; IκB: inhibitor of nuclear factor kappa-light-chain-enhancer of activated B cells; JAK: Janus kinase; JNK: c-Jun N-terminal kinase; LPS: liposaccharides; MHC: major 

histocompatibility complex; MIP: macrophage inflammatory protein; MMP: matrix metalloproteinase; MyD88: myeloid differentiation primary response 88; NEMO: nuclear factor kappa-light-chain-

enhancer of activated B cells essential modulator; NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells; NFAT: nuclear factor of activated T cells; NFATC2: nuclear factor of activated T-

cells, cytoplasmic 2; •NO: nitric oxide; Nrf1: nuclear factor erythroid 2-related factor 1; O2
•–: superoxide anion radical; PBMCs: peripheral blood mononuclear cells; PG: prostaglandin; PMA: phorbol 12-

myristate 13-acetate; PRKCE: protein kinase C epsilon type; ROS: reactive oxygen species; RT: room temperature; SOD: superoxide dismutase; STAT: signal transducer and activator of transcription; 

TANK: tumor necrosis factor receptor-associated factor family member-associated nuclear factor kappa-light-chain-enhancer of activated B cells activator; TNF: tumor necrosis factor; TNFRSF4: tumor 

necrosis factor receptor superfamily member 4; TLR: toll-like receptor. 
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1.10. NANOCARRIERS 

The use of plant-derived compounds in the treatment of immune-related diseases shows promising 

potential. However, their clinical application often falls short of meeting expectations. A primary limitation 

associated with the administration of some plant-derived bioactive compounds is their inherent low water-

solubility [240]. This frequently leads to a reduced bioavailability [241]. To overcome this challenge, drug 

delivery strategies, particularly nanocarriers, are widely employed. These drug delivery devices are 

typically described in the literature as colloidal systems in the size range of 1 – 1000 nm [242]. In addition 

to increase drug bioavailability, loading of therapeutic agents in nanocarriers presents several advantages. 

These include, for instance, protection from chemical and biological degradation, improved 

pharmacokinetics, and enhanced therapeutic index [243]. Nanocarriers can also be coated with 

hydrophilic polymers, such as polyethylene glycol (PEG), to provide a protective layer that prevents 

aggregation, opsonization, and phagocytosis [244]. Moreover, nanocarriers can take advantage of the 

enhanced permeability and retention (EPR) effect observed, for instance, in inflammation [245]. 

Additionally, nanocarriers can be functionalized with specific ligands (e.g., antibodies, proteins, peptides) 

to achieve active targeting, considering specific targets at the pathological site [246]. Indeed, the passive 

and active targeting allow for enhanced accumulation in the location of interest, reduction of the amount 

of drug required for a therapeutic effect while minimizing side effects. 

Nanocarriers can present several types of structures, such as polymeric nanoparticles, liposomes, 

micelles, nanotubes, nanocomplexes, niosomes, and dendrimers [242,246]. Particularly, liposomes are 

one of the most promising and versatile drug delivery systems [247], being the first and one of the most 

widely used organic nanocarrier in medicine [248]. 

 

1.10.1. Liposomes 

Liposomes are spherical vesicles composed of single or multiple bilayers of phospholipids 

surrounding an aqueous compartment (Figure 1.14) [249]. Liposomes mimic the phospholipid bilayer 

of the cell membrane and are associated with excellent biocompatibility and biodegradability. They enable 

efficient interactions with the cell membrane [250], and, consequently, they can display an effective 

cellular uptake [249]. Indeed, liposomes can interact with the cell membrane using different approaches, 

including,  endocytosis, fusion, adsorption, and/or exchange of phospholipids with cell membrane 

[249,251]. The exact interaction between liposomes and cell membranes depends on various factors, 

including the composition and size of the liposome, the properties of the cell membrane, and the 
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surrounding environment [249]. Understanding these interactions is critical for developing effective 

liposome-based drug delivery systems. 

Liposomes can encapsulate hydrophilic, hydrophobic, and/or amphipathic drugs with a high 

loading efficiency (Figure 1.14). Indeed, hydrophilic drugs can be encapsulated in the internal aqueous 

environment, hydrophobic drugs are embedded into the lipid bilayer, and amphiphilic drugs are between 

the bilayer and aqueous cores [251]. Liposomes are very versatile structures, being possible the control 

of composition, structure, size, permeability, and surface functionalization. Moreover, liposomes can be 

administered through different routes, such as parenteral, pulmonary, oral, transdermal, ophthalmic, and 

nasal, to improve drugs therapeutic efficacy [252]. Indeed, due to their advantages, liposomes have been 

successfully translated to the clinic for the treatment of different diseases [34]. 

The liposomes also present some limitations. The most significant drawbacks are related to their 

low physical and chemical stabilities, drug leakage, and high cost for large-scale production [248,253]. 

Nonetheless, these limitations can be overcome by modifying the composition and preparation method 

of liposomes [250]. 

 

 

Figure 1.14 | In an aqueous environment, phospholipids organize into a bilayer structure. 

 

1.10.1.1. Types of liposomes 

The size and the number of bilayers categorize the liposomes (Figure 1.15) into small unilamellar 

vesicles (SUVs, single bilayer with a size ranging from 25 to 50 nm), large unilamellar vesicles (LUVs, 

single bilayer with 50 or 100 – 1000 nm in size), oligolamellar vesicles (OLVs, 2 – 5 concentric lipid 

bilayers with 100 – 1000 nm of size), giant unilamellar vesicles (GUVs, single bilayer with a size > 1000 

nm), multilamellar vesicles (MLVs, several concentric lipid bilayers with sizes of 0.1 – 15 µm), and 

multivesicular vesicles (MVVs, several small vesicles entrapped into larger ones with sizes of 1.6 – 10.5 

µm) [249,251,252]. 
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Figure 1.15 | Types of liposomes classified according to the size and the number of lipid bilayers. GUVs: giant unilamellar 

vesicles; LUVs: large unilamellar vesicles; MLVs: multilamellar vesicles; MVVs: multivesicular vesicles; OLVs: oligolamellar 

vesicles; SUVs: small unilamellar vesicles. 

 

The selection of the appropriate type of liposome should align with the specific purpose of the 

study. The most commonly used liposome types include MLVs, LUVs, and SUVs [254]. Like any carriers, 

liposomes present both advantages and disadvantages. For instance, MLVs are particularly effective in 

incorporating high amounts of hydrophobic drugs [255]. This is attributed to their higher proportion of 

lipid material to the aqueous phase and a superior number of membranes compared to other liposome 

types [255]. Moreover, the presence of multilayers can allow for a more sustained release of the 

encapsulated drug due to the progressive degradation at the site of action [254]. However, the large and 

heterogeneous size of MLCs limits their applicability [255]. LUVs exhibit higher size homogeneity and 

greater encapsulation efficiency for hydrophilic compounds compared to MLVs [255]. Despite their small 

size, SUVs are considered less stable liposomes due to their high curvature and elevated surface tension  

[254].  

The size of liposomes is also a critical factor that influences their circulation half-life [249]. Small-

sized liposomes have been shown to facilitate transport in blood and lymphatic capillaries, as well as 

enhanced diffusion in tissues [250,256]. On the other hand, large-sized liposomes are quickly cleared 

from the bloodstream by the reticuloendothelial system [250]. Cellular uptake of liposomes in target cells 

may also depend on their size. Particularly, macrophages display a high tendency for internalizing larger 

liposomes in comparison to their smaller counterparts [257,258]. Finally, as mentioned earlier, both the 

size and the number of bilayers in liposomes influence the amount of the encapsulated drug [251].  

 

1.10.1.2. Liposomes composition 

Liposomes are spherical vesicles obtained by the self-assembly of phospholipids in an aqueous 

environment [249]. Phospholipids (Figure 1.14) consist of a glycerol or a sphingosine backbone unit 

that is bonded to a phosphate group and fatty acids that may be saturated or unsaturated [250]. The 
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phosphate group is also bonded to a hydrophilic molecule, for instance, choline or ethanolamine. Thus, 

a phospholipid is composed of a hydrophobic tail and a hydrophilic head that leads to the formation of 

an amphiphilic structure. There are two main classes of phospholipids: glycerophospholipids and 

sphingolipids [259]. Glycerophospholipids are the main phospholipids in eukaryotic cells and, therefore, 

are commonly referred to as phospholipids. They are composed of two fatty acids esterified in the sn-1 

and sn-2 positions of the glycerol that has in its sn-3 position a phosphate group attached to a hydrophilic 

residue.  

Phospholipids can be classified according to their polar head groups as phosphatidylcholine (PC), 

phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylinositol (PI), phosphatidylglycerol, 

and phosphatidic acid (PA) [249]. These phospholipids can be composed of a variety of fatty acids (e.g., 

palmitic acid, oleic acid, and linoleic acid). PC, the major phospholipid in eukaryotic cells membrane 

[260], is the most used phospholipid in the production of liposomes. Moreover, PC can show anti-

inflammatory and antioxidant activities [261,262].  

Lipid composition strongly influences the characteristics of the liposome [249]. The length of the 

fatty acid chain, as well as their saturation and unsaturation degree, lead to phospholipids with different 

characteristics, and consequently, liposomes with different properties. Liposomes prepared with 

phospholipids containing unsaturated fatty acids are usually higher permeable and lesser stable (e.g. 

more prone to oxidation), than if saturated phospholipids are used [249,251]. 

Liposomes can be prepared with natural, semisynthetic and/or synthetic phospholipids [249]. 

Natural phospholipids can be obtained, for example, from soybean, egg yolk, and fish roe [263–265]. 

Semisynthetic phospholipids are obtained by specific chemical modifications to the non-polar and polar 

regions of the natural phospholipids (e.g., hydrogenated soybean phosphatidylcholine – HSPC –, and 

hydrogenated soybean phosphatidylglycerol – HSPG) [249]. Synthetic phospholipids are totally produced 

by chemical reactions and include, for instance, 1,2-dipalmitoyl-sn-glycero-3-phosphorylethanolamine 

(DPPE), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-distearoyl-sn-glycero-3-phosphatidic 

acid Na salt (DSPE), and 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC). Moreover, liposomal 

electrical charge vary depending on the charges of the phospholipid headgroups. Natural phospholipids 

are electrically neutral or anionic, while semi-synthetic and synthetic phospholipids can also be cationic 

[251]. 

Liposomal formulations can also incorporate sterols or other molecules within their composition, 

aiming to enhance their physical and chemical properties. For example, cholesterol (CHOL) can be 

incorporated into liposomal formulations to improve their rigidity and stability, and reduce the permeability 



CHAPTER 1|General Introduction 

80 

of the lipid bilayer [248]. Tocopherol can be also included in liposomal formulations to prevent the 

oxidation of liposomes during storage [266]. This strategy helps to enhance the stability and preserve the 

integrity of the liposomes over time. 

 

1.10.1.3. Preparation methods 

In the presence of an aqueous medium, lipids organize to minimize the exposure of their 

hydrophobic regions to the surrounding water. Particularly, phospholipids form a continuous core-shell 

structure, in which the aqueous medium is entrapped by the phospholipid bilayer [253]. This process is 

not spontaneous, being necessary to provide to the system the capacity to overcome an energy barrier 

for curving the planar lipid bilayer and creating spherical vesicles [253]. Liposomes can be formulated 

using conventional and novel approaches [253]. The conventional methods comprise thin-film hydration, 

detergent removal, solvent injection, and reverse-phase evaporation [253]. These methods are very 

popular and preferred because of their simplicity. However, liposomes produced by conventional methods 

usually do not present the particle size, polydispersity index (PDI), and lamellarity needed for most of the 

biomedical applications. In this case, post-formation processing is crucial. Sonication, extrusion, and high-

pressure homogenization methods represent the most employed post-formation treatments to control the 

size distribution [252,253]. The novel methods comprise, for instance, freeze-drying, microfluidic 

channels, supercritical fluid technology, membrane contactor, and heating [249,253]. They offer high 

reproducibility and control of conditions, improving the homogeneity of the vesicles size distribution [267].  

 

1.10.1.4. Liposomes in the clinic 

Several liposomal-based products have been approved by Food and Drug Administration (FDA) and 

the European Medicines Agency (EMA). Indeed, due to their advantages, liposomes were the first 

approved class of organic nanocarriers approved by the FDA. The clinically approved liposomal 

formulations significantly present a stronger therapeutic efficacy than the free drugs, mainly due to the 

enhanced pharmacokinetic [268]. Indeed, the side effects of the free drugs are considerably reduced 

[256]. Therapeutic liposomal formulations are successfully used in several areas, including (i) cancer, (ii) 

fungal and parasitic infections, (iii) lung injuries, (iv) macular degeneration, and (v) pain management. 

The majority of clinically approved liposomal formulations are used for cancer treatment. Doxil was 

the first liposomal formulation approved in 1995 and 1996 by FDA and EMA, respectively. Doxil consists 

of a liposome composed of HSPC, CHOL, and DSPE-PEG loading doxorubicin to treat ovarian and 

metastatic breast cancer and AIDS-related Kaposi’s sarcoma [256,269]. Marqibo, with liposomes 
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composed of SM and CHOL and loaded with a plant-based bioactive compound vincristine was approved 

in 2009 [256,269]. Marqibo is used to treat Philadelphia chromosome-negative acute lymphoblastic 

leukemia, hematologic malignancies, and solid tumors. As Marqibo, DepoDur also used liposomes (DOPC 

and DPPG) to load of a plant-derived bioactive compound. However, it was approved in 2004, being the 

first liposome-approved formulation containing a plant-derived bioactive compound [269]. DepoDur 

includes morphine for pain relief.  

The successful approval of liposomal-based formulations by regulatory agencies like FDA and EMA 

highlight their significant and efficient therapeutic potential. Therefore, liposomes represent an excellent 

strategy to advance plant-derived compounds to the next level of therapeutic development and clinical 

application.  
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1.11. APPENDIX 

 

Appendix Table A1.1 | Phytochemical compounds present in Salvia officinalis extracts using different solvents and methods of extraction, as well as plant organs. 

Chemical compound 
Chemical 

classification 
Solvent of extraction Type of extraction Plant organ Ref 

11,12,20-trihydroxy-abieta-8,11,13-triene Diterpene Dichloromethane ND L+ST [270] 

12-hydroxy-20-norabieta-8,11,13-triene Diterpene 
Aqueous ethanol, followed by water fraction and 

hexane fraction 
ND L [170] 

12-methoxy-1-oxo-20-norabieta-8,11,13-

triene 
Diterpene 

Aqueous ethanol, followed by water fraction and 

hexane fraction 
ND L [170] 

Abietol Diterpenoid CO2 Supercritical fluid extraction L [271] 

Acacetin Flavonoid 
Petroleum ether, followed by diethyl ether and 

methanol 

Maceration 

Stirring 

Ultrasounds 

L [272] 

Acetaldehyde Aldehyde Water 

Clevenger apparatus 

Hydrodistillation 

Stirring 

L [273,274] 

Methyl acetate Carboxylic acid Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Phenethyl acetate Benzenoid Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Acetoin 
Oxygenated 

hydrocarbon 
Water Stirring ND [274] 

Acetone Ketone Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Acetophenone Phenylpropanoid Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

4’-hydroxyacetophenone Phenylpropanoid Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

2’-methylacetophenone Alkyl-phenylketone Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 
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4’-methylacetophenone Alkyl-phenylketone Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

4-hydroxy-2-methylacetophenone Phenol Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Gallacetophenone Ketone 
CO2 

Water 

Clevenger apparatus 

Hydrodistillation 

Supercritical fluid extraction 

L [273,275] 

Dihydro actinidiolide Apocarotenoid 
Water, followed by dichloromethane fraction 

Water, followed by hexane fraction 
Infusion L [162] 

Acetophloroglucine Phloroglucinol 

Aqueous ethanol 

CO2 

Water 

Clevenger apparatus 

Neo-Clevenger apparatus 

Soxhlet apparatus 

Supercritical fluid extraction 

Ultrasounds 

APs 

L 
[275–278] 

(α/β)-amorphene Sesquiterpenoid 

Water 

Water with pectinase 

Water with cellulase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase 

Clevenger apparatus 

Hydrodistillation 

Reflux, followed by hydrodistillation 

Steam distillation 

Ultrasounds, followed by hydrodistillation 

APs 

F 

INF 

L 

ST 

[279–284] 

β-amyrin Triterpenoid Ethyl acetate Accelerated solvent extraction L [285] 
      

Apigenin Flavonoid 

Acetone 

Aqueous acetone, followed by dichloromethane 

fraction  

Aqueous ethanol 

Aqueous methanol 

Aqueous methanol with BHT and HCl 

Dichloromethane, followed by aqueous acetone and 

dichloromethane fraction 

Enzymes (β-glucosidase, β-xylosidase, β-

galactosidase, or β-hesperidinase) and sulfatase 

type H-2 in citrate buffer 

Hexane, followed by ethyl acetate 

Maceration 

Shaking 

Soxhlet apparatus 

Stirring 

Ultrasounds 

UltraTurrax 

APs 

F 

L 

[169,177, 

272,279, 

286–296] 
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Methanol 

Petroleum ether, followed by diethyl ether and 

methanol 

Water 

Water, followed by petroleum ether and methanol 
      

Methyl apigenin Flavonoid Aqueous methanol Shaking ND [287] 

Apigenin 7,4'-dimethyl ether Flavonoid 
Dichloromethane 

Dichloromethane, followed by hexane fraction 
ND L [293] 

Apigenin glucoside Flavonoid Aqueous ethanol Ultrasounds L [297] 

Apigenin 7-O-glucoside 

Cosmosiin 
Flavonoid 

Aqueous ethanol 

Aqueous methanol 

Hexane, followed by ethyl acetate 

Methanol 

Petroleum ether, followed by diethyl ether and 

methanol 

Petroleum ether, followed by methanol 

Water 

Water, followed by ethyl acetate 

Decoction 

Infusion 

Maceration 

Shaking 

Soxhlet apparatus 

Stirring 

Ultrasounds 

APs 

F 

L 

[167,177, 

272,287, 

288,291, 

298–301] 

Apigenin 6,8-di-C-glucoside Flavonoid 
Aqueous ethanol 

Water 

Infusion 

Stirring 
APs [300] 

Apigenin-6-C-glucoside-7-O-glucoside Flavonoid Water, followed by hexane Decoction F+L+ST [302] 

Apigenin acetylglucoside Flavonoid 

Aqueous methanol 

Hexane, followed by ethyl acetate 

Water  

Decoction 

Infusion 

Stirring 

L [177,298] 

Apigenin diglucosyl Flavonoid 

Aqueous ethanol 

Petroleum ether, followed by diethyl ether and 

methanol 

Enamel boiler 

Maceration 

Stirring 

Ultrasounds 

L [272,303] 

      

Apigenin glucuronide Flavonoid 

Aqueous ethanol 

Methanol 

Water 

Water, followed by defatting with hexane 

Decoction 

Enamel boiler 

Infusion 

Maceration 

APs 

F 

L 

F+L+ST 

[169,297, 

300,302, 

303] 
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Stirring 

Ultrasounds 
      

Apigenin 7-O-glucuronide Flavonoid Methanol Ultrasounds L [288] 

Apigenin di-glucuronide Flavonoid Water, followed by defatting with hexane Decoction F+L+ST [302] 

Apigenin hexoxide Flavonoid Water, followed by defatting with hexane Decoction F+L+ST [302] 

Apigenin O-pentoside Flavonoid 
Aqueous methanol 

Water 

Decoction 

Infusion 

Stirring 

L [298] 

apigenin 8-C-rhamnosyl 6-C-glucoside Flavonoid Aqueous ethanol Ultrasounds L [297] 

Apigenin rutinoside Flavonoid Water, followed by hexane Decoction F+L+ST [302] 

Apigenin 7-O-rutinoside Flavonoid Aqueous methanol Shaking ND [287] 

Arabinogalactan Polysaccharide 

Aqueous ethanol, followed by water and NaOH 

solution 

Methanol-chloroform, followed by water and aqueous 

ethanol 

Methanol-chloroform, followed by water, aqueous 

ethanol, ammonium oxalate and DMSO 

Maceration 

Stirring 
APs 

[178,179, 

304] 

Arabino-3,6-galactan type II Polysaccharide 

Aqueous ethanol, followed by water and NaOH 

solution 

Methanol-chloroform, followed by water and aqueous 

ethanol 

Maceration 

Stirring 
APs [179,304] 

Arabino(glucurono)xylan Polysaccharide 

Aqueous ethanol, followed by water and NaOH 

solution 

Methanol-chloroform, followed by water, aqueous 

ethanol, ammonium oxalate, DMSO and potassium 

hydroxide solution 

Maceration APs [305] 

      

(+)-(allo)aromadendrene 

 
Sesquiterpenoid 

CO2 

Hexane 

Water 

Water with cellulase 

Water with pectinase 

Water with xylanase 

Clevenger apparatus 

Neo-Clevenger apparatus 

Hydrodistillation 

Microwave-assisted hydrodistillation 

Reflux, followed by hydrodistillation 

Steam distillation 

APs 

F 

L 

ST 

[161,162, 

278–

283,306–

312] 
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Water with xylanase, pectinase, and cellulase Supercritical fluid extraction 

TredTechnology extractor 

Ultrasounds, followed by hydrodistillation 

Unger apparatus 
      

Aromadendr-1-ene Sesquiterpenoid Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Dehydroaromadendrene Sesquiterpenoid Water 

Hydrodistillation 

Microwave-assisted hydrodistillation 

Unger apparatus 

L [308] 

(allo)aromadendrene (ep)oxide Sesquiterpenoid 
CO2 

Water 

Clevenger apparatus 

Hydrodistillation 

Microwave-assisted hydrodistillation 

Supercritical fluid extraction 

Unger apparatus 

L [275,308] 

Isoaromadendrene epoxide Sesquiterpenoid Water 

Clevenger apparatus 

Hydrodistillation 

Microwave-assisted hydrodistillation 

Unger apparatus 

L [273,308] 

Atuntzensin A Terpenoid Dichloromethane, followed by hexane fraction ND L [293,313] 

Benzaldehyde Phenolic acid Water 
Clevenger apparatus 

Hydrodistillation 
APs [279] 

2-hydroxy benzaldehyde Phenolic acid Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Benzeneacetaldehyde Phenylpropanoid Water 
Clevenger apparatus 

Hydrodistillation 
APs [279] 

Monohydroxy benzoic acid Phenolic acid Methanol Ultrasounds L [288] 
      

p-hydroxybenzoic acid Phenolic acid 

Aqueous ethanol 

Aqueous ethanol, followed by water, ethyl acetate 

and butanol fraction 

Aqueous methanol 

Aqueous methanol with BHT and HCl 

Hexane-acetone 

Infusion 

Maceration 

Shaking 

Soxhlet apparatus 

Stirring, followed by reflux 

APs 

L 

[287,289, 

291,294, 

299,314–

316] 
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Petroleum ether, followed by methanol 

Water 

Water, followed by ethyl acetate 
      

Hydroxybenzoic acid-O-hexoside  Phenolic acid Aqueous methanol Shaking ND [287] 

3,4-dihidrobenzoic acid hexoside Phenolic acid Water Shaking ND [289] 

2,4-dimethylbenzoic acid Benzenoid Water, followed by hexane Decoction F+L+ST [302] 

2,3-dihydro-2-methyl benzofuran Aromatic heterocycle Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

4.7-dimethyl benzofuran Aromatic heterocycle Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Benzophenone Flavonoid Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Benzyl alcohol Phenolic acid Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Berbenone Monoterpenoid Water 

Clevenger apparatus 

Hydrodistillation 

Reflux, followed by Hydrodistillation 

L [282] 

Z-α-trans-bergamatol acetate Sesquiterpenoid Water 
Clevenger apparatus 

Hydrodistillation 
APs [161] 

cis-α-bergamotene Sesquiterpenoid 

Aqueous ethanol 

CO2 

Water 

Clevenger apparatus 

Hydrodistillation 

Soxhlet apparatus 

Supercritical fluid extraction 

Ultrasounds 

APs 

L 

[276,277, 

310] 

Betulinic acid Triterpenoid 
Ethyl acetate 

Hexane, followed by ethyl acetate 

Accelerated solvent extractor 

Soxhlet apparatus 
L [177,285] 

trans-biformene Diterpenoid CO2 Supercritical fluid extraction L [275] 

(trans/Z)-(α/β)-bisabolene Sesquiterpenoid 
Hexane 

Water 

Clevenger apparatus 

Hydrodistillation 

Reflux, followed by hydrodistillation 

L [282,307] 

cis-Z-α-bisabolene epoxide Sesquiterpenoid Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 
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α-bisabolol Sesquiterpenoid Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

2,5-bornanedione Monoterpenoid CO2 Supercritical fluid extraction L [275] 

exo-2,10-bornanediol Monoterpenoid CO2 Supercritical fluid extraction L [275] 

(endo)-borneol Monoterpenoid 

Aqueous ethanol 

CO2 

Hexane 

Petroleum ether 

Water 

Water with cellulase 

Water with pectinase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase 

Water, followed by CO2 and dichloromethane fraction 

Water, followed by CO2 and hexane fraction 

Water, followed by diethyl ether fraction 

Clevenger apparatus 

Neo-Clevenger apparatus 

Hydrodistillation 

Infusion 

Microwave-assisted hydrodistillation 

Reflux, followed by Hydrodistillation 

Shaking 

Soxhlet apparatus 

Steam distillation 

Supercritical fluid extraction 

TredTechnology extractor 

Ultrasounds 

Ultrasounds, followed by hydrodistillation 

Unger apparatus 

APs 

F 

INF 

L 

ST 

[161,162, 

172,271–

273,275–

284,289, 

306–

312,317–

323] 

Bornylene Monoterpenoid Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

      

(-)-(endo)-bornyl acetate Monoterpenoid 

Aqueous ethanol 

CO2 

Hexane 

Petroleum ether 

Water 

Water with cellulase 

Water with pectinase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase 

Water, followed by CO2 and dichloromethane fraction 

Water, followed by CO2 and hexane fraction 

Water, followed by diethyl ether fraction 

Clevenger apparatus 

Neo-Clevenger apparatus 

Hydrodistillation 

Infusion 

Microwave-assisted hydrodistillation 

Reflux, followed by hydrodistillation 

Soxhlet apparatus 

Steam distillation 

Supercritical fluid extraction 

TredTechnology extractor 

Ultrasounds 

Ultrasounds, followed by hydrodistillation 

APs 

F 

INF 

L 

ST 

[161,162, 

172,271, 

272,275–

280,282–

284,306–

312,317, 

319–324] 
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Unger apparatus 
      

6-oxobornyl acetate Monoterpene 

CO2 

Water 

Water, followed by CO2 and dichloromethane fraction 

Water, followed by CO2 and hexane fraction 

Clevenger apparatus 

Hydrodistillation 

Infusion 

Supercritical fluid extraction 

L [162,306] 

β-bourbonene Sesquiterpenoid Water 

Clevenger apparatus 

Hydrodistillation 

Steam distillation 

APs 

INF 

L 

[161,279, 

283,284, 

310,321] 

1-bromo-3,5-dimethyladamantane Other Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Butanal Aldehyde Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

2-methyl butanal Fatty aldehyde Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

3-methyl butanal Fatty aldehyde Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

2,3-butanedione 
Oxygenated 

hydrocarbon 
Water 

Clevenger apparatus 

Hydrodistillation 
L [273] 

2-butanone Ketone Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

1-oxaspiro(2.5)octane 5,5-dimethyl-4-(3-

methyl-1,3-butadienyl) 
Other Water 

Clevenger apparatus 

Hydrodistillation 
L [273] 

2-butenal Fatty aldehyde Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

(E)-2-methyl 2-butenal Fatty aldehyde Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

(E)-4-(1-cyclopenten-1-y) 3-Buten-2-one Ketone Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Butyl acetate Fatty ester 
Water 

Water, followed by diethyl ether fraction 

Clevenger apparatus 

Hydrodistillation 

APs 

L 

[161,273, 

319] 

Ethyl isobutyrate Fatty ester Water Stirring ND [274] 
      

1,4-cadinadiene Sesquiterpenoid Water Clevenger apparatus L [273] 
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Hydrodistillation 
      

(α/β/γ/δ)-cadinene Sesquiterpenoid 

CO2 

Water 

Water with cellulase 

Water with pectinase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase 

Clevenger apparatus 

Hydrodistillation 

Reflux, followed by hydrodistillation 

Steam distillation 

Supercritical fluid extraction 

TredTechnology extractor 

Ultrasounds, followed by hydrodistillation 

Unger apparatus 

APs 

F 

INF 

L 

ST 

[161,162, 

279–

284,306, 

309–

312,321, 

323] 

(α/τ)-cadinol Sesquiterpenoid 

Water 

Water with cellulase 

Water with pectinase, cellulase and xylanase 

Clevenger apparatus 

Hydrodistillation 

Reflux, followed by hydrodistillation 

L [273,282] 

(p)-caffeic acid Phenylpropanoid 

Acetone 

Aqueous ethanol 

Aqueous ethanol, followed by water, ethyl acetate 

and butanol fraction 

Aqueous methanol 

Enzymes (β-glucosidase, β-xylosidase, β-

galactosidase, or β-hesperidinase) and sulfatase 

type H-2 in citrate buffer 

Hexane-acetone 

Methanol 

Petroleum ether, followed by diethyl ether and 

methanol 

Water 

Water, followed by ethyl acetate 

Water, followed by hexane 

Water, followed by petroleum ether and methanol 

Decoction 

Enamel boiler 

Infusion 

Maceration 

Shaking 

Stirring 

Soxhlet apparatus 

Ultrasounds 

UltraTurrax 

APs 

F 

L 

F+L+ST 

[169,272, 

279,286–

289,291, 

292,295, 

296,298, 

299,301–

303,314, 

315,325–

327] 

trans-caffeic acid [apiosyl-(16)-

glucosyl] ester 
Phenylpropanoid Methanol Ultrasounds L [288] 

Dihydrocaffeic acid Phenylpropanoid Methanol Ultrasounds L [288] 

Ester of caffeic acid Phenylpropanoid Water, followed by ethyl acetate Infusion APs [299] 
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Caffeic acid hexoside Phenylpropanoid 
Aqueous methanol 

Water 

Decoction 

Infusion 

Shaking 

Stirring 

L [287,298] 

caffeoyl-apiofuranosyl-glucopyranoside Phenylethanoid Aqueous ethanol Ultrasounds L [297] 

1-O-caffeoyl-β-D-apiofuranosyl-(16)-β-

D-glucopyranoside 
Phenylethanoid 

Aqueous ethanol, followed water, hexane insoluble 

fraction, ethyl acetate and butanol fraction 
ND L [328] 

6-O-caffeoyl-fructosyl-glucoside Phenylethanoid 
Aqueous methanol 

Water 

Decoction 

Infusion 

Stirring 

L [298] 

caffeoyl-fructofuranosyl-glucopyranoside Phenylethanoid Aqueous ethanol Ultrasounds L [297] 

6-O-caffeoyl-β-D-fructofuranosyl-(21)-α-

D-glucopyranoside 
Phenylethanoid 

Aqueous ethanol, followed in water, hexane insoluble 

fraction, ethyl acetate and butanol fraction 
ND L [328] 

α-calacorene Sesquiterpenoid 

Water 

Water with cellulase 

Water with pectinase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase 

Clevenger apparatus 

Hydrodistillation 

Reflux, followed by hydrodistillation 

L [282] 

(trans)-calamenene Sesquiterpenoid Water 
Clevenger apparatus 

Hydrodistillation 
APs [279,329] 

(+)-calarene Sesquiterpenoid Water 
Clevenger apparatus 

Hydrodistillation 
APs [281,310] 

      

Camphene Monoterpenoid 

Aqueous ethanol 

CO2 

Hexane 

Petroleum ether 

Water 

Water with pectinase 

Water with cellulase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase 

Water, followed by diethyl ether fraction 

Clevenger apparatus 

Neo-Clevenger apparatus 

Hydrodistillation 

Infusion 

Microwave-assisted hydrodistillation 

Reflux, followed by hydrodistillation 

Soxhlet apparatus 

Steam distillation 

Supercritical fluid extraction 

TredTechnology extractor 

APs 

F 

INF 

L 

ST 

[161,162, 

271,272, 

275–

284,306–

312,317–

324,329, 

330] 
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Ultrasounds 

Ultrasounds, followed by hydrodistillation 

Unger apparatus 
      

Dihydrocamphene carbinol Monoterpenoid 
Water, followed by CO2 and dichloromethane fraction 

Water, followed by CO2 and hexane fraction 
Infusion L [162] 

α-campholenal Monoterpenoid Water 
Clevenger apparatus 

Hydrodistillation 
APs 

[161,279, 

319] 

α-campholenic acid Monoterpenoid 

Aqueous ethanol 

CO2 

Water 

Clevenger apparatus 

Soxhlet apparatus 

Supercritical fluid extraction 

Ultrasounds 

APs 

L 
[276,277] 

(trans)-(iso)pinocamphone Monoterpenoid 
Water 

Water, followed by dichloromethane fraction 

Clevenger apparatus 

Hydrodistillation 

Infusion 

Steam distillation 

APs 

L 

[161,162, 

279,281, 

312] 

α-camphonelal Monoterpenoid Water 
Clevenger apparatus 

Hydrodistillation 
L [275] 

Camphor Monoterpenoid 

Aqueous ethanol 

CO2 

Hexane 

Petroleum ether 

Water 

Water with pectinase 

Water with cellulase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase 

Water, followed by CO2 and dichloromethane fraction 

Water, followed by CO2 and hexane fraction 

Water, followed by diethyl ether fraction 

Clevenger apparatus 

Neo-Clevenger apparatus 

Hydrodistillation 

Infusion 

Microwave-assisted hydrodistillation 

Reflux, followed by hydrodistillation 

Shaking 

Soxhlet extraction 

Steam distillation 

Supercritical fluid extraction 

TredTechnology extractor 

Ultrasounds 

Ultrasounds, followed by hydrodistillation 

Unger apparatus 

APs 

F 

INF 

L 

ST 

[161,162, 

172,271–

273,275–

283,289, 

 

306–

312,317–

321,323, 

324,329, 

330] 

      

Carane Monoterpenoid Water Hydrodistillation L [308] 
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Microwave-assisted hydrodistillation 

Unger apparatus 
      

2-carene Monoterpenoid Water Hydrodistillation APs [321] 

δ-3-carene Monoterpenoid 
Water 

Water, followed by diethyl ether fraction 

Clevenger apparatus 

Hydrodistillation 

APs 

L 

[279,282, 

319] 

4-carene Monoterpenoid Water Hydrodistillation APs [321] 

Methyl carnosate Diterpenoid 

Aqueous ethanol 

Aqueous methanol 

CO2 

Diethyl ether, followed by hexane-diethyl ether 

Ethyl acetate, followed by hexane fraction 

Hexane-acetone 

Hexane, followed by ethyl acetate 

Methanol, followed by ethyl acetate fraction 

PBS 

Petroleum ether, followed by diethyl ether and 

methanol 

Petroleum ether, followed by methanol 

Maceration 

Shaking 

Soxhlet apparatus 

Stirring 

Supercritical fluid extraction 

Ultrasounds 

UltraTurrax 

APs 

L 

L+ST 

[177,272, 

287,291, 

292,297, 

314,331–

333] 

Carnosaldehyde Diterpenoid Acetone, followed by hexane ND APs [334] 
      

Carnosic acid Diterpenoid 

Acetone, followed by hexane 

Aqueous ethanol 

Aqueous methanol 

CO2 

Deep eutectic solvents (choline chloride-urea, 

choline chloride-N-methylurea, choline chloride-

thiourea, choline chloride-glucose, choline chloride-

fructose, choline chloride-xylitol, choline chloride-

sorbitol, holine chloride-butane-1,4-diol, choline 

chloride-ethane-1,2-diol, choline chloride-glycerol, 

choline chloride-acetamide, choline chloride-malic 

acid, choline chloride-citric acid, choline chloride-

Ball mill 

Maceration 

Shaking 

Soxhlet apparatus 

Stirring 

Supercritical fluid extraction 

Ultrasounds 

UltraTurrax 

APs 

L 

L+ST 

[152,177, 

270,272, 

279,287, 

288,291–

293,295, 

296,313, 

314,326, 

331–335] 
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malonic acid, choline chloride-oxalic acid, choline 

chloride-lactic acid, choline chloride-levulinic acid) 

Dichloromethane and diethyl ether, followed by 

hexane-diethyl ether 

Dichloromethane, followed by hexane insoluble 

fraction 

Dichloromethane, followed by hexane insoluble 

fraction and benzene insoluble fraction 

Ethanol 

Ethyl acetate, followed by hexane fraction hexane 

fraction 

Hexane-acetone 

Hexane, followed by ethyl acetate 

Methanol 

Methanol, followed by ethyl acetate fraction 

PBS 

Petroleum ether, followed by diethyl ether and 

methanol 

Water 

Water, followed by petroleum ether and methanol 
      

Carnosic acid quinone Diterpene 
Petroleum ether, followed by diethyl ether and 

methanol 

Maceration 

Stirring 

Ultrasounds 

L [272] 

12-O-methyl carnosic acid Diterpene 

Aqueous ethanol 

CO2 

Dichloromethane, followed by hexane fraction 

Dichloromethane, followed by hexane insoluble 

fraction and benzene fraction 

Methanol 

Methanol, followed by ethyl acetate fraction 

Maceration 

Supercritical fluid extraction 

Ultrasounds 

L 

F 

L+ST 

[169,270, 

290,293, 

313,331, 

333] 

Carnosic acid 12-methyl ether-γ-lactone Diterpenoid Aqueous ethanol, followed by CO2 Supercritical fluid extraction APs [336] 

12-methoxy carnosic acid Diterpenoid Acetone, followed by hexane ND APs [334] 
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Carnosol Diterpenoid 

Acetone, followed by hexane 

Aqueous ethanol 

Aqueous methanol 

CO2 

Deep eutectic solvents (choline chloride-urea, 

choline chloride-N-methylurea, choline chloride-

thiourea, choline chloride-glucose, choline chloride-

fructose, choline chloride-xylitol, choline chloride-

sorbitol, holine chloride-butane-1,4-diol, choline 

chloride-ethane-1,2-diol, choline chloride-glycerol, 

choline chloride-acetamide, choline chloride-malic 

acid, choline chloride-citric acid, choline chloride-

malonic acid, choline chloride-oxalic acid, choline 

chloride-lactic acid, choline chloride-levulinic acid) 

Dichloromethane 

Dichloromethane and diethyl ether, followed by 

hexane-diethyl ether 

Dichloromethane, followed by hexane insoluble 

fraction 

Ethanol 

Ethyl acetate, followed by acetonitrile fraction hexane 

fraction 

Hexane-acetone 

Hexane, followed by ethyl acetate 

Methanol 

Methanol, followed by chloroform fraction 

PBS 

Petroleum ether, followed by diethyl ether and 

methanol 

Water 

Water, followed by petroleum ether and methanol 

Ball mill  

Maceration 

Shaking 

Soxhlet apparatus 

Stirring  

Supercritical fluid extraction 

Ultrasounds 

UltraTurrax 

APs 

F 

L 

L+ST 

[152,169, 

177,270, 

272,279, 

287,288, 

291–

293,296, 

297,313, 

314,331–

335,337] 

Isocarnosol Diterpenoid CO2 Supercritical fluid extraction L [275] 
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20-deoxo carnosol Diterpenoid 
CO2 

Dichloromethane 
Supercritical fluid extraction 

L 

L+ST 
[270,333] 

Methoxycarnosol Diterpenoid 

Aqueous methanol 

Hexane, followed by ethyl acetate 

Methanol 

Petroleum ether, followed by diethyl ether and 

methanol 

Maceration 

Shaking 

Soxhlet apparatus 

Stirring 

Ultrasounds 

L 
[177,272, 

287,288] 

12-O-methyl Carnosol Diterpenoid 

Dichloromethane, followed by hexane fraction 

Dichloromethane, followed by hexane insoluble 

fraction and benzene fraction 

Methanol, followed by chloroform fraction 

ND 
APs 

L 
[293,337] 

Carnosolic acid Diterpenoid Methanol Ultrasounds L [288] 

β-carotene Carotenoid 

Hexane 

Hexane, followed by aqueous acetone 

Hexane, followed by aqueous acetone and ethanol 

Accelerated solvent extraction 

Shaking 

Ultrasounds 

L [338] 

Carvacrol Monoterpenoid 

Aqueous ethanol 

Petroleum ether 

Water 

Water with pectinase 

Water with cellulase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase 

Clevenger apparatus 

Hydrodistillation 

Maceration 

Microwave-assisted hydrodistillation 

Reflux, followed by hydrodistillation 

Steam distillation 

Ultrasounds 

Ultrasounds, followed by hydrodistillation 

Unger apparatus 

APs 

L 

[272,273, 

279,281, 

282,308, 

316,324] 

(cis/trans)-carveol Monoterpenoid 

Water  

Water with pectinase 

Water with cellulase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase 

Clevenger apparatus 

Hydrodistillation 

Microwave-assisted hydrodistillation 

Reflux, followed by hydrodistillation 

Stirring 

Unger apparatus 

APs 

L 

[273,274, 

279,282, 

308] 

      

(trans/E)-pinocarveol Monoterpenoid 
Aqueous ethanol 

CO2 

Clevenger apparatus 

Hydrodistillation 

APs 

L 

[273,276, 

277] 
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Water Soxhlet extraction 

Supercritical fluid extraction 
      

(D)-carvone Monoterpenoid Water 
Clevenger apparatus 

Hydrodistillation 

APs 

L 
[322,329] 

(trans)-pinocarvone Monoterpenoid Water 
Clevenger apparatus 

Hydrodistillation 
L [273,282] 

cis-dihydrocarvone Monoterpenoid Water, followed by diethyl ether fraction Hydrodistillation APs [319] 

p-cresol Phenol Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

(cis/trans)-carvyl acetate Monoterpenoid Water 

Clevenger apparatus 

Hydrodistillation 

Microwave-assisted hydrodistillation 

Unger apparatus 

APs 

L 

[161,282, 

308] 

(trans/E)-(α/β)-caryophyllene Sesquiterpenoid 

Aqueous ethanol 

CO2 

Hexane 

Petroleum ether 

Water 

Water with pectinase 

Water with cellulase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase 

Water, followed by diethyl ether fraction 

Clevenger apparatus 

Neo-Clevenger apparatus 

Hydrodistillation 

Infusion 

Microwave-assisted hydrodistillation 

Reflux, followed by hydrodistillation 

Soxhlet apparatus 

Steam distillation 

Supercritical fluid extraction 

TredTechnology extractor 

Ultrasounds 

Ultrasounds, followed by Hydrodistillation 

Unger apparatus 

APs 

F 

INF 

L 

ST 

[161,162, 

172,271–

273,275–

284,306–

312,317–

324,329, 

330] 

Hydroxycaryophyllene Sesquiterpenoid 
Water, followed by CO2 and dichloromethane fraction 

Water, followed by CO2 and hexane fraction 
Infusion L [162] 

14-hydroxy-cis-caryophyllene Sesquiterpenoid 
Aqueous ethanol 

CO2 

Clevenger apparatus 

Hydrodistillation 

Soxhlet apparatus 

Supercritical fluid extraction 

APs 

L 
[276,277] 
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(-)-caryophyllene oxide Sesquiterpenoid 

Aqueous ethanol 

CO2 

Hexane 

Petroleum ether 

Water 

Water with pectinase 

Water with cellulase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase 

Water, followed by diethyl ether fraction 

Clevenger apparatus 

Neo-Clevenger apparatus 

Hydrodistillation 

Infusion 

Microwave-assisted hydrodistillation 

Reflux, followed by hydrodistillation 

Soxhlet apparatus 

Steam distillation 

Supercritical fluid extraction 

Ultrasounds 

Unger apparatus 

APs 

F 

INF 

L 

ST 

[161,162, 

172,272, 

273,275–

284,306–

308,310, 

312,317, 

319,321] 

α-caryophylladienol Sesquiterpenoid 

Water 

Water with pectinase 

Water with cellulase 

Water with xylanase 

Clevenger apparatus 

Hydrodistillation 

Reflux, followed by hydrodistillation 

L [282] 

Caryophyllnol Sesquiterpenoid Hexane Hydrodistillation L [307] 

12-Nor-caryophyll-5-en-2-one Sesquiterpenoid 
Water, followed by CO2 and dichloromethane fraction 

Water, followed by CO2 and hexane fraction 
Infusion L [162] 

Caryophyllenyl alcohol Sesquiterpenoid Water 
Hydrodistillation 

Unger apparatus 
L [308] 

(epi)catechin Flavonoid 

Aqueous ethanol 

Aqueous methanol with BHT and HCl 

Aqueous methanol 

Methanol with HCl, followed by aqueous acetone 

Water 

Decoction 

Infusion 

Maceration 

Shaking 

Stirring, followed by reflux 

APs 

L 

[168,289, 

294,316, 

326,339] 

Gallocatechin Flavonoid Aqueous methanol Shaking ND [287] 

Epicatechin gallate Flavonoid Water Shaking ND [289] 

Epigallocatechin gallate Flavonoid Water Shaking ND [289] 
      

Protocatechuic acid Phenolic acid 

Aqueous ethanol 

Aqueous methanol 

Hexane-acetone 

Methanol 

Decoction 

Enamel boiler 

Shaking 

Stirring 

APs 

F 

L 

[167,287–

289,296, 

303,314] 



  CHAPTER 1|General Introduction 

99 

Water Ultrasounds 
      

Protocatechu aldehyde Phenolic acid Methanol Ultrasounds L [288] 

Chlorophyll a Metallotetrapyrrole 

Hexane 

Hexane, followed by aqueous acetone 

Hexane, followed by aqueous acetone and ethanol 

Accelerated solvent extraction 

Shaking 

Ultrasounds 

L [338] 

Chlorophyll a’ Metallotetrapyrrole 

Hexane 

Hexane, followed by aqueous acetone 

Hexane, followed by aqueous acetone and ethanol 

Accelerated solvent extraction 

Shaking 

Ultrasounds 

L [338] 

Chlorophyll b Metallotetrapyrrole 

Hexane 

Hexane, followed by aqueous acetone 

Hexane, followed by aqueous acetone and ethanol 

Accelerated solvent extraction 

Shaking 

Ultrasounds 

L [338] 

Chlorophyll b’ Metallotetrapyrrole 

Hexane 

Hexane, followed by aqueous acetone 

Hexane, followed by aqueous acetone and ethanol 

Shaking 

Accelerated solvent extraction 

Ultrasounds 

L [338] 

Pirochlorophyll a Metallotetrapyrrole 

Hexane 

Hexane, followed by aqueous acetone 

Hexane, followed by aqueous acetone and ethanol 

Accelerated solvent extraction 

Shaking 

Ultrasounds 

L [338] 

Pirochlorophyll b Metallotetrapyrrole 

Hexane 

Hexane, followed by aqueous acetone 

Hexane, followed by aqueous acetone and ethanol 

Accelerated solvent extraction 

Shaking 

Ultrasounds 

L [338] 

(neo)-chlorogenic acid Phenylpropanoid 

Aqueous ethanol 

Aqueous methanol 

Enzymes (β-glucosidase, β-xylosidase, β-

galactosidase, or β-hesperidinase) and sulfatase 

type H-2 in citrate buffer 

Hexane-acetone 

Methanol 

Petroleum ether, followed by diethyl ether and 

methanol 

Water 

Maceration 

Shaking 

Stirring 

Ultrasounds 

APs 

L 

[272,286–

289,295, 

314,327] 

Isochlorogenic A Phenylpropanoid 
Methanol with HCl, followed by aqueous acetone 

Water 

Infusion 

Shaking 
L [339] 
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Chrysanthenone Monoterpenoid 
Water  

Water with pectinase, cellulase and xylanase 

Clevenger apparatus 

Hydrodistillation 

Reflux, followed by hydrodistillation 

Steam distillation 

INF 

L 
[282,323] 

1,4-cineole Monoterpenoid Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

1,8-cineole Monoterpenoid 

Aqueous ethanol 

CO2 

Dichloromethane fraction 

Hexane 

Hexane fraction 

Petroleum ether 

Water 

Water with pectinase 

Water with cellulase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase Water, 

followed by dichloromethane fraction  

Water, followed by diethyl ether fraction 

Water, followed by hexane fraction 

Clevenger apparatus 

Neo-Clevenger apparatus 

Hydrodistillation 

Infusion 

Microwave-assisted hydrodistillation 

Reflux, followed by hydrodistillation 

Shaking 

Soxhlet apparatus 

Steam distillation 

Supercritical fluid extraction 

TredTechnology extractor 

Ultrasounds 

Ultrasounds, followed by hydrodistillation 

Unger apparatus 

APs 

F 

INF 

L 

ST 

[161,162, 

172,271–

273,275–

284,289, 

306–

312,317–

324,329, 

330] 

exo-2-hydroxycineole acetate Monoterpenoid Water, followed by hexane fraction Infusion L [162] 

(trans)-cinnamic acid Phenylpropanoid 

Hexane-acetone 

Methanol 

Water 

Decoction 

Stirring 

APs 

F 

L 

[167,295, 

296,314] 

Cinnamyl alcohol Phenylpropanoid Water, followed by diethyl ether fraction Hydrodistillation APs [319] 

Cirsiliol Flavonoid Water, followed by ethyl acetate Infusion APs [299] 

Cirsilineol Flavonoid Water Decoction F [167] 
      

Cirsimaritin Flavonoid 

Acetone 

Aqueous ethanol 

Aqueous methanol 

Dichloromethane 

Infusion 

Maceration 

Shaking 

Ultrasounds 

UltraTurrax 

F 

L 

[169,287, 

288,290, 

292,293, 

297,299, 

314] 
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Dichloromethane, followed by hexane insoluble 

fraction and benzene fraction 

Hexane-acetone 

Methanol 

Water, followed by ethyl acetate 
      

Citric acid Fatty acid Aqueous ethanol Ultrasounds L [297] 

Methylcitronellate Fatty ester Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Citronellic acid Fatty acid Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

(E)-citronellol Monoterpenoid Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Citronellyl acetate Monoterpenoid 
Water, followed by dichloromethane fraction 

Water, followed by hexane fraction 
Infusion L [162] 

Citronellyl propionate Fatty ester Water 
Clevenger apparatus 

Hydrodistillation 
L [162] 

Columbaridione Diterpenoid Dichloromethane, followed by hexane fraction  ND L [293,313] 

α-copaene Sesquiterpenoid 

Water 

Water with pectinase 

Water with cellulase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase 

Clevenger apparatus 

Hydrodistillation 

Reflux, followed by hydrodistillation 

Steam distillation 

TredTechnology extractor 

APs 

INF 

L 

[279–

284,309, 

310,312, 

321] 

(o/p)-coumaric acid Phenylpropanoid 

Aqueous methanol 

Enzymes (β-glucosidase, β-xylosidase, β-

galactosidase, or β-hesperidinase) and sulfatase 

type H-2 in citrate buffer 

Hexane-acetone 

Methanol 

Methanol with HCl, followed by aqueous acetone 

Water 

Decoction 

Infusion 

Shaking 

Stirring 

APs 

F 

L 

[167,286, 

287,295, 

296,314, 

326,339] 

(cis/trans)-p-coumaric acid 4-O-(2’-O-β-D-

apiofuranosyl)-β-D-glucopyranoside 
Phenolic glycoside CO2, followed by aqueous acetone Supercritical fluid extraction L [340] 
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Coumarin Coumarin Methanol Stirring APs [296] 

Hydroxycoumarin Coumarin Methanol Ultrasounds L [288] 

Coumaroyl hexoside Phenylpropanoid 
Water 

Water, followed by hexane 
Decoction 

L 

F+L+ST 
[168,302] 

(α/β)-cubebene Sesquiterpenoid Water 

Clevenger apparatus 

Hydrodistillation 

Steam distillation 

TredTechnology extractor 

APs 

INF 

L 

[273,279, 

280,283, 

284,309, 

310,312, 

321] 

(o/m/p)-cymene Monoterpenoid 

Aqueous ethanol 

CO2 

Hexane 

Petroleum ether 

Water 

Water with pectinase 

Water with cellulase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase 

Clevenger apparatus 

Neo-Clevenger apparatus 

Hydrodistillation 

Microwave-assisted hydrodistillation 

Reflux, followed by hydrodistillation 

Soxhlet apparatus 

Steam distillation 

Supercritical fluid extraction 

Ultrasounds 

Ultrasounds, followed by hydrodistillation 

Unger apparatus 

APs 

INF 

L 

[161,162, 

272,273, 

275–

279,281–

284,306–

308,310–

312,320–

324,329, 

330] 

p-cymen-8-ol Sesquiterpenoid 

CO2 

Petroleum ether 

Water 

Water, followed by diethyl ether fraction 

Water with pectinase 

Water with cellulase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase 

Clevenger apparatus 

Hydrodistillation 

Microwave-assisted hydrodistillation 

Reflux, followed by hydrodistillation 

Supercritical fluid extraction 

Ultrasounds 

Ultrasounds, followed by hydrodistillation 

Unger apparatus 

APs 

L 

[272,279, 

282,306, 

308,319] 

β-damascenone Apocarotenoid Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

β-damascone Apocarotenoid Water, followed by diethyl ether fraction Hydrodistillation APs [319] 
      

Danshensu Phenylpropanoid Aqueous ethanol Decoction APs [288,302, 
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Methanol 

Water, followed by hexane 

Enamel boiler 

Ultrasounds 

L 

F+L+ST 

303] 

      

Danshensuan C Lignan Aqueous ethanol Ultrasounds L [297] 

Deacetoxynemorone Diterpenoid 
Aqueous ethanol, followed by water fraction and 

hexane fraction 
Reflux L [171] 

Decane Hydrocarbon Water 
Clevenger apparatus 

Hydrodistillation 
APs [161] 

Dictyotene Other Water 
Clevenger apparatus 

Hydrodistillation 
L [275] 

Labda-7,14-diene-13-ol Diterpene CO2 Supercritical fluid extraction L [271,275] 

rel-(5S,6S,7S,10R,12S,13R)-7-

hydroxyapiana-8,14-diene-11,16-dion-

(22,6)-olide 

Terpenoid Dichloromethane, followed by hexane fraction ND L [293,313] 

rel-(5S,6S,7R,10R,12S,13R)-7-

hydroxyapiana-8,14-diene-11,16-dion-

(22,6)-olide 

Terpenoid Dichloromethane, followed by hexane fraction ND L [293,313] 

rel-(5S,6S,7S,10R,12R,13S)-7-

hydroxyapiana-8,14-diene-11,16-dion-

(22,6)-olide 

Terpenoid Dichloromethane, followed by hexane fraction ND L [293,313] 

Diosmetin Flavonoid 
Petroleum ether, followed by diethyl ether and 

methanol 

Maceration 

Stirring 

Ultrasounds 

L [272] 

2-isopropyl-5-methyl-9-methylene 

bicyclo(4,4,0)dec-1-ene 
Other Water 

Clevenger apparatus 

Hydrodistillation 
L [273] 

Eicosane Hydrocarbon Hexane Hydrodistillation L [307] 

(β/δ/γ)-elemene Sesquiterpenoid 

Water 

Water with pectinase 

Water with cellulase 

Water with xylanase 

Water, followed by diethyl ether fraction 

Clevenger apparatus 

Hydrodistillation 

Reflux, followed by hydrodistillation 

APs 

L 

[161,162, 

282,317, 

319] 

1-(2-furanyl) ethanone Ketone Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 
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1-[5-(2-furanylmethyl)-2-furanyl] 

ethanone 
Ketone Water 

Clevenger apparatus 

Hydrodistillation 
L [273] 

(α/β)-eudesmol Sesquiterpenoids 

CO2 

Water 

Water with cellulase 

Water with xylanase 

Water with pectinase, cellulase and xylanase 

Clevenger apparatus 

Hydrodistillation 

Reflux, followed by hydrodistillation 

Supercritical fluid extraction 

L 
[273,282, 

306] 

Heneicosane Hydrocarbon CO2 Supercritical fluid extraction L [271,311] 

Elemicin Phenylpropanoid Water with xylanase Reflux, followed by Hydrodistillation L [282] 

Eriocitrin Flavonoid Water Infusion L [325] 

Eriodictyol glucoside Flavonoid Aqueous ethanol Enamel boiler L [303] 

Eriodictyol 7-O-β-glucoside Flavonoid Water Infusion L [325] 

Eugenol Phenylpropanoid 

Water 

Water with pectinase 

Water with cellulase 

Water with xylanase 

Water, followed by diethyl ether fraction 

Clevenger apparatus 

Hydrodistillation 

Reflux, followed by hydrodistillation 

Stirring 

APs 

L 

[273,274, 

279,282, 

319] 

Isoeugenol Phenylpropanoid Water Stirring ND [274] 

Methyl eugenol Phenylpropanoid 

Water 

Water with pectinase 

Water with cellulase 

Water with xylanase 

Water, followed by diethyl ether fraction 

Clevenger apparatus 

Hydrodistillation 

Reflux, followed by hydrodistillation 

Stirring 

APs 

L 

[274,282, 

319] 

Eugenyl acetate Phenylpropanoid Water, followed by diethyl ether fraction Hydrodistillation APs [319] 

Eugenyl glucoside Phenylpropanoid 
Aqueous ethanol, followed by water fraction, ethyl 

acetate fraction and butanol fraction 
ND L [341] 

(E,E)-(α/β)-farnesene Sesquiterpenoid 

Hexane 

Water 

Water, followed by hexane fraction 

Clevenger apparatus 

Hydrodistillation 

Infusion 

APs 

L 

[162,307, 

310] 

Farnesol Sesquiterpenoid Water, followed by diethyl ether fraction Hydrodistillation APs [319] 

(E,E)-farnesyl acetone Apocarotenoid Water 
Clevenger apparatus 

Hydrodistillation 
L [282] 
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Hexafarnesyl acetone Other CO2 Supercritical fluid extraction L [306] 

Fenchene Monoterpenoid Water 
Clevenger apparatus 

Hydrodistillation 
APs [279] 

Fenchol Monoterpenoid Water, followed by diethyl ether fraction Hydrodistillation APs [319] 

Fenchone Monoterpenoid Water 

Hydrodistillation 

Microwave-assisted hydrodistillation 

Unger apparatus 

L [308] 

(trans)-ferruginol Diterpenoid 

Aqueous ethanol 

CO2 

Water 

Clevenger apparatus 

Soxhlet apparatus 

Supercritical fluid extraction 

Ultrasounds 

APs 

L 

[275–

277,306] 

20-hydroxyferruginol Diterpenoid Dichloromethane ND L+ST [270] 

8,11,13-abietatriene-11,12,20-triol Diterpenoid CO2 Supercritical fluid extraction L [333] 

Ferulic acid Phenylpropanoid 

Aqueous methanol 

Aqueous methanol with BHT and HCl 

Enzymes (β-glucosidase, β-xylosidase, β-

galactosidase, or β-hesperidinase) and sulfatase 

type H-2 in citrate buffer 

Hexane-acetone 

PBS 

Methanol 

Methanol with HCl, followed by aqueous acetone 

Water 

Water, followed by petroleum ether and methanol 

Infusion 

Shaking 

Soxhlet apparatus 

Stirring 

Stirring, followed by reflux 

Ultrasounds 

UltraTurrax 

APs 

L 

[279,286–

289,291, 

292,294–

296,314, 

339] 

Isoferulic acid Phenylpropanoid Methanol Ultrasounds L [288] 

6-O-(E)-feruloyl-(α/β)-glucopyranoside Flavonoid 
Aqueous ethanol, followed by water fraction and 

butanol fraction 
ND L [342] 

Flavone Flavonoid Methanol Stirring APs [296] 

Methoxyflavone Flavonoid 
Petroleum ether, followed by diethyl ether and 

methanol 

Maceration 

Stirring 

Ultrasounds 

L [272] 

3',4',5-trihydroxy-7-methoxyflavone Flavonoid Methanol Ultrasounds L [288] 
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Flavone glycoside Flavonoid 
Petroleum ether, followed by diethyl ether and 

methanol 

Maceration 

Stirring 

Ultrasounds 

L [272] 

Hydroxyflavone glycoside Flavonoid 
Petroleum ether, followed by diethyl ether and 

methanol 

Maceration 

Stirring 

Ultrasounds 

L [272] 

4’,5,7,8-tetrahydroxyflavone Flavonoid 
Hexane-acetone 

PBS 
Homogenization L [292,314] 

Flavonol glycoside Flavonoid Methanol Ultrasounds L [288] 

Ethyl formate Carboxylic acid Water Stirring ND [274] 

Methyl formate Carboxylic acid Water Stirring ND [274] 

(+)-β-funebrene Sesquiterpenoid Water 
Clevenger apparatus 

Hydrodistillation 
APs [281] 

Furfural Aryl-aldehyde Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

5-methylfurfural Cyclic polyketide Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

2-methyl furan Cyclic polyketide Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Galdosol Diterpenoid 

CO2 

Dichloromethane, followed by hexane insoluble 

fraction and benzene fraction 

Supercritical fluid extraction L [293,333] 

Gallic acid Phenolic acid 

Aqueous methanol 

Hexane-acetone 

Methanol 

Water 

Water, followed by petroleum ether and methanol 

Decoction 

Shaking 

Soxhlet apparatus 

Stirring 

APs 

F 

L 

[167,168, 

279,287, 

289,291, 

296,314] 
      

Genkwanin Flavonoid 

CO2 

Dichloromethane  

Dichloromethane, followed by hexane insoluble 

fraction and benzene fraction Hexane-acetone 

Maceration 

Soxhlet apparatus 

Stirring 

Supercritical fluid extraction 

Ultrasounds 

APs 

F 

L 

[169,272, 

279,288, 

291,293, 

314,333] 
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Petroleum ether, followed by diethyl ether and 

methanol 

Methanol 

Water 

Water, followed by petroleum ether and methanol 
      

Gentisic acid Phenolic acid 
Aqueous methanol with BHT and HCl 

Methanol 

Stirring 

Stirring, followed by reflux 

APs 

L 
[294,296] 

Ester of gentisic acid Phenolic acid Water, followed by ethyl acetate Infusion APs [299] 

Geranial Sesquiterpenoid Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Geraniol Monoterpenoid 
Water 

Water, followed by diethyl ether fraction 

Clevenger apparatus 

Hydrodistillation 

Microwave-assisted hydrodistillation 

Reflux, followed by hydrodistillation 

Unger apparatus 

APs 

L 

[273,282, 

308,319] 

Geranic acid Fatty acid Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Geranyl acetate Fatty ester 
Water 

Water, followed by diethyl ether fraction 

Clevenger apparatus 

Hydrodistillation 

APs 

L 

[161,273, 

319] 

Geranyl propionate Fatty ester CO2 Supercritical fluid extraction L [172] 

Geranyl-2-methyl butyrate Fatty ester Water, followed by diethyl ether fraction Hydrodistillation APs [319] 

Germacrene B Sesquiterpenoid Water 
Clevenger apparatus 

Hydrodistillation 
L [322] 

Germacrene D Sesquiterpenoid Water 

Clevenger apparatus 

Hydrodistillation 

Steam distillation 

APs 

F 

INF 

L 

ST 

[161,280, 

283,284 

,310] 

Bicyclogermacrene Sesquiterpenoid Water Steam distillation 

F 

L 

ST 

[280] 

      

8-hydroxybicyclogermacrene Sesquiterpenoid CO2 Clevenger apparatus L [275] 
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Water Hydrodistillation 

Supercritical fluid extraction 
      

(epi)globulol Sesquiterpenoid Water 

Clevenger apparatus 

Hydrodistillation 

Microwave-assisted hydrodistillation 

APs 

L 

[273,281, 

308] 

(1S,2R,4R)-1,8-epoxy-p-menthan-2-yl-O-β-

D-glucopyranoside 
Monoterpene 

Aqueous ethanol, followed by water fraction, ethyl 

acetate fraction and butanol fraction 
ND L [341] 

(-)-isolariciresinol 3α-O-β-D-

glucopyranoside 
Phenol 

Aqueous ethanol, followed by water and butanol 

fraction 
ND L [342] 

(6R,9(R/S))-3-oxo-α-ionol-β-D-

glucopyranoside 
Norisoprenoid 

Aqueous ethanol, followed by water fraction, ethyl 

acetate fraction and butanol fraction 
ND L [341] 

2,3-dihydro-2-(4’-hydroxy-3’-

methoxyphenyl)-3-(hydroxymethyl)-7-

methoxy-5-benzofuranpropanol 4’-O-β-

glucopyranoside 

Phenolic glycoside 

CO2 

Aqueous ethanol, followed by water fraction and 

butanol fraction 

Supercritical fluid extraction L [342] 

4-hydroxyacetophenone 4-O-[5-O-(3,5-

dimethoxy-4-hydroxybenzoyl)-β-D-

apiofrunosyl]-(12)-β-D-glucopyranoside 

Phenolic glycoside 
Aqueous ethanol, followed by water, ethyl acetate 

and butanol fraction 
ND L [315] 

4-hydroxyacetophenone 4-O-(6’-O-β-D-

apiofuranosyl)-β-D-glucopyranoside (4-

hydroxyacetophenone-4-O-β-D-

apiofuranosyl-(16)-O-β-D-

glucopyranoside) 

Phenolic glycoside 

Aqueous ethanol, followed by water, ethyl acetate 

and butanol fraction 

CO2, followed by aqueous acetone 

 

Supercritical fluid extraction L [340,342] 

1-O-p-hydroxybenzoyl-β-D-apiofuranosyl-

(16)-β-D-glucopyranoside 
Phenolic glycoside 

Aqueous ethanol, followed by suspension in water, 

hexane insoluble fraction, ethyl acetate and butanol 

fraction 

ND L [328] 

1-O-(2,3,4-trihydroxy-3-methyl)butyl-6-O-

feruloyl-β-D-glucopyranoside 
Phenolic glycoside 

Aqueous, followed by water, ethyl acetate and 

butanol fraction 
ND L [315] 

Gucomanan Polysaccharide 
Aqueous ethanol, followed by water and NaOH 

solution 
Stirring APs [304] 

      

Guaiacol Phenolic acid Water Clevenger apparatus L [273] 
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Hydrodistillation 
      

Guaia-1(10),11-diene Sesquiterpenoid Water Steam distillation INF [323] 

α-guaiene Sesquiterpenoid 

Water 

Water with pectinase 

Water with cellulase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase 

Clevenger apparatus 

Hydrodistillation 

Reflux, followed by hydrodistillation 

Ultrasounds, followed by hydrodistillation 

APs 

L 
[282,321] 

(α/β/γ/δ)-gurjunene Sesquiterpenoid 
CO2 

Water 

Clevenger apparatus 

Hydrodistillation 

Steam distillation 

Supercritical fluid extraction 

APs 

F 

INF 

L 

ST 

[280,310, 

311,318, 

323,330] 

(cis/trans)-2-methyl-3-methylene-hep-5-

ene 
Other Water 

Clevenger apparatus 

Hydrodistillation 

Infusion 

APs [161] 

Heptacosane Hydrocarbon 

Aqueous ethanol 

CO2 

Water 

Clevenger apparatus 

Soxhlet apparatus 

Supercritical fluid extraction 

Ultrasounds 

APs 

L 
[275–277] 

Heptadecane Hydrocarbon Hexane Hydrodistillation L [307] 

(E,Z)-2,4-heptadienal Fatty aldehyde Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Heptanal Fatty aldehyde Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Propyl heptanoate Fatty ester Water Stirring ND [274] 

Heptanoic acid Fatty acid Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

2-heptanone 
Oxygenated 

hydrocarbon 
Water 

Clevenger apparatus 

Hydrodistillation 
L [273] 

1-hydroxymethyl-7,7-

dimethylbicyclo[2.2.1]heptan-2-one 
Other CO2 Supercritical fluid extraction L [275] 

      

(E)-2-heptenal Fatty aldehyde Water Clevenger apparatus L [273] 
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Hydrodistillation 
      

1,7,7-trimethyl-2-vinylbicyclo(2,2,1) 

hept-2-ene 
Terpene Water 

Clevenger apparatus 

Hydrodistillation 
L [273] 

6-methyl 5-hepten-2-one 
Oxygenated 

hydrocarbon 
Water 

Clevenger apparatus 

Hydrodistillation 
L [273] 

Hesperetin glucoside Flavonoid Aqueous ethanol Enamel boiler L [303] 

Hesperetin hexoside Flavonoid 
Aqueous ethanol  

Water  

Infusion 

Stirring 
APs [300] 

Hesperidin Flavonoid 
Methanol with HCl, followed by aqueous acetone 

Water 

Infusion 

Shaking 
L [339] 

Hexacosane Hydrocarbon Water 

Clevenger apparatus 

Infusion 

Hydrodistillation 

APs [161] 

Methyl hexadecanoate Fatty ester 

Aqueous ethanol 

CO2 

Water 

Clevenger apparatus 

Soxhlet apparatus 

Supercritical fluid extraction 

Ultrasounds 

APs 

L 
[276,277] 

Hexadecanoic acid Fatty acid CO2 Supercritical fluid extraction L [306] 

Hexadecan-1-ol Fatty alcohol 
Water 

Water with xylanase 

Clevenger apparatus 

Hydrodistillation 

Reflux, followed by hydrodistillation 

L [282] 

3-hexadecyne Fatty alcohol Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Hexanal Fatty aldehyde Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

(trans/E)-2-hexenal Fatty aldehyde 
Water 

Water, followed by diethyl ether fraction 

Clevenger apparatus 

Hydrodistillation 

APs 

L 
[273,319] 

3-hexanone 
Oxygenated 

hydrocarbon 
Water 

Clevenger apparatus 

Hydrodistillation 
L [273] 

1-hexanol Fatty alcohol Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

      

(E)-2-hexenol Fatty alcohol Water Clevenger apparatus L [273] 
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Hydrodistillation 
      

(cis/Z)-3-hexenol Fatty alcohol 
Water 

Water, followed by diethyl ether fraction 

Clevenger apparatus 

Hydrodistillation 

APs 

L 
[273,319] 

(Z)-3-hexen-1-ol acetate Fatty ester Water 

Clevenger apparatus 

Hydrodistillation 

Stirring 

L [273,274] 

(3-methylethyl)-trans 2-cyclohexen-1-ol Tepene Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

1-hexen-3-one Enone Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Hispidulin 

 
Flavonoid 

Acetone 

Aqueous acetone, followed by dichloromethane 

fraction 

Aqueous ethanol 

Aqueous methanol 

Dichloromethane, followed by aqueous acetone and 

dichloromethane fraction 

Dichloromethane, followed by hexane insoluble 

fraction and benzene fraction 

Hexane, followed by ethyl acetate 

Methanol 

Water 

Water, followed by ethyl acetate 

Decoction 

Homogenization 

Infusion 

Maceration 

Soxhlet apparatus 

Stirring 

Ultrasounds 

 

F 

L 

[169,177, 

288,292, 

293,297–

299,301] 

Hispidulin glucoside Flavonoid Aqueous ethanol Ultrasounds L [297] 

Hispidulin 7-glucoside Flavonoid Water, followed by ethyl acetate Infusion APs [299] 

Hispidulin glucuronide Flavonoid 

Aqueous ethanol 

Aqueous methanol 

Methanol 

Water 

Decoction 

Infusion 

Stirring 

Ultrasounds 

APs 

L 

[288,297, 

298,300] 

Hispidulin hexoside Flavonoid 
Aqueous ethanol 

Water 

Infusion 

Stirring 
APs [300] 

Horminone Diterpenoid CO2 Supercritical fluid extraction L [333] 
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7-acetoxy horminone Diterpenoid Aqueous ethanol Ultrasounds L [297] 

(α)-humulene (ep)oxide (I) Sesquiterpenoid 

Aqueous ethanol 

CO2 

Water 

Clevenger apparatus 

Neo-Clevenger apparatus 

Hydrodistillation 

Soxhlet apparatus 

Steam distillation 

Supercritical fluid extraction 

APs 

F 

L 

ST 

[275–

278,280, 

306] 

Humulene epoxide II Sesquiterpenoid 

Aqueous ethanol 

CO2 

Water 

Clevenger apparatus 

Hydrodistillation 

Soxhlet apparatus 

Supercritical fluid extraction 

Ultrasounds 

APs 

L 
[275–277] 

Icariside F2 Phenylethanoid 
Aqueous ethanol, followed by water and butanol 

fraction 
ND L [342] 

Incensole Diterpenoid CO2 Supercritical fluid extraction L [271] 

α-ionene Sesquiterpenoid Water  
Clevenger apparatus 

Hydrodistillation 
L [273] 

(E)-β-ionone Apocarotenoid Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Jaceosidin Flavonoid ND ND ND [301] 

Methyl jasmonate Jasmonic acid Water 
Clevenger apparatus 

Hydrodistillation 
L [282] 

Jasmone Jasmonic acid Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Dihydrojasmone Jasmonic acid Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

(-)-hydroxyjasmonic acid Jasmonic acid 
Aqueous ethanol, followed by water, ethyl acetate 

and butanol fraction 
ND L [315] 

      

Kaempferol Flavonoid 

Aqueous methanol 

Petroleum ether, followed by diethyl ether and 

methanol 

Water 

Decoction 

Maceration 

Shaking 

Stirring 

APs 

F 

L 

[167,272, 

326] 
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Ultrasounds 
      

Kaempferol 3-O-hexoside Flavonoid Water Shaking ND [289] 

Kaempferol 3-O-deoxyhexoside Flavonoid Water Shaking ND [289] 

Kaempferol 3-O-pentoside Flavonoid Water Shaking ND [289] 

Kaempferol 3-rutinoside Flavonoid Water Shaking ND [289] 

Kaur-15-ene Diterpenoid CO2 Supercritical fluid extraction L [306] 

Ledene Sesquiterpenoid 

CO2 

Water 

Water with cellulase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase 

Clevenger apparatus 

Hydrodistillation 

Microwave-assisted hydrodistillation 

Reflux, followed by Hydrodistillation 

Steam distillation 

Supercritical fluid extraction 

Unger apparatus 

INF 

L 

[275,282, 

284,306, 

308] 

Isoledene Sesquiterpenoid Water Hydrodistillation APs [321] 

Ledene alcohol Sesquiterpenoid Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Ledene oxide II Sesquiterpenoid Water 
Hydrodistillation 

Unger apparatus 
L [308] 

Ledol Sesquiterpenoid 
Hexane 

Water 

Clevenger apparatus 

Hydrodistillation 

Microwave-assisted hydrodistillation 

Steam distillation 

Unger apparatus 

L 
[273,307, 

308,312] 

      

(D)-limonene Monoterpenoid 

Aqueous ethanol 

CO2 

Hexane 

Petroleum ether 

Water 

Water with cellulase 

Water with pectinase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase 

Clevenger apparatus 

Neo-Clevenger apparatus 

Hydrodistillation 

Microwave-assisted hydrodistillation 

Reflux, followed by hydrodistillation 

Soxhlet apparatus 

Steam distillation 

Supercritical fluid extraction 

Unger apparatus 

APs 

INF 

L 

[161,272, 

273,275–

279,282–

284,306–

308,310, 

312,320, 

322,324] 
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Ultrasounds 

Ultrasounds, followed by hydrodistillation 
      

Pseudolimonene Monoterpenoid Water Hydrodistillation L [283] 

Linalool Monoterpenoid 

CO2 

Hexane 

Petroleum ether 

Water 

Water with cellulase 

Water with pectinase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase 

Water, followed by diethyl ether fraction 

Clevenger apparatus 

Neo-Clevenger apparatus 

Hydrodistillation 

Microwave-assisted hydrodistillation 

Reflux, followed by hydrodistillation 

Shaking 

Steam distillation 

Stirring 

Supercritical fluid extraction 

Ultrasounds 

Ultrasounds, followed by hydrodistillation 

Unger apparatus 

APs 

INF 

L 

[161,172, 

272–

275,278, 

279,282, 

284,289, 

306–

308,310, 

319,322, 

324] 

(cis/trans)-linalool oxide Monoterpenoid 
Water 

Water, followed by diethyl ether fraction 

Clevenger apparatus 

Hydrodistillation 

Microwave-assisted hydrodistillation 

Unger apparatus 

APs 

L 

[161,308, 

319] 

Linalyl acetate Monoterpenoid 

CO2 

Water 

Water, followed by diethyl ether fraction 

Clevenger apparatus 

Hydrodistillation 

Microwave-assisted hydrodistillation 

Supercritical fluid extraction 

APs 

L 

[172,283, 

308,319] 

Linalyl formate Monoterpenoid Water, followed by dichloromethane fraction Infusion L [162] 

Ethyl linoleate Fatty ester CO2 Supercritical fluid extraction L [306] 

Methyl linoleate Fatty ester CO2 Supercritical fluid extraction L [275] 

Linoleic acid Fatty acid CO2 Supercritical fluid extraction L [306,333] 

α-linolenic acid Fatty acid 
CO2 

Dichloromethane 
Supercritical fluid extraction 

L 

L+ST 
[270,333] 

Lithospermic acid Lignan Methanol Ultrasounds L [288] 

Loliolide Apocarotenoid Methanol Ultrasounds L [288] 

Longifolene Sesquiterpenoid Hexane Hydrodistillation L [307] 
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Alloisolongifolene Sesquiterpenoid Water 
Clevenger apparatus 

Soxhlet apparatus 
L [273] 

Lupeol Triterpenoid 

Aqueous ethanol 

CO2 

Dichloromethane, followed by hexane fraction 

Water 

Clevenger apparatus 

Soxhlet apparatus 

Supercritical fluid extraction 

Ultrasounds 

APs 

L 

[276,277, 

293,313] 

Lutein Carotenoid 

Hexane 

Hexane, followed by aqueous acetone 

Hexane, followed by aqueous acetone and ethanol 

Accelerated solvent extraction 

Shaking 

Ultrasounds 

L [338] 

9-cis lutein Carotenoid 

Hexane 

Hexane, followed by aqueous acetone 

Hexane, followed by aqueous acetone and ethanol 

Accelerated solvent extraction 

Shaking 

Ultrasounds 

L [338] 

Luteolin Flavonoid 

Acetone 

Aqueous acetone, followed by dichloromethane 

fraction 

Aqueous ethanol 

Aqueous methanol 

Aqueous methanol with BHT and HCl 

Dichloromethane, followed by aqueous acetone and 

dichloromethane fraction 

Enzymes (β-glucosidase, β-xylosidase, β-

galactosidase, or β-hesperidinase) and sulfatase 

type H-2 in citrate buffer 

Methanol 

Water 

Water, followed by petroleum ether and methanol 

Enamel boiler 

Maceration 

Shaking 

Soxhlet apparatus 

Stirring 

Ultrasounds 

UltraTurrax 

APs 

F 

L 

[169,279, 

286,287, 

289–

294,296, 

301,303] 

Luteolin glucoside Flavonoid Aqueous ethanol Ultrasounds L [297] 

Luteolin 6-C-glucoside Flavonoid Water Shaking ND [289] 
      

Luteolin 7-(O)-β-(D)-glucoside Flavonoid 

Aqueous ethanol 

Aqueous ethanol, followed by water and butanol 

fraction 

Aqueous methanol 

Decoction 

Infusion 

Maceration 

Shaking 

APs 

F 

L 

[167,169, 

272,287, 

288,291, 
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CO2, followed by aqueous acetone 

Methanol 

Petroleum ether, followed by diethyl ether and 

methanol 

Petroleum ether, followed by methanol 

PBS 

Water 

Water, followed by ethyl acetate 

Soxhlet apparatus 

Stirring 

Supercritical fluid extraction 

Ultrasounds 

UltraTurrax 

292,298–

300,327, 

342] 

      

6-hydroxyluteolin 7-O-β-D-glucoside Flavonoid CO2, followed by aqueous acetone Supercritical fluid extraction L [301,340] 

Luteolin acetylglucoside Flavonoid 
Aqueous methanol 

Water 

Decoction 

Infusion 

Stirring 

L [298] 

Luteolin 7-di-glucoside Flavonoid Water, followed by ethyl acetate Infusion APs [299] 

Luteolin glucuronide Flavonoid 

Aqueous ethanol 

Petroleum ether, followed by diethyl ether and 

methanol 

Ultrasounds L [272,297] 

Luteolin 3’-O-β-D-glucuronide Flavonoid 
CO2, followed by acetone fraction 

Aqueous methanol 

Shaking 

Supercritical fluid extraction 
L [287,340] 

Luteolin 7-O-β-D-glucuronide Flavonoid 

Aqueous ethanol 

Aqueous methanol 

CO2, followed by aqueous acetone 

Methanol 

Water 

Decoction 

Enamel boiler 

Infusion 

Maceration 

Stirring 

Supercritical fluid extraction 

Ultrasounds 

APs 

F 

L 

[169,288, 

290,298,3

00,303, 

325,340] 

Hydroxyluteolin glucuronide Flavonoid Water, followed by defatting with hexane Decoction F+L+ST [302] 

Luteolin di-glucuronide Flavonoid 

Aqueous ethanol 

Aqueous methanol 

Water 

Decoction 

Infusion 

Stirring 

APs 

L 

[298,300, 

303] 

Hydroxyluteolin 7-glucuronide Flavonoid Methanol Ultrasounds L [288] 
      

6-hydroxyluteolin 7-O-β-D-glucuronide Flavonoid 
Aqueous methanol 

CO2 

Decoction 

Infusion 
L [298,340] 
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CO2, followed by aqueous acetone fraction Stirring 

Supercritical fluid extraction 
      

Luteolin glucuronyl coumaroyl hexoside Flavonoid 
Aqueous ethanol  

Water 

Infusion 

Stirring 
APs [300] 

Luteolin glucuronyl hexoside Flavonoid 
Aqueous ethanol  

Water 

Infusion 

Stirring 
APs [300] 

Luteolin glucuronyl pentoside Flavonoid 
Aqueous ethanol  

Water 

Infusion 

Stirring 
APs [300] 

Luteolin hexoside Flavonoid Aqueous ethanol Enamel boiler L [303] 

Luteolin malonyl-hexoside Flavonoid 
Aqueous ethanol 

Water 

Infusion 

Stirring 
APs [300] 

Luteolin rutinoside Flavonoid Aqueous ethanol Ultrasounds L [297] 

Luteolin 7-O-rutinoside Flavonoid 

Aqueous methanol  

Methanol 

Water 

Decoction 

Infusion 

Shaking 

Stirring 

Ultrasounds 

L 

[287,288, 

295,298, 

325] 

(13)-(epi)manool Diterpenoid 

Aqueous ethanol 

Aqueous ethanol, followed by CO2 

Aqueous ethanol, followed by hexane fraction 

CO2 

Dichloromethane 

Methanol, followed by ethyl acetate fraction 

Water  

Water with cellulase 

Water with pectinase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase  

Water, followed by diethyl ether fraction 

Clevenger apparatus 

Neo-Clevenger apparatus 

Hydrodistillation 

Infusion 

Reflux, followed by hydrodistillation 

Soxhlet apparatus 

Steam distillation 

Ultrasounds 

Ultrasounds, followed by hydrodistillation 

Unger apparatus 

APs 

F 

L 

ST 

L+ST 

[161,162, 

 

270,271, 

275–

280,282, 

283,290, 

306,310, 

311,319, 

331,336] 

Manoyl oxide Diterpenoid Water Clevenger apparatus APs [310] 

Medioresinol Lignan Aqueous methanol Shaking ND [287] 
      

Megastigmatrienone Apocarotenoid Water Clevenger apparatus L [273] 
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Hydrodistillation 
      

Methyl melitrate A Benzenoid 
CO2, followed by aqueous acetone and methanol 

fraction 
Supercritical fluid extraction APs [343] 

Miltirone Diterpenoid 
Dichloromethane, followed by hexane fraction  

Methanol 
Ultrasounds L 

[288,293, 

313] 

1-oxomiltirone Diterpenoid 
Aqueous ethanol, followed by water fraction and 

hexane fraction 
ND L [170] 

Miltionone I/II Diterpene Methanol Ultrasounds L [288] 

m-menthane Hydrocarbon Water 
Clevenger apparatus 

Hydrodistillation 
L [329] 

1,3,8-p-menthatriene Sesquiterpenoid Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

2-p-menthen-1-ol Monoterpenoid Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

(neo)menthol Monoterpenoid 
Hexane 

Water 

Hydrodistillation 

Microwave-assisted hydrodistillation 

Unger apparatus 

L [307,308] 

Menthone Monoterpenoid Water 

Hydrodistillation 

Microwave-assisted hydrodistillation 

Unger apparatus 

L [308] 

2-furanmethanol Cyclic polyketide Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

tetrahydro-α-2-furanmethanol Alcohols and polyol Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

2.5-furandione 3.4-dimethyl Other Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Muurola-4,10(14)-dien-1-(β)-ol Sesquiterpene 

Aqueous ethanol 

CO2 

Water 

Clevenger apparatus 

Soxhlet apparatus 

Supercritical fluid extraction 

Ultrasounds 

APs 

L 
[276,277] 

      

(α/γ)-muurolene Sesquiterpenoid 
Water 

Water with cellulase 

Clevenger apparatus 

Hydrodistillation 

APs 

INF 

[275,279, 

282,283, 
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Water with xylanase 

Water with xylanase, pectinase, and cellulase 

Microwave-assisted hydrodistillation 

Reflux, followed by hydrodistillation 

Steam distillation 

TredTechnology extractor 

Unger apparatus 

L 308–

310,312, 

317,321, 

323] 

      

τ-muurolol Sesquiterpenoid 

Water 

Water with cellulase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase 

Clevenger apparatus 

Hydrodistillation 

Reflux, followed by hydrodistillation 

L [282] 

(β)-myrcene Monoterpenoid 

Aqueous ethanol 

CO2 

Water 

Water with cellulase 

Water with pectinase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase 

Water, followed by diethyl ether fraction 

Clevenger apparatus 

Neo-Clevenger apparatus 

Hydrodistillation 

Microwave-assisted hydrodistillation 

Reflux, followed by hydrodistillation 

Soxhlet apparatus 

Steam distillation 

Stirring 

Supercritical fluid extraction 

Ultrasounds, followed by hydrodistillation 

Unger apparatus 

APs 

F 

INF 

L 

ST 

[161,274–

284,306, 

308,310–

312,319–

322,324, 

330] 

Myricetin Flavonoid Water Shaking ND [289] 

Myrtenal Monoterpenoid Water 
Clevenger apparatus  

Hydrodistillation 
APs [279] 

(-)-myrtenol Monoterpenoid 

Aqueous ethanol 

CO2 

Hexane 

Water 

Water with pectinase, cellulase and xylanase 

Clevenger apparatus 

Hydrodistillation 

Microwave-assisted hydrodistillation 

Reflux, followed by hydrodistillation 

Soxhlet apparatus 

Supercritical fluid extraction 

Ultrasounds 

Unger apparatus 

APs 

L 

[273,275–

277,279, 

282,283, 

306–

308,322] 

      

Homomyrtenol Monoterpenoid Water Clevenger apparatus L [282] 
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Hydrodistillation 
      

Myrtenyl acetate Monoterpenoid Water Steam distillation L [312] 

Naasanone Flavonoid ND ND ND [301] 

Decahydro-1,5-dimethyl naphthalene Other 
Water, followed by CO2 and dichloromethane fraction 

Water, followed by CO2 and hexane fraction 
Infusion L [162] 

5,7-dimethoxy-1-naphthol Other CO2 Supercritical fluid extraction L [306] 

Nepetin 

Eupafolin 
Flavonoid 

Dichloromethane, followed by aqueous acetone and 

dichloromethane fraction 

Methanol 

Maceration 

Ultrasounds 

F 

L 
[169,293] 

Nepetin 7-glucoside Flavonoid Methanol Ultrasounds L [288,301] 

6-methoxynaringenin 7-O-glucoside Flavonoid ND ND ND [301] 

Naringin Flavonoid 

Aqueous ethanol 

Aqueous methanol 

Water 

Water, followed by petroleum ether and methanol 

Decoction 

Maceration 

Soxhlet apparatus 

APs 

F 

[167,279, 

291,316, 

327] 

Neric acid Fatty acid Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

τ-nerolidol Sesquiterpenoid Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Neryl acetate Fatty ester 
Water 

Water, followed by diethyl ether fraction 

Clevenger apparatus 

Hydrodistillation 
APs [161,319] 

Nonacosane Hydrocarbon 

Aqueous ethanol 

CO2 

Water 

Clevenger apparatus 

Soxhlet apparatus 

Supercritical fluid extraction 

Ultrasounds 

APs 

L 

[271,275–

277] 

Nonadecane Hydrocarbon Water, followed by diethyl ether fraction Hydrodistillation APs [319] 

2,7-dimethyl-5-(1-methylethenyl) 1,8-

nonadiene 
Terpene Water 

Clevenger apparatus 

Hydrodistillation 
L [273] 

Nonanal Fatty aldehyde Water Neo-Clevenger apparatus L [278] 

Nonane Hydrocarbon Water Stirring ND [274] 

1-nonanol Fatty alcohol Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 
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(trans/E/Z)-(α/β)-ocimene Monoterpenoid 
Water 

Water, followed by diethyl ether fraction 

Clevenger apparatus 

Hydrodistillation 

Steam distillation 

APs 

F 

INF 

L 

ST 

[161,162, 

279,280, 

283,284, 

310,319, 

321,322] 

Octacosane Hydrocarbon 

Aqueous ethanol 

CO2 

Water 

Clevenger apparatus 

Hydrodistillation 

Infusion 

Supercritical fluid extraction 

Soxhlet apparatus 

APs 

L 

[161,271, 

276,277] 

Methyl octadecanoate Fatty ester 
Aqueous ethanol 

CO2 

Clevenger apparatus 

Soxhlet apparatus 

Supercritical fluid extraction 

APs 

L 
[276,277] 

E-1-methoxy-7-methyl-1,6-octadiene Other Water, followed by dichloromethane fraction Infusion L [162] 

Octanal Fatty aldehyde 
Water 

Water, followed by diethyl ether fraction 

Clevenger apparatus 

Hydrodistillation 

APs 

L 
[273,319] 

Octanoic acid Fatty acid Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Octanol Fatty alcohol 
Water 

Water, followed by diethyl ether fraction 

Clevenger apparatus 

Hydrodistillation 

APs 

L 
[273,319] 

3-octanol Fatty alcohol Water 
Clevenger apparatus 

Hydrodistillation 

APs 

L 
[273,279] 

3-octanone 
Oxygenated 

hydrocarbon 
Water 

Clevenger apparatus 

Hydrodistillation 

APs 

L 
[273,279] 

1-octenal Fatty aldehyde Water Stirring ND [274] 

E-3-octen-2-one 
Oxygenated 

hydrocarbon 
Water Stirring ND [274] 

1-octen-3-ol Fatty alcohol Water 
Clevenger apparatus 

Hydrodistillation 

APs 

L 
[162,279] 

Officinalin A Terpenoid 
Aqueous ethanol, followed by water fraction and 

hexane fraction 
Reflux L [171] 
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Officinalin B Terpenoid 
Aqueous ethanol, followed by water fraction and 

hexane fraction 
Reflux L [171] 

Oleanolic acid Triterpenoid 

Dichloromethane 

Ethyl acetate 

Hexane, followed by ethyl acetate 

Accelerated solvent extractor 

Soxhlet apparatus 

L 

L+ST 

[177,270, 

285] 

Olean-12-en-28-oic acid Triterpenoid Aqueous ethanol, followed by CO2 Supercritical fluid extraction APs [336] 

Olean-18-ene Triterpenoid 

Aqueous ethanol 

CO2 

Water  

Clevenger apparatus 

Soxhlet apparatus 

Supercritical fluid extraction 

Ultrasounds 

APs 

L 
[276,277] 

2-hydroxy-3-oxo-12-oleanen-28-oic acid Triterpenoid Methanol Ultrasounds L [288] 

Methyl oleate Fatty ester 

Aqueous ethanol 

CO2 

Water 

Clevenger apparatus 

Soxhlet apparatus 

Supercritical fluid extraction 

Ultrasounds 

APs 

L 
[275–277] 

Palustrol Sesquiterpenoid Water 

Clevenger apparatus 

Hydrodistillation 

Steam distillation 

APs 

F 

L 

ST 

[273,280] 

Paramiltioic acid Diterpenoid CO2 Supercritical fluid extraction L [333] 

Pectin Monosaccharide 

Methanol-chloroform, followed by water, aqueous 

ethanol, and aqueous ammonium oxalate 

Methanol-chloroform, followed by water, aqueous 

ethanol, ammonium oxalate and DMSO 

Maceration APs [178] 

Pedalitin Flavonoid Methanol 
Maceration 

Ultrasounds 

F 

L 
[169] 

Pentadecanal Fatty aldehyde Water 
Clevenger apparatus 

Hydrodistillation 
L [282] 

Pentadecane Hydrocarbon Hexane Hydrodistillation L [307] 

2,3-pentanedione Alpha-diketone Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Pentanoic acid Fatty acid Water Stirring ND [274] 
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Pentenal Fatty aldehyde Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

3-penten-2-one 
Oxygenated 

hydrocarbon 
Water 

Clevenger apparatus 

Hydrodistillation 
L [273] 

2 methyl 2-cyclopenten-1-one Monoterpenoid Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

3-methyl-2-pent-2-enylcyclopent- 

2-enone 
Jasmonic acid Water 

Clevenger apparatus 

Hydrodistillation 
L [273] 

3,4,4-trimethyl 2-cyclopenten-1-one Ketone Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Perillaldehyde Monoterpenoid Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Phenol Phenolic acid Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

2,3-dimethyl-phenol Hydrocarbon Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

2-methyl-5-(1-methylethyl) phenol Phenol Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Phenylethyl alcohol Pseudoalkaloid Water Microwave-assisted hydrodistillation L [308] 

(L)-(α)-phellandrene Monoterpenoid 
CO2 

Water 

Clevenger apparatus 

Hydrodistillation 

Supercritical fluid extraction 

Unger apparatus 

APs 

L 

[161,162, 

275,279, 

283,310, 

311] 

Pheophytin a Tetrapyrrole 

Hexane 

Hexane, followed by aqueous acetone 

Hexane, followed by aqueous acetone and ethanol 

Accelerated solvent extraction 

Shaking 

Ultrasounds 

L [338] 

Pheophytin a’ Tetrapyrrole 

Hexane 

Hexane, followed by aqueous acetone 

Hexane, followed by aqueous acetone and ethanol 

Accelerated solvent extraction 

Shaking 

Ultrasounds 

L [338] 

Pheophytin b Tetrapyrrole 

Hexane 

Hexane, followed by aqueous acetone 

Hexane, followed by aqueous acetone and ethanol 

Accelerated solvent extraction 

Shaking 

Ultrasounds 

L [338] 
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Pheophytin b’ Tetrapyrrole 

Hexane 

Hexane, followed by aqueous acetone 

Hexane, followed by aqueous acetone and ethanol 

Accelerated solvent extraction 

Shaking 

Ultrasounds 

L [338] 

Phloridzin Flavonoid Aqueous methanol Shaking ND [287] 

Physcion 
Anthraquinones and 

anthrone 

CO2 

Dichloromethane, followed by n-hexane fraction 
Supercritical fluid extraction L 

[293,313, 

333] 

Phytol Diterpenoid 
CO2 

Water 

Steam distillation 

Supercritical fluid extraction 

INF 

L 
[284,306] 

Picein  Phenolic glycoside 
Aqueous ethanol, followed by water fraction and 

butanol fraction 
ND L [342] 

(E)-pinanone Monoterpenoid Water 
Clevenger apparatus 

Hydrodistillation 
L [283] 

(α/β)-pinene Monoterpenoid 

Aqueous ethanol 

CO2 

Hexane 

Petroleum ether 

Water 

Water with cellulase 

Water with pectinase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase 

Water, followed by diethyl ether fraction 

Clevenger apparatus 

Neo-Clevenger apparatus 

Hydrodistillation 

Infusion 

Microwave-assisted hydrodistillation 

Reflux, followed by hydrodistillation 

Soxhlet apparatus 

Steam distillation 

Supercritical fluid extraction 

TredTechnology extractor 

Ultrasounds 

Ultrasounds, followed by Hydrodistillation 

Unger apparatus 

APs 

F 

INF 

L 

ST 

[161,162, 

271,272, 

274–

284,306–

312,317–

324,329, 

330] 

(+)-1-hydroxypinoresinol-1-β-D-glucoside Lignan 
Aqueous ethanol, followed by water and butanol 

fraction 
ND L [342] 

Pimara-8,15-diene Diterpenoid CO2 Supercritical fluid extraction L [275] 

Isopiperitone Monoterpenoid Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Pisiferol Diterpenoid Aqueous ethanol Ultrasounds L [297] 
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Homoplantaginin Flavonoid 

Aqueous ethanol, followed by water and butanol 

fraction 

Hexane, followed by ethyl acetate 

Soxhlet apparatus L [177,342] 

Procyandinin trimer Flavonoid Water Shaking ND [289] 

Propanal Aldehyde Water 

Clevenger apparatus 

Hydrodistillation 

Stirring 

L [273,274] 

2-methyl propanal Fatty aldehyde Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

2-methyl-3-phenyl propanal Aldehyde Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

2-(4-ethylphenyl)propan-2-ol Alcohol Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

3-(2-furanyl) 2-propenal Aldehyde Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

methyl ester 2-propenoicacid Aromatic heterocycle Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Ethyl pyrazine Aromatic heterocycle Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Methyl pyrazine Tetramate alkaloid Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

2-isopropyl-3-methoxypirazine Aromatic heterocycle Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

1,2,3,6-tetrahydro-4-phenyl-pyridine Aromatic heterocycle Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Quercetin Flavonoid 

Aqueous ethanol 

Aqueous methanol 

Enzymes (β-glucosidase, β-xylosidase, β-

galactosidase, or β-hesperidinase) and sulfatase 

type H-2 in citrate buffer 

Methanol with HCl, followed by aqueous acetone 

Water 

Decoction 

Infusion 

Maceration 

Shaking 

APs 

F 

L 

[167,286, 

287,316, 

327,339] 
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Quercetin glucoside Flavonoid Aqueous ethanol Ultrasounds L [297] 

Quercetin 3-glucoside Flavonoid 
Water 

Water, followed by ethyl acetate 

Infusion 

Shaking 
APs [289,299] 

Quercetin 7-O-glucoside Flavonoid Methanol Stirring L [295] 

Quercetin glucuronide Flavonoid 
Aqueous ethanol 

Water 

Infusion 

Stirring 

Ultrasounds 

APs 

L 
[297,300] 

Quercetin 3-O-hexoside Flavonoid Aqueous methanol Shaking ND [287] 

Quercetin 3-rhamnoside Flavonoid Water Shaking ND [289] 

Quercetin 3-pentoside Flavonoid Water Shaking ND [289] 

Isoquercitrin 

Quercetin 3-O-β-D-glucopyranoside 
Flavonoid Methanol Ultrasounds L [288] 

Quinic acid Phenolic acid 

Methanol 

Water 

Water, followed by hexane 

Decoction 

Stirring 

F 

L 

F+L+ST 

[167,295, 

302] 

Dicaffeoylquinic acid Phenylpropanoid Aqueous methanol Shaking ND [287] 

1,3-di-O-caffeoylquinic acid Phenylpropanoid Water Decoction F [167] 

1,5-O-dicaffeoylquinic acid Phenylpropanoid 
Petroleum ether, followed by diethyl ether and 

methanol 

Maceration 

Stirring 
L [272] 

2,7-dimethyl quinoline Aromatic heterocycle Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Resorcinol Phenolic acid Methanol Stirring APs [296] 

Isorhamnetin Flavonoid 

Aqueous methanol 

Methanol with HCl, followed by aqueous acetone 

Water 

Infusion 

Shaking 
L [287,339] 

Isorhamnetin-3-O-hexoside Flavonoid Aqueous methanol Shaking ND [287] 

Isorhamnetin luteolin Flavonoid Hexane, followed by ethyl acetate Soxhlet apparatus L [177] 

Rhamnogalacturonan Polysaccharide 
Methanol-chloroform, followed by water and 

precipitation in aqueous ethanol 
Maceration APs [178,179] 

      

Rosmadial Diterpenoid 

Aqueous ethanol 

Aqueous methanol 

CO2 

Maceration 

Shaking 

Soxhlet apparatus 

APs 

F 

L 

[169,177, 

272,293, 

297,313, 
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Dichloromethane 

Dichloromethane, followed by hexane fraction Diethyl 

ether, followed by hexane-diethyl ether 

Hexane-acetone 

Hexane, followed by ethyl acetate 

Methanol 

Petroleum ether, followed by diethyl ether and 

methanol 

Stirring 

Supercritical fluid extraction 

Ultrasounds 

314,326, 

332,333] 

      

(epi)rosmanol Diterpenoid 

Acetone, followed by hexane 

Aqueous ethanol 

Aqueous methanol 

CO2 

Dichloromethane and diethyl ether, followed by 

hexane-diethyl ether 

Dichloromethane, followed by hexane fraction 

Dichloromethane, followed by hexane insoluble 

fraction and benzene fraction 

Ethyl acetate, followed by acetonitrile fraction 

hexane fraction 

Hexane-acetone 

Hexane, followed by ethyl acetate 

Methanol, followed by chloroform fraction 

Shaking 

Soxhlet apparatus 

Supercritical fluid extraction 

Ultrasounds 

APs 

L 

L+ST 

[177,287, 

290,293, 

297,313, 

314,331–

334,337] 

7-O-ethylrosmanol Diterpenoid 
Aqueous ethanol 

Aqueous ethanol, followed by CO2 
Supercritical fluid extraction APs [290,336] 

7-O-methylrosmanol Diterpenoid 
Aqueous ethanol 

Methanol 

Maceration 

Ultrasounds 

F 

L 
[169,290] 

7-(α/β)-methoxy rosmanol  Diterpenoid 

CO2 

Ethyl acetate, followed by acetonitrile fraction 

Methanol, followed by chloroform fraction 

Supercritical fluid extraction 

APs 

L 

L+ST 

[331,333, 

337] 

Epirosmanol methyl ether Diterpenoid 

Aqueous ethanol 

CO2 

Hexane-acetone 

Supercritical fluid extraction 

Ultrasounds 
L 

[297,314, 

333] 
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Epirosmanol ester of 12-O-methyl 

carnosic acid 
Diterpenoid Dichloromethane ND L+ST [270] 

6,7-dimethoxy-7-epi-rosmanol Diterpenoid Methanol, followed by ethyl acetate fraction ND L+ST [331] 

(epi)isorosmanol Diterpenoid 

CO2 

Dichloromethane, followed by hexane insoluble 

fraction 

Dichloromethane, followed by hexane insoluble 

fraction and benzene insoluble fraction 

Ethyl acetate, followed by acetonitrile fraction 

Hexane-acetone 

Methanol 

Methanol, followed by chloroform fraction 

Supercritical fluid extraction 

Ultrasounds 

APs 

L 

L+ST 

[288,293, 

313,314, 

331,333, 

337] 

Epiisorosmanol ethyl ether Diterpenoid Hexane-acetone ND L [314] 
      

(cis/trans)-rosmarinic acid 

 
Phenylpropanoid 

Acetone 

Aqueous ethanol 

Aqueous ethanol, followed by water and butanol 

fraction 

Aqueous methanol 

CO2 

CO2, followed by aqueous acetone and methanol 

fraction 

Ethanol 

Hexane-acetone 

Hexane, followed by ethyl acetate 

Methanol 

Petroleum ether, followed by diethyl ether and 

methanol 

Water 

Water with bromelain 

Water with cellulase A 

Water with chamzyme 

Water with flavourzyme 

Decoction 

Enamel boiler 

Infusion 

Maceration 

Shaking 

Soxhlet apparatus 

Stirring 

Supercritical fluid extraction 

Ultrasounds 

UltraTurrax 

APs 

F 

L 

F+L+ST 

[152,168, 

169,177, 

272,279, 

287–

292,295–

298,300–

303,314, 

325–

327,342, 

344–346] 
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Water with papain 

Water with protamex 

Water with protamex and cellulase A 

Water, followed by hexane 

Water, followed by petroleum ether and methanol 
      

Rosmarinic acid hexoside Phenylpropanoid 
Aqueous methanol 

Water 

Decoction 

Infusion 

Stirring 

L [168,298] 

5,6,7,10-tetrahydro-7-

hydroxyrosmariquinone 
Diterpenoid 

Petroleum ether, followed by diethyl ether and 

methanol 

Maceration 

Stirring 

Ultrasounds 

L [272] 

Rosmaquinone Diterpenoid Aqueous ethanol ND ND [290] 

7-O-ethylrosmaquinone Diterpenoid Aqueous ethanol ND ND [290] 

Royleanone Diterpenoid 
Aqueous ethanol 

CO2 

Supercritical fluid extraction 

Ultrasounds 
L [297,333] 

Hydroxyroyleanone Diterpenoid CO2 Supercritical fluid extraction L [333] 

Royleanonic acid Diterpenoid CO2 Supercritical fluid extraction L [333] 

Rutin Flavonoid 

Aqueous ethanol 

Aqueous methanol 

Methanol with HCl, followed by aqueous acetone 

Water 

Infusion 

Maceration 

Shaking 

APs 

L 

[289,316, 

327,339] 

Sabinene Monoterpenoid 

Water 

Water, followed by diethyl ether fraction 

Water with pectinase 

Water with cellulase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase 

Clevenger apparatus 

Neo-Clevenger apparatus 

Hydrodistillation 

Reflux, followed by hydrodistillation 

Steam distillation 

Stirring 

Ultrasounds, followed by hydrodistillation 

APs 

INF 

L 

[161,273, 

274,278, 

279,282–

284,310, 

312,319–

321] 
      

(cis/trans/E/Z)-sabinene hydrate Monoterpenoid 

Aqueous ethanol 

CO2 

Water 

Water, followed by diethyl ether fraction 

Clevenger apparatus 

Neo-Clevenger apparatus 

Hydrodistillation 

Soxhlet apparatus 

APs 

INF 

L 

[162,276–

279,281, 

284,319] 
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Steam distillation 

Supercritical fluid extraction 
      

cis-sesquisabinene hydrate Sesquiterpenoid Water Neo-Clevenger apparatus L [278] 

cis-sabinol Monoterpenoid 
CO2 

Water 

Steam distillation 

Supercritical fluid extraction 

INF 

L 

[172,284, 

312] 

(cis/trans)-sabinyl acetate Monoterpenoid 

CO2 

Water 

Water with pectinase 

Water with cellulase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase 

Clevenger apparatus 

Neo-Clevenger apparatus 

Hydrodistillation 

Reflux, followed by hydrodistillation 

Supercritical fluid extraction 

Ultrasounds, followed by hydrodistillation  

APs 

L 

[161,172, 

278,282] 

Safficinolide Diterpenoid 

CO2 

Ethyl acetate, followed by acetonitrile fraction 

Methanol, followed by ethyl acetate fraction 

Supercritical fluid extraction 

APs 

L 

L + ST 

[331,333, 

347] 

Sagecoumarin Coumarin 

Aqueous methanol 

CO2 

CO2, followed by aqueous acetone and methanol 

fraction 

Methanol 

Water 

Decoction 

Infusion 

Stirring 

Supercritical fluid extraction 

Ultrasounds 

APs 

L 

[288,298, 

343,345] 

Sageone Diterpenoid 

Acetone, followed by hexane 

Aqueous ethanol 

Aqueous ethanol, followed by water fraction and 

hexane fraction 

Methanol, followed by hexane fraction 

Ethyl acetate, followed by acetonitrile fraction 

Methanol 

Methanol, followed by ethyl acetate fraction 

Ultrasounds 

APs 

L 

L+ST 

[170,288, 

297,331, 

334,337, 

347] 

Sagequinone methide A Diterpenoid Ethyl acetate, followed by hexane fraction ND L + ST [331] 
      

Sagerinic acid Lignan 

Aqueous methanol 

CO2 

CO2, followed by aqueous acetone fraction 

Decoction 

Infusion 

Stirring 

APs 

L 

F+L+ST 

[298,302, 

344,345] 
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Water 

Water, followed by defatting with hexane 

Supercritical fluid extraction 

      

Methyl salicylate Phenolic acid Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Salicylic acid Phenolic acid 
Hexane-acetone 

Methanol 
Stirring 

APs 

L 
[296,314] 

Salofficinoid A Diterpene 
Aqueous ethanol, followed by water fraction and 

hexane fraction 
ND L [170] 

Salofficinoid B Diterpene 
Aqueous ethanol, followed by water fraction and 

hexane fraction 
ND L [170] 

Salofficinoid C Diterpene 
Aqueous ethanol, followed by water fraction and 

hexane fraction 
ND L [170] 

Salofficinoid D Diterpene 
Aqueous ethanol, followed by water fraction and 

hexane fraction 
ND L [170] 

Salofficinoid E Diterpene 
Aqueous ethanol, followed by water fraction and 

hexane fraction 
ND L [170] 

Salofficinoid F Diterpene 
Aqueous ethanol, followed by water fraction and 

hexane fraction 
ND L [170] 

Salofficinoid G Diterpene 
Aqueous ethanol, followed by water fraction and 

hexane fraction 
ND L [170] 

Salofficinoid H Diterpene 
Aqueous ethanol, followed by water fraction and 

hexane fraction 
ND L [170] 

(cis/trans/E)-salvene Hydrocarbon 

Water 

Water with cellulase 

Water with pectinase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase 

Clevenger apparatus 

Hydrodistillation 

Reflux, followed by Hydrodistillation 

Supercritical fluid extraction 

Ultrasounds, followed by Hydrodistillation 

L 

[162,271, 

275,282, 

283] 

Salvianolic acid A Stilbenoid 
Methanol 

Water 

Decoction 

Ultrasounds 

APs 

L 
[168,288] 

Salvianolic acid B Lignan 

Aqueous methanol 

Water 

Water, followed by hexane 

Decoction 

Infusion 

Stirring 

L 

F+L+ST 

[168,298, 

302,345] 
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Salvianolic acid I Phenylpropanoid 

Aqueous methanol 

CO2, followed by aqueous acetone fraction 

Water 

Decoction 

Infusion 

Stirring 

APs 

L 

[298,343, 

345] 

Methyl melitric acid A Phenylpropanoid Aqueous ethanol Enamel boiler L [303] 

Salvianolic acid F Stilbenoid Methanol Ultrasounds L [288] 

Salvianolic acid K Lignan 

Aqueous ethanol 

CO2 

CO2, followed by aqueous acetone fraction 

Methanol 

Water, followed by hexane 

Decoction 

Maceration 

Supercritical fluid extraction 

Ultrasounds 

APs 

F 

L 

F+L+ST 

[169,288, 

297,302, 

344] 

Salvianolic acid Y Phenolic acid Water, followed by aqueous methanol fraction ND APs [345] 

Salvicanaric acid Diterpenoid CO2 Supercritical fluid extraction L [333] 

Salvigenin Flavonoid 

Aqueous ethanol 

Dichloromethane, followed by hexane fraction 

Methanol 

Water, followed by ethyl acetate 

Infusion 

Ultrasounds 
L 

[288,290, 

293,299, 

313] 

Salviolinic acid Phenolic acid Water Decoction F [167] 

Salviviridinol Diterpenoid CO2 Supercritical fluid extraction L [333] 

α-santalol Monoterpenoid Water 
Clevenger apparatus 

Hydrodistillation 
L [162] 

Santolinatriene Monoterpenoid Water 
Clevenger apparatus 

Hydrodistillation 
L [273,283] 

Sclarene Diterpenoid CO2 Supercritical fluid extraction L [275] 

Sclareol Diterpenoid 

CO2 

Hexane 

Water 

Clevenger apparatus 

Hydrodistillation 

Steam distillation 

Supercritical fluid extraction 

Unger apparatus 

APs 

L 

[307,310–

312,317] 

Scutellarein Flavonoid PBS Homogenization L [292] 

Scutellarein-O-glucuronide Flavonoid Water, followed by hexane Decoction F+L+ST [302] 

5-diene-selina-4(15) Other CO2 Supercritical fluid extraction L [275] 
      

(α/β)-selinene Sesquiterpenoid Water Clevenger apparatus APs [161,281, 
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Water with cellulase 

Water with xylanase 

Water, followed by diethyl ether fraction 

Hydrodistillation 

Infusion 

Reflux, followed by Hydrodistillation 

L 282,310, 

319] 

      

Sinapinic acid Phenylpropanoid 
Methanol with HCl, followed by aqueous acetone 

Water 

Infusion 

Shaking 
L [339] 

Shimobashiraside C Other Aqueous ethanol Ultrasounds L [297] 

Shyobunol Sesquiterpenoid 
Water, followed by CO2 and dichloromethane fraction 

Water, followed by CO2 and hexane fraction 
Infusion L [162] 

(β/τ)-sitosterol Steroid 

Aqueous ethanol 

CO2 

Dichloromethane, followed by hexane fraction 

Water 

Clevenger apparatus 

Soxhlet apparatus 

Supercritical fluid extraction 

Ultrasounds 

APs 
[276,277, 

293,313] 

(-)-spathulenol Sesquiterpenoid 

CO2 

Hexane 

Water 

Water with xylanase 

Water with xylanase, pectinase, and cellulase 

Clevenger apparatus 

Hydrodistillation 

Microwave-assisted hydrodistillation 

Reflux, followed by hydrodistillation 

Steam distillation 

Supercritical fluid extraction 

Unger apparatus 

APs 

F 

L 

ST 

[172,273, 

280–

282,307, 

308,310] 

Squalane Triterpenoid CO2 Supercritical fluid extraction L [275] 

Stigmasterol Steroid Dichloromethane, followed by n-hexane fraction ND ND [293,313] 

Succinic acid Fatty acid Methanol Ultrasounds L [288] 

Sucrose Disaccharide Aqueous ethanol Ultrasounds L [297] 

Dimethyl sulfide Dialkylthioether Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Dimethyl disulfide Dialkyldisulfide Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Isobutyl(p-tolyl) sulfide Sulfurcompound Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Syringic acid Phenolic acid 

Aqueous ethanol 

Aqueous methanol 

Water 

Enamel boiler 

Shaking 
L 

[287,289, 

303] 
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4’-methyl tectochrysin Flavonoid Hexane-acetone ND L [314] 

(α/β/γ/δ)-terpinene Monoterpenoid 

Aqueous ethanol 

CO2 

Petroleum ether 

Water 

Water with cellulase 

Water with pectinase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase Water, 

followed by diethyl ether fraction 

Clevenger apparatus 

Neo-Clevenger apparatus 

Hydrodistillation 

Reflux, followed by Hydrodistillation 

Soxhlet apparatus 

Steam distillation 

Supercritical fluid extraction 

TredTechnology extractor 

Ultrasounds 

Ultrasounds, followed by Hydrodistillation 

Unger apparatus 

APs 

INF 

L 

[161,162, 

272,275–

279,281–

284,309–

312,319–

324,330] 

α-terpinenyl Other CO2 Supercritical fluid extraction L [172] 

4-terpinenyl acetate Monoterpenoid Water Steam distillation INF [323] 

4-terpineol Monoterpenoid 

Aqueous ethanol 

CO2 

Hexane 

Petroleum ether 

Water 

Water with cellulase 

Water with pectinase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase Water, 

followed by dichloromethane fraction  

Water, followed by diethyl ether fraction 

Water, followed hexane fraction 

Clevenger apparatus 

Hydrodistillation 

Infusion 

Microwave-assisted hydrodistillation 

Reflux, followed by hydrodistillation 

Shaking 

Soxhlet apparatus 

Steam distillation 

Supercritical fluid extraction 

TredTechnology extractor 

Ultrasounds 

Ultrasounds, followed by hydrodistillation 

Unger apparatus 

APs 

INF 

L 

[161,162, 

272,273, 

275,276, 

279,281, 

282,284, 

289,306–

311,319, 

320,330] 

      

(L)-(α/γ)-terpineol Monoterpenoid 

Aqueous ethanol 

CO2 

Petroleum ether 

Water 

Water with cellulase 

Clevenger apparatus 

Neo-Clevenger apparatus 

Hydrodistillation 

Infusion 

Reflux, followed by hydrodistillation 

APs 

INF 

L 

[161,172, 

272,273, 

275–

279,281–

284,306, 
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Water with pectinase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase Water, 

followed dichloromethane fraction Water, followed by 

diethyl ether fraction  

Water, followed hexane fraction 

Soxhlet apparatus 

Steam distillation 

Supercritical fluid extraction 

TredTechnology extractor 

Ultrasounds 

Ultrasounds, followed by hydrodistillation 

309,310, 

319,321–

324] 

      

(α)-terpinolene Monoterpenoid 

Water 

Water with cellulase 

Water with pectinase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase  

Clevenger apparatus 

Neo-Clevenger apparatus 

Hydrodistillation 

Reflux, followed by hydrodistillation 

Steam distillation 

Stirring 

TredTechnology extractor 

Ultrasounds, followed by hydrodistillation 

APs 

INF 

L 

[161,162, 

274,275, 

278,279, 

281–

284,309, 

310,320–

322,329] 

α-terpinyl acetate Monoterpenoid 

Water 

Water with cellulase 

Water with pectinase 

Water with xylanase 

Water, followed by diethyl ether fraction 

Clevenger apparatus 

Hydrodistillation 

Reflux, followed by hydrodistillation 

APs 

L 

[281,282, 

319] 

α-thujene Monoterpenoid 

CO2 

Water 

Water with cellulase 

Water with pectinase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase 

Clevenger apparatus 

Neo-Clevenger apparatus 

Hydrodistillation 

Reflux, followed by hydrodistillation 

Steam distillation 

Supercritical fluid extraction 

Ultrasounds, followed by hydrodistillation 

Unger apparatus 

APs 

INF 

L 

[161,275, 

278,279, 

281,282, 

284,310–

312,320, 

321] 

Isothujol Monoterpenoid Water 

Hydrodistillation 

Microwave-assisted hydrodistillation 

Unger apparatus 

L [308] 

      

(cis/trans)-(α/β)-thujone Monoterpenoid 
Aqueous ethanol 

CO2 

Clevenger apparatus 

Neo-Clevenger apparatus 

APs 

F 
[161,162, 
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Hexane 

Petroleum ether 

Water 

Water with cellulase 

Water with pectinase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase 

Water, followed by dichloromethane fraction 

Water, followed by diethyl ether fraction  

Water, followed by hexane fraction 

Hydrodistillation 

Infusion 

Microwave-assisted hydrodistillation 

Reflux, followed by Hydrodistillation 

Shaking 

Soxhlet apparatus 

Steam distillation 

Supercritical fluid extraction 

TredTechnology extractor 

Ultrasounds 

Ultrasounds, followed by hydrodistillation 

Unger apparatus 

INF 

L 

ST 

271–

273,275–

284,289, 

306–

312,317–

321,323, 

324,329, 

330] 

      

Thujyl alcohol Monoterpenoid 

Aqueous ethanol 

CO2 

Water 

Water with pectinase 

Water with cellulase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase 

Clevenger apparatus 

Hydrodistillation 

Reflux, followed by hydrodistillation 

Soxhlet apparatus 

Supercritical fluid extraction 

Ultrasounds, followed by hydrodistillation 

APs 

L 

[276,277, 

282,283] 

Iso-thujyl alcohol Monoterpenoid Water 
Clevenger apparatus 

Hydrodistillation 
L [275] 

Iso-3-thujanol Monoterpenoid 
Aqueous ethanol 

CO2 

Clevenger apparatus 

Soxhlet apparatus 

Supercritical fluid extraction 

APs 

L 
[276,277] 

(p)-thymol Monoterpenoid 

Petroleum ether 

Water 

Water, followed by diethyl ether fraction 

Water with pectinase 

Water with cellulase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase 

Clevenger apparatus 

Hydrodistillation 

Microwave-assisted hydrodistillation 

Reflux, followed by hydrodistillation 

Steam distillation 

Ultrasounds 

Ultrasounds, followed by hydrodistillation 

Unger apparatus 

APs 

INF 

L 

[272,273, 

282,283, 

308,319, 

321,323, 

324,329] 
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Toluene Benzenoid Water 
Clevenger apparatus 

Hydrodistillation 
L [273] 

Triacontane Hydrocarbon CO2 Supercritical fluid extraction L [271] 

Tricyclene Sesquiterpenoid 

Water 

Water with pectinase 

Water with cellulase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase 

Clevenger apparatus 

Neo-Clevenger apparatus 

Hydrodistillation 

Reflux, followed by hydrodistillation 

Ultrasounds, followed by hydrodistillation 

APs 

L 

[161,275, 

278,279, 

282,321] 

9,12,13-trihome (10) Fatty acid Aqueous ethanol Ultrasounds L [297] 

9,12,13-trihode (10,15) Fatty acid Aqueous ethanol Ultrasounds L [297] 

Ethyl β-D-glucopyranosyl tuberonate Phenolic glycoside 
Aqueous ethanol, followed by water, ethyl acetate 

and butanol fraction 
ND L [315] 

Tuberonic acid glucoside Fatty acyl glycoside Aqueous ethanol Ultrasounds L [297] 

Undecanal Fatty aldehyde Water, followed by diethyl ether fraction Hydrodistillation APs [319] 

Undecane Hydrocarbon Water 

Clevenger apparatus 

Hydrodistillation 

Infusion 

APs [161] 

Methyl undecanoate Fatty ester 
Aqueous ethanol 

CO2 

Clevenger apparatus 

Soxhlet apparatus 

Supercritical fluid extraction 

APs 

L 
[276,277] 

2-undecanone 
Oxygenated 

hydrocarbon 
Water, followed by diethyl ether fraction Hydrodistillation APs [319] 

Untriacontane Hydrocarbon 

Aqueous ethanol 

CO2 

Water  

Clevenger apparatus 

Soxhlet apparatus 

Supercritical fluid extraction 

Ultrasounds  

APs 

L 

[276,277,3

11] 

Ursolic acid Triterpenoid 

Ethyl acetate 

Hexane, followed by ethyl acetate 

Methanol 

Accelerated solvent extractor 

Maceration 

Soxhlet apparatus 

Ultrasounds 

F 

L 

[169,177, 

285,288] 

      

Valencene  Sesquiterpenoid 
Water 

Water, followed by diethyl eth er fraction 

Clevenger apparatus 

Hydrodistillation 

APs 

L 

[162,281, 

308,309, 
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Microwave-assisted hydrodistillation 

TredTechnology extractor 

Unger apparatus 

319,329] 

      

Ethyl isovalerate Fatty ester Water Stirring ND [274] 

Vanillic acid Phenolic acid 

Acetone 

Aqueous methanol 

Methanol 

Water, followed by ethyl acetate 

Infusion 

Shaking 

Stirring 

Ultrasounds 

UltraTurrax 

APs 

L 

[287,288, 

292,296, 

299] 

Ester of vanillic acid Phenolic acid Water, followed by ethyl acetate Infusion APs [299] 

Verbenene Monoterpenoid Water 
Clevenger apparatus 

Hydrodistillation 
L [282] 

cis-verbenol Monoterpenoid Water, followed by diethyl ether fraction Hydrodistillation APs [319] 

Vicenin 2 Flavonoid CO2, followed by aqueous acetone Supercritical fluid extraction APs [340] 

Methyl vinyl ketone 
Oxygenated 

hydrocarbon 
Water 

Clevenger apparatus 

Hydrodistillation 
L [273] 

Viridiflorol Sesquiterpenoid 

Aqueous ethanol 

CO2 

Dichloromethane 

Hexane 

Petroleum ether 

Water 

Water with pectinase 

Water with cellulase 

Water with xylanase 

Water with xylanase, pectinase, and cellulase 

Water, followed dichloromethane fraction 

Water, followed by diethyl ether fraction 

Water, followed by hexane fraction 

Clevenger apparatus 

Neo-Clevenger apparatus 

Hydrodistillation 

Infusion 

Microwave-assisted hydrodistillation 

Reflux, followed by hydrodistillation 

Shaking 

Soxhlet apparatus 

Steam distillation 

Supercritical fluid extraction 

Unger apparatus 

Ultrasounds 

Ultrasounds, followed by hydrodistillation 

Unger apparatus 

APs 

F 

INF 

L 

S 

L+ST 

[161,162, 

172,270–

273,275–

280,282–

284,289, 

306–

308,310, 

311,319, 

321–323] 

      

Verticiol Diterpenoid Water 
Hydrodistillation 

Microwave-assisted hydrodistillation 
L [308] 
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Unger apparatus 
      

Widdrol Sesquiterpenoid Water 
Hydrodistillation 

Unger apparatus 
L [308] 

Xanthoxylin Phloroglucinol Water, followed by ethyl acetate Infusion APs [299] 

Xylan Polysaccharide 

Aqueous ethanol, followed by water and NaOH 

solution 

Methanol-chloroform, followed by water, aqueous 

ethanol, ammonium oxalate, DMSO and potassium 

hydroxide solution 

Maceration 

Stirring 
APs [178,304] 

4-O-methylglucuronoxylan Polysaccharide 

Methanol-chloroform, followed by water, aqueous 

ethanol, ammonium oxalate, DMSO and potassium 

hydroxide solution 

Maceration APs [178] 

α-ylangene Sesquiterpenoid 

Water 

Water with cellulase 

Water with pectinase, cellulase and xylanase 

Clevenger apparatus 

Hydrodistillation 

Reflux, followed by hydrodistillation 

Steam distillation 

APs 

INF 

L 

[282–

284,310, 

321] 

Zeaxanthin Carotenoid 

Hexane 

Hexane, followed by aqueous acetone 

Hexane, followed by aqueous acetone and ethanol 

Accelerated solvent extraction 

Shaking 

Ultrasounds 

L [338] 

APs: aerial parts; BHT: butylated hydroxytoluene; CO2: carbon dioxide; DMSO: dimethyl sulfoxide; F: flowers; HCl: hydrochloric acid; INF: inflorescences; L: leaves; NaOH: sodium hydroxide; 

ND: not described; PBS: phosphate-buffered saline; ST: stems. 

 

Appendix Table A1.2 | Phytochemical compounds present in Echinacea purpurea extracts using different solvents and methods of extraction, as well as plant organs. 

Chemical compound 
Chemical 

classification 
Solvent of extraction Type of extraction Plant organ Ref 

Acetaldehyde Aldehyde Water Purge and trap 

F 

L 

R 

ST 

[348] 

Acetate Carboxylic acid Aqueous methanol Ultrasounds APs [349] 
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β-acoradienol Sesquiterpene CO2 Supercritical fluid extraction APs [350] 

Dihydroactinidiolide Apocarotenoid Hexane Stirring APs [351] 

2-methyladenosine Purine nucleoside Aqueous dichloromethane Reflux ND [352] 

Alanine Aminoacid Aqueous methanol Ultrasounds APs [349] 

(α/β)-amyrin Triterpenoid CO2 Supercritical fluid extraction APs [350] 

(+)-aphanamol I Sesquiterpenoid 
Aqueous ethanol, followed by butanol-

dichloromethane fraction 
Reflux APs [212] 

Apigenin Flavonoid Aqueous dichloromethane Reflux ND [352] 

Arabinitol acetate Monosaccharide 
Aqueous ethanol 

Water 
ND 

APs 

R 
[187] 

Arabinogalactan Polysaccharide 

Hexane, followed by NaOH, diethyl ether, 

chloroform, chloroform-ethanol, and methanol  

NaOH, followed by water fraction and methanolic 

fraction 

Water 

Reflux, followed by stirring and reflux  

Suspension, followed by reflux 

F 

R 

[207,208, 

353] 

Arabinose Monosaccharide 

Aqueous ethanol 

Aqueous ethanol, followed by ethyl acetate fraction 

Hexane, followed by NaOH, HCl, water-soluble 

fraction, chloroform fraction, methanol, and water 

Hexane, followed by NaOH, diethyl ether, 

chloroform, chloroform-ethanol, and methanol 

Water 

Water, followed by aqueous ethanol 

Water, followed by ethanol 

Maceration, followed by hydraulic 

pression 

Reflux 

Reflux, followed by stirring and reflux 

Suspension 

APs 

F 

R 

[208,237, 

238,353–

356] 

4-O-methyl-glucuronoarabinoxylan Polysaccharide Methanol, followed by NaOH and ethanol Soxhlet apparatus, followed by stirring ND [357] 

Arachidic acid Fatty acid 
Hexane 

Hexane, followed by dichloromethane 
Stirring APs [351] 

Aromadendrene Sesquiterpenoid CO2 Supercritical fluid extraction R [214] 

Alloaromadendrene epoxide Sesquiterpenoid CO2 Supercritical fluid extraction R [350] 

Isoaromadendrene epoxide Sesquiterpenoid CO2 Supercritical fluid extraction APs [350] 

L-(+)-ascorbic acid 2,6-dihexadecanoate Monosaccharide Aqueous dichloromethane Reflux ND [352] 

Azacyclohexane Lysine alkaloid Aqueous dichloromethane Reflux ND [352] 
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Azelaic acid Fatty acid Hexane, followed by dichloromethane Stirring APs [351] 

Behenic acid Fatty acid 
Hexane 

Hexane, followed by dichloromethane 
Stirring APs [351] 

Benzaldehyde Phenolic acid Water 
Purge and trap 

Stirring 
R [274,348] 

Benzoic acid Phenolic acid 

Dichloromethane 

Ethanol 

Hexane, followed by dichloromethane 

Water 

Accelerated solvent extraction 

Stirring 

APs 

F 

L 

R+Rh 

[147,351] 

p-hydroxybenzoic acid Phenolic acid 

Aqueous dichloromethane 

Methanol 

Water 

Decoction 

Reflux 

Soxhlet extraction 

APs 

F 

L 

[352,358, 

359] 

Dihydroxybenzoic acid hexoside Phenolic acid 

Ethyl acetate 

Methanol 

Water 

Infusion 

Stirring 
L [360] 

Benzyl alcohol hexose pentose Phenolic acid 

Ethyl acetate 

Methanol 

Water 

Infusion 

Stirring 

F 

L 
[360] 

(cis)-(E/Z)-α-bisabolene epoxide Sesquiterpene CO2 Supercritical fluid extraction APs [350] 

Borneol Monoterpenoid Water Clevenger apparatus R [197] 

Copaborneol Sesquiterpenoid CO2 Supercritical fluid extraction APs [350] 

Bourbonanol Sesquiterpenoid CO2 Supercritical fluid extraction APs [350] 

2-methylbutanal Fatty aldehyde Water Purge and trap 

F 

L 

R 

ST 

[348] 

3-methylbutanal Fatty aldehyde Water Purge and trap 

F 

L 

R 

ST 

[348] 

2,3-butanediol Fatty alcohol Hexane, followed by dichloromethane Stirring APs [351] 

2-methyl-1-butanol Fatty alcohol Water Purge and trap R [348] 
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3-methyl-1-butanol Fatty alcohol Water Purge and trap R [348] 

2-butanone Ketone Water Purge and Trap F [348] 

4[(2-methylbutyl)amino]-4-oxo-2-butenoic 

acid 
Alkylamide Hexane  Maceration R [213] 

Ethyl isobutyrate Fatty ester Water Stirring ND [274] 

Cadalene Sesquiterpenoid CO2 Supercritical fluid extraction APs [350] 

(γ/δ)-cadinene Sesquiterpenoid 
CO2 

Water 

Clevenger apparatus 

Purge and trap 

Supercritical fluid extraction 

APs 

L 

ST 

[348,350, 

361] 

10α-hydroxy-cadin-4-en-15-al Sesquiterpenoid 
Aqueous ethanol, followed by butanol-

dichloromethane fraction 
Reflux APs [212] 

α-cadinol Sesquiterpenoid Water Clevenger apparatus 

APs 

L 

R 

[197,361] 

      

Caffeic acid Phenylpropanoid 

Aqueous dichloromethane 

Aqueous ethanol 

Aqueous ethanol, followed by ethyl acetate fraction 

and butanol fraction 

Aqueous glycerin 

Aqueous methanol 

Dichloromethane 

Ethanol 

Enzymes (β-glucosidase, β-xylosidase, β-

galactosidase, or β-hesperidinase) and sulfatase 

type H-2 in citrate buffer 

Hexane, followed by dichloromethane 

Hexane, followed by dichloromethane and ethyl 

acetate 

Hexane, followed by dichloromethane, ethyl acetate 

and acetone 

Hexane, followed by dichloromethane, ethyl acetate, 

acetone, and methanol 

Accelerated solvent extraction 

Decoction 

Imbibition 

Maceration 

Microwaves 

Reflux 

Shaking 

Soxhlet extraction 

Stirring 

Ultrasounds 

APs 

F 

L 

R 

ST 

L+ST 

R+Rh 

[147,222, 

286,349–

352,358, 

359,362–

369] 
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Methanol 

Methanol-phosphoric acid 

Water 
      

Caftaric acid Phenylpropanoid 

Aqueous dichloromethane 

Aqueous ethanol 

Aqueous glycerol 

Aqueous methanol 

CO2 

Dichloromethane 

Ethanol 

Ethyl acetate 

Hexane, followed by dichloromethane, ethyl acetate, 

acetone and methanol 

Methanol 

Methanol-phosphoric acid 

Water 

Water, followed by aqueous ethanol 

Accelerated solvent extraction 

Decoction 

Dynamic maceration 

Goldfish apparatus 

Infusion 

Maceration 

Maceration, followed by hydraulic 

pression 

Reflux 

Shaking 

Stirring 

Soxhlet apparatus 

Supercritical fluid extraction 

Ultrasounds 

APs 

F 

L 

R 

SDs 

ST 

L+F 

R+Rh 

 

[147,180, 

182,187, 

202,232, 

235,238, 

351,352, 

360–

366,368, 

370–385] 

Calarene Sesquiterpenoid Water Purge and trap L [348] 

Campesterol Steroid 

Hexane 

Hexane, followed by dichloromethane 

CO2 

Stirring 

Supercritical fluid extraction 
APs [350,351] 

Camphene Monoterpenoid Water 

Clevenger apparatus 

Hydrodistillation 

Purge and trap 

APs 

F 

L 

R 

ST 

[197,348, 

361] 

Longicamphenylone Sesquiterpenoid CO2 Supercritical fluid extraction APs [350] 

Camphor Monoterpenoid CO2 
Clevenger apparatus 

Supercritical fluid extraction 

APs 

R 
[197,350] 

Acetylated carbohydrates Saccharide 
NaOH, followed by water fraction and methanolic 

fraction 
Suspension, followed by reflux F [207] 
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O-methylated carbohydrates Saccharide 
NaOH, followed by water fraction and methanolic 

fraction 
Suspension, followed by reflux F [207] 

Carvacrol Monoterpenoid 
Hexane 

Hexane, followed by dichloromethane 
Stirring APs [351] 

(cis/trans)-carveol Monoterpenoid Water Clevenger apparatus 
L 

R 
[197] 

Pinocarvol Monoterpenoid Water Clevenger apparatus APs [361] 

Carvone Monoterpenoid Water Clevenger apparatus 

APs 

L 

R 

[197,361] 

Pinocarvone Monoterpenoid Water Clevenger apparatus APs [361] 

Caryophylla-4(12),8(13)-dien-5α-ol Sesquiterpenoid CO2 Supercritical fluid extraction APs [350] 

(trans)-(β)-caryophyllene Sesquiterpenoid 

Aqueous methanol, followed by hexane-ethyl acetate 

and organic fraction 

Hexane 

Water 

Clevenger apparatus 

Purge and trap 

Stirring 

Ultrasounds 

APs 

L 

F 

R 

ST 

[197,348, 

351,361, 

386] 

Caryophyllene acetate Sesquiterpene CO2 Supercritical fluid extraction APs [350] 

Caryophyllene oxide Sesquiterpenoid 

CO2 

Hexane 

Water 

Clevenger apparatus 

Stirring 

Supercritical fluid extraction  

APs 

L 

R 

[197,350, 

351,361] 

Cedrol Sesquiterpenoid Water Clevenger apparatus 
L 

R 
[197] 

Pinocembrin Flavonoid Aqueous dichloromethane Reflux ND [352] 
      

(cis/trans)-(meso)chicoric acid Phenylpropanoid 

Acetonitrile 

Aqueous dichloromethane 

Aqueous ethanol 

Aqueous ethanol, followed by ethyl acetate fraction 

and butanol fraction 

Aqueous glycerol 

Aqueous methanol 

Chloroform 

Accelerated solvent extraction 

Decoction 

Dynamic maceration 

Goldfish apparatus 

Imbibition 

Infusion 

Maceration 

APs 

F 

L 

R 

SDs 

ST 

L+F 

L+ST 

[147,180–

182,187, 

193,202, 

214,232, 

235,237, 

238,349, 

351,352, 
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CO2 

Dichloromethane 

Ethanol 

Ethyl acetate 

Hexane, followed by dichloromethane, ethyl acetate, 

acetone, and methanol 

Methanol 

Methanol-phosphoric acid 

Water 

Water, followed by aqueous ethanol 

Maceration, followed by hydraulic 

pression 

Microwaves 

Reflux 

Shaking 

Stirring 

Soxhlet apparatus 

Supercritical fluid extraction 

Ultrasounds 

R+Rh 356,359–

385,387–

391] 

      

Cholesterol Steroid Hexane Stirring APs [351] 

Choline 
Organic nitrogen 

compound 
Aqueous methanol Ultrasounds APs [349] 

(Neo)chlorogenic acid Phenylpropanoid 

Aqueous ethanol 

Aqueous ethanol, followed by ethyl acetate fraction 

and butanol fraction 

Aqueous glycerol 

Aqueous methanol 

Enzymes (β-glucosidase, β-xylosidase, β-

galactosidase, or β-hesperidinase) and sulfatase 

type H-2 in citrate buffer 

Ethanol 

Ethyl acetate 

Hexane, followed by dichloromethane, ethyl acetate, 

acetone, and methanol 

Methanol 

Methanol-phosphoric acid 

Water 

Accelerated solvent extraction 

Goldfish extractor 

Imbibition 

Infusion 

Maceration 

Shaking 

Stirring 

Soxhlet extraction 

Ultrasounds 

 

APs 

F 

L 

R 

ST 

F+L 

F+L+R+SDs 

L+ST 

R+Rh 

[147,180, 

182,187, 

196,222, 

286,349–

351,358–

360,362–

364,366–

368,370, 

372–

375,378–

383,385, 

389,391] 

Ethyl cinnamate Phenylpropanoid Water Stirring ND [274] 

Methyl cinnamate Phenylpropanoid Water Stirring ND [274] 

Methyl p-hydroxycinnamate Phenylpropanoid Diethyl ether-petroleum ether ND APs [392] 

2,3-dihydroxycinnamic acid Phenylpropanoid Aqueous dichloromethane Reflux ND [352] 
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Citric acid Fatty acid Metaphosphoric acid Shaking APs [354] 

(α)-copaene Sesquiterpenoid 

CO2 

Hexane 

Water 

Purge and trap 

Stirring 

Supercritical fluid extraction 

APs 

F 

L 

ST 

[348,350, 

351] 

β-copaen-4α-ol Sesquiterpenoid CO2 Supercritical fluid extraction APs [350] 

nor-copanone Sesquiterpene 
CO2 

Water 

Clevenger apparatus 

Supercritical fluid extraction 
APs [350,361] 

Corymbolone Sesquiterpenoid CO2 Supercritical fluid extraction APs [350] 

α-costol Sesquiterpenoid CO2 Supercritical fluid extraction APs [350] 

Coumarin Phenylpropanoid Water Stirring APs [274,366] 

p-coumaric acid Phenylpropanoid 

Aqueous methanol 

Dichloromethane 

Ethanol 

Enzymes (β-glucosidase, β-xylosidase, β-

galactosidase, or β-hesperidinase) and sulfatase 

type H-2 in citrate buffer 

Methanol 

Water 

Accelerated solvent extraction 

Soxhlet extraction 

Stirring 

Ultrasounds 

APs 

F 

L 

R+Rh 

[147,286, 

349,358, 

 

366] 

Coutaric acid Phenylpropanoid Aqueous ethanol Ultrasounds 
APs 

R 
[367] 

(α/β)-cubebene Sesquiterpenoid 
CO2 

Water 

Clevenger apparatus 

Purge and trap 

Supercritical fluid extraction 

APs 

F 

L 

R 

ST 

[197,348, 

350] 

Epicubebol Sesquiterpenoid Hexane Stirring APs [351] 

Culmorin Sesquiterpenoid Aqueous dichloromethane Reflux ND [352] 

Curcumene Sesquiterpenoid Water ND APs [366] 
      

(p/π)-cymene Monoterpenoid Water 
Clevenger apparatus 

Purge and trap 

APs 

F 

L 

[197,348, 

361] 
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R 
      

p-cymen-8-ol Sesquiterpenoid Water Clevenger apparatus R [197] 

3-O-(β-D-glucopyranosyl) cyanidin Anthocyanin 
Methanol-water-acetic acid, followed by petroleum 

ether, chloroform, ethyl acetate and water fraction 
ND F [393] 

3-O-(6-O-malonyl-β-D-glucopyranosyl) 

cyanidin 
Anthocyanin 

Methanol-water-acetic acid, followed by petroleum 

ether, chloroform, ethyl acetate and water fraction 
ND F [393] 

Cynarin Phenylpropanoid 

Aqueous ethanol 

Aqueous methanol 

Ethanol 

Methanol 

Water 

Water, followed by aqueous ethanol 

Accelerated solvent extraction  

Maceration, followed by hydraulic 

pression 

Shaking 

Soxhlet apparatus 

Stirring 

Ultrasounds 

APs 

R 

ST 

[185,238, 

349,363, 

364,367, 

368,370, 

373,378, 

381,383] 

2,4-decadienal Fatty aldehyde Aqueous dichloromethane Reflux ND [352] 

Decanoic acid Fatty acid 
Hexane 

Hexane, followed by dichloromethane 
Stirring APs [351] 

Diosmetin-O-p-coumaroyl-pentoside Flavonoid 
Hexane, followed by dichloromethane, ethyl acetate 

and acetone 
Stirring APs [351] 

Disaccharide Disaccharide 

Ethyl acetate 

Methanol 

Water 

Infusion 

Stirring 

F 

L 
[360] 

Docosane Hydrocarbon Hexane, followed by dichloromethane Stirring APs [351] 

Dodecanoic acid Fatty acid 
Hexane 

Hexane, followed by dichloromethane 
Stirring APs [351] 

Dodeca-2E-ene-8,10-diynoic acid 

isobutylamide 
Alkylamide 

Aqueous ethanol 

Dichloromethane 

Ethanol 

Water 

Accelerated solvent extraction  

Maceration, followed by hydraulic 

pression 

Shaking 

Stirring 

F 

L 

R 

F+L+R+SDs 

R+Rh 

[147,153, 

196,363] 

Dodeca-2E-ene-8,10-diynoic acid 2-

methylbutylamide 
Alkylamide Aqueous methanol Ultrasounds 

R 

F+L+R+SDs 
[196,394] 
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Dodeca-2(E/E/Z),4(E/Z/E)-diene-8,10-

diynoic acid isobutylamide 
Alkylamide 

Acetonitrile 

Aqueous ethanol 

Aqueous ethanol, followed by hexane fraction 

Aqueous methanol 

Aqueous methanol, followed by hexane-ethyl acetate 

and organic fraction 

Chloroform 

CO2 

Dichloromethane 

Dichloromethane, followed by methanol fraction and 

hexane fraction 

Ethanol 

Ethanol, followed by methanol fraction and 

chloroform fraction 

Hexane 

Methanol 

Methanol-phosphoric acid 

Water 

Accelerated solvent extraction 

Dynamic maceration 

Maceration, followed by hydraulic 

pression 

Percolation 

Reflux 

Shaking 

Stirring 

Soxhlet extraction 

Supercritical fluid extraction 

Ultrasounds 

UltraTurrax 

APs 

F 

L 

R 

Rh 

SDs 

ST 

F+L+R+SDs 

R+Rh 

 

[147,153, 

183,190, 

196,209, 

211,214, 

235,361–

363,367, 

368,370–

372,375, 

378,385, 

386,391, 

394–403] 

      

Dodeca-2(E/Z/Z),4(E/Z/E)-diene-8,10-

diynoic acid 2-methylbutylamide 
Alkylamide 

Acetonitrile 

Aqueous ethanol 

Aqueous methanol 

Aqueous methanol, followed by hexane-ethyl acetate 

and organic fraction 

Chloroform 

CO2 

Dichloromethane 

Dichloromethane, followed by methanol fraction and 

hexane fraction 

Ethanol 

Ethanol, followed by methanol fraction and 

chloroform fraction 

Hexane 

Accelerated solvent extraction 

Dynamic maceration 

Maceration, followed by hydraulic 

pression 

Percolation 

Shaking 

Stirring 

Soxhlet apparatus 

Supercritical fluid extraction 

Ultrasounds 

UltraTurrax  

APs 

F 

R 

Rh 

ST 

F+L+R+SDs 

R+Rh 

[147,153, 

183,196, 

 

209,214, 

361–

363,368, 

370–

372,375, 

378,385, 

386,391, 

394,395, 

397,399–

403] 
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Methanol 

Methanol-phosphoric acid 

Water 
      

Dodeca-2E,4E-dienoic acid isobutylamide Alkylamide 

Aqueous ethanol 

Aqueous methanol 

Aqueous methanol, followed by hexane-ethyl acetate 

and organic fraction 

Chloroform 

CO2 

Dichloromethane 

Dichloromethane-pentane 

Ethanol 

Ethanol, followed by methanol fraction, chloroform 

fraction 

Hexane 

Methanol 

Methanol-phosphoric acid 

Water 

Accelerated solvent extraction 

Dynamic maceration 

Maceration 

Maceration, followed by hydraulic 

pression 

Percolation 

Reflux 

Shaking 

Stirring 

Soxhlet apparatus 

Supercritical fluid extraction 

Ultrasounds 

Ach 

APs 

F 

L 

R 

R+Rh 

[147,153, 

190,209, 

214,235, 

361–

363,370–

372,375, 

385,386, 

394,396, 

400,401, 

404,405] 

Dodeca-

2(E/E/E/Z/E/Z),4(E/E/Z/E/Z/Z),10(E/

Z/E/Z/Z/Z)-triene-8-ynoic acid 

isobutylamide 

Alkylamide 

Acetonitrile 

Aqueous ethanol 

Aqueous ethanol, followed by hexane fraction 

Aqueous methanol 

Aqueous methanol, followed by hexane-ethyl acetate 

and organic fraction 

Chloroform 

CO2 

Dichloromethane 

Ethanol 

Hexane 

Methanol 

Methanol-phosphoric acid 

Water 

Accelerated solvent extraction 

Dynamic maceration 

Maceration, followed by hydraulic 

pression 

Percolation 

Reflux 

Shaking 

Stirring 

Soxhlet apparatus 

Supercritical fluid extraction 

Ultrasounds 

APs 

F 

R 

ST 

R+Rh 

[147,153, 

211,214, 

361–

363,366, 

368,370–

372,375, 

385,386, 

394–

396,399–

401,404] 
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Dodeca-2E,4Z,10E-triene-8-ynoic acid 2-

methylbutylamide 
Alkylamide Aqueous ethanol Shaking R [375] 

Dodeca-2E,4E,8Z-trienoic acid 

isobutylamide 
Alkylamide 

Aqueous ethanol 

Aqueous methanol 

Aqueous methanol, followed by hexane-ethyl acetate 

and organic fraction 

Chloroform 

CO2 

Dichloromethane 

Ethanol 

Ethanol, followed by methanol fraction and 

chloroform fraction 

Hexane 

Methanol 

Methanol-phosphoric acid 

Water 

Accelerated solvent extraction 

Dynamic maceration 

Maceration, followed by hydraulic 

pression 

Percolation 

Reflux 

Shaking 

Soxhlet apparatus 

Stirring 

Supercritical fluid extraction 

Ultrasounds 

Ach 

APs 

F 

R 

R+Rh 

[147,153, 

 

209,214, 

361–

363,370–

372,375, 

378,385, 

386,394–

396,400, 

401] 

Dodeca-2E,4E,8E,10Z-tetraenoic acid 

isobutylamide 
Alkylamide Aqueous ethanol 

Maceration, followed by hydraulic 

pression 
R [153,406] 

Dodeca-2,4,8,10-tetraenoic acid 2-

methylbutylamide 
Alkylamide 

Aqueous ethanol 

Aqueous methanol 

Maceration, followed by hydraulic 

pression  

Ultrasounds 

R [153,394] 

      

Dodeca-2E,4(E/Z),8Z,10(E/Z)-tetraenoic 

acid isobutylamide 
Alkylamide 

Acetonitrile 

Aqueous ethanol 

Aqueous ethanol, followed by hexane fraction 

Aqueous methanol 

Aqueous methanol, followed by hexane-ethyl acetate 

and organic fraction 

Chloroform 

CO2 

Dichloromethane 

Dichloromethane-pentane 

Accelerated solvent extraction 

Dynamic maceration 

Maceration 

Maceration, followed by hydraulic 

pression 

Percolation 

Reflux 

Shaking 

Stirring 

Soxhlet apparatus 

Supercritical fluid extraction 

APs 

F 

L 

R 

Rh 

ST 

L+F 

F+L+R+SDs 

R +Rh 

[147,153, 

182,183, 

187,190, 

196,209, 

211,214, 

235,349, 

356,361–

363,366, 

368,370–

372,375, 

378,385, 



  CHAPTER 1|General Introduction 

151 

Dichloromethane, followed by methanol fraction and 

hexane fraction 

Ethanol 

Ethanol, followed by methanol fraction and 

chloroform fraction 

Hexane 

Methanol 

Methanol-phosphoric acid 

Water 

Ultrasounds 

UltraTurrax 

386,388–

391,394–

406] 

      

Dodeca-2E,4E,8Z,10(E/Z)-tetraenoic acid 

2-methylbutylamide 
Alkylamide 

Chloroform 

Dichloromethane 

Ethanol 

Water 

Accelerated solvent extraction  

Percolation 

Stirring 

F 

R 

R+Rh 

[147,400] 

Dodeca-2E,4E-diene-1-yl-isovalerate Alkylamide Dichloromethane-pentane Maceration R [405] 

Dodeca-trienyl-isovalerate  Dichloromethane-pentane Maceration R [405] 

8,11-dihidroxy-dodeca-2E,4E,9E-trienoic 

acid isobutylamide 
Alkylamide Aqueous ethanol Maceration R [213] 

8,11-Dihydroxy-2,4,9-dodecatrienoic acid 

isobutylamide 
Alkylamide Aqueous ethanol Ultrasounds APs [367] 

Echinacoside Phenylethanoid 
Aqueous ethanol 

Aqueous methanol 

Shaking 

Stirring 

Ultrasounds 

APs 

F 

L 

R 

ST 

[363,364, 

367,368, 

372,374, 

375,379, 

381,383] 

Echipuroside A Phenolic acid Aqueous ethanol Ultrasounds APs [367] 

Ep-PxB-1 Phylloxanthobilin Methanol in PBS 
Maceration 

Stirring 
L [407] 

Ep-PxB-2 Phylloxanthobilin Methanol in PBS 
Maceration 

Stirring 
L [407] 

Ep-PxB-3 Phylloxanthobilin Methanol in PBS 
Maceration 

Stirring 
L [407] 

      

Ep-PxB-4 Phylloxanthobilin Methanol in PBS Maceration L [407] 
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Stirring 
      

Ep-PxB-5 Phylloxanthobilin Methanol in PBS 
Maceration 

Stirring 
L [407] 

Ep-PxB-6 Phylloxanthobilin Methanol in PBS 
Maceration 

Stirring 
L [407] 

Estragole Phenol Water Clevenger apparatus 
L 

R 
[197] 

Isoeugenol Phenylpropanoid Water Stirring ND [274] 

Methyl eugenol Phenylpropanoid Water Clevenger apparatus R [197] 

(E,E)-α-farnesene Sesquiterpenoid CO2 Supercritical fluid extraction APs [350] 

(2Z,6Z)-farnesol Sesquiterpenoid CO2 Supercritical fluid extraction APs [350] 

(2Z,6E)-farnesyl acetate Sesquiterpenoid CO2 Supercritical fluid extraction APs [350] 

Hexahydrofarnesyl acetone Diterpenoid CO2 Supercritical fluid extraction R [350] 

α-fenchene Monoterpenoid Water Clevenger apparatus R [197] 

Fertaric acid Phenylpropanoid Water ND APs [366] 

Ferulic acid Phenylpropanoid 

Aqueous dichloromethane 

Aqueous ethanol 

Enzymes (β-glucosidase, β-xylosidase, β-

galactosidase, or β-hesperidinase) and sulfatase 

type H-2 in citrate buffer 

Methanol 

Water 

Decoction 

Reflux 

Soxhlet extraction 

APs 

F 

L 

[286,350, 

352,358, 

359,366] 

Fructose Monosaccharide Aqueous ethanol, followed by ethyl acetate fraction  

APs 

R 

F+L+R+SDs 

[196,354] 

Fucose Monosaccharide 

Hexane, followed by NaOH, diethyl ether, 

chloroform, chloroform-ethanol, and methanol  

Water 

Reflux, followed by stirring and reflux 
F 

R 
[208,353] 

2-ethylfuran Cyclic polyketide Water Purge and trap L [348] 

5-ethyl-2(5H)-furanone Fatty ester Water Purge and trap L [348] 
      

Galactitol acetate Polysaccharide Aqueous ethanol ND APs [187] 
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Water R 
      

Galactose Monosaccharide 

Aqueous ethanol 

Hexane, followed by NaOH, HCl, water-soluble 

fraction, chloroform fraction, methanol, and water 

Hexane, followed by NaOH, diethyl ether, 

chloroform, chloroform-ethanol, and methanol 

Water 

Water, followed by aqueous ethanol 

Water, followed by ethanol 

Maceration, followed by hydraulic 

pression 

Reflux 

Reflux, followed by stirring and reflux 

Suspension 

APs 

F 

R 

[208,237, 

238,353, 

355,356] 

Galacturonic acid Monosaccharide 
Aqueous ethanol 

Water 
Reflux R [356] 

Methyl gallate Phenolic acid Aqueous dichloromethane Reflux ND [352] 

Gallic acid Phenolic acid 

Aqueous dichloromethane 

Aqueous ethanol 

Methanol 

Hexane, followed by dichloromethane 

Reflux 

Stirring 

APs 

F 

[350–

352,359] 

Gentisic acid Phenolic acid Water ND APs [366] 

Geranyl acetate Meroterpenoid Water Purge and trap 
L 

ST 
[348] 

Geranyl acetone Apocarotenoid Water Clevenger apparatus R [197] 

Germacrene D Sesquiterpenoid 

Aqueous methanol, followed by hexane-ethyl acetate 

and organic fraction 

CO2 

Dichloromethane-pentane 

Diethyl ether-petroleum ether 

Water 

Clevenger apparatus 

Maceration 

Purge and trap 

Supercritical fluid extraction 

Ultrasounds 

APs 

L 

R 

[197,214, 

348,361, 

386,392, 

405] 

Germacrene-4-ol Sesquiterpenoid 
Aqueous methanol, followed by hexane-ethyl acetate 

and organic fraction 
Ultrasounds R [386] 

Germacra-4(15),5,10(14)-trien-1α-ol Sesquiterpenoid CO2 Supercritical fluid extraction APs [350] 

1β-hydroxy-4(15),5E,10(14)-

germacratriene 
Sesquiterpenoid Chloroform Percolation R [400] 

Globulol Sesquiterpenoid Aqueous dichloromethane Reflux ND [352] 
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Glucitol acetate Polysaccharide 
Aqueous ethanol 

Water 
ND 

APs 

R 
[187] 

1-O-trans-cinnamoyl-β-D-glucopyranose Phenylpropanoid Aqueous ethanol Ultrasounds R [367] 

2-phenylethyl-β-D-glucopyranoside Phenylethanoid Water ND APs [366] 

Glucose Monosaccharide 

Aqueous ethanol 

Aqueous ethanol, followed by ethyl acetate fraction 

Hexane, followed by NaOH, HCl, water-soluble 

fraction, chloroform fraction, methanol, and water 

Hexane, followed by NaOH, diethyl ether, 

chloroform, chloroform-ethanol, and methanol 

Water 

Water, followed by aqueous ethanol 

Water, followed by ethanol 

Maceration, followed by hydraulic 

pression 

Reflux 

Reflux, followed by stirring and reflux 

Suspension 

APs 

F 

R 

F+L+R+SDs 

[196,208, 

237,238, 

353–356] 

γ-gurjunene Sesquiterpenoid CO2 Supercritical fluid extraction R [214] 

Heneicosane Hydrocarbon CO2 Supercritical fluid extraction APs [350] 

Heneicosanoic acid Fatty acid 
Hexane 

Hexane, followed by dichloromethane 
Stirring APs [351] 

Heptacosane Hydrocarbon 

CO2 

Hexane 

Hexane, followed by dichloromethane 

Stirring 

Supercritical fluid extraction 
APs [350,351] 

2-methylheptacosane Hydrocarbon CO2 Supercritical fluid extraction APs [350] 

Heptadecadiene Hydrocarbon Dichloromethane-pentane Maceration R [405] 

Heptadecanoic acid Fatty acid Hexane Stirring APs [351] 

Heptadecatriene Hydrocarbon Dichloromethane-pentane Maceration R [405] 

Heptadecatriene-4,6-diyne-1,8-diol Fatty alcohol Aqueous ethanol Ultrasounds R [367] 

Heptanal Fatty aldehyde Water Purge and trap R [348] 

6-methyl-6-(3-methylphenyl)-heptan-2-one Fatty acid CO2 Supercritical fluid extraction APs [350] 

6-methyl-5-hepten-2-one Apocarotenoid Water Purge and Trap R [348] 

Hexadeca-2E,9Z-diene-12,14-diynoic acid 

isobutylamide 
Alkylamide 

Aqueous ethanol 

Dichloromethane 

Ethanol  

Accelerated solvent extraction  

Shaking 

F 

R 

R+Rh 

[147,363] 
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Hexadeca-2E,9Z,12Z,14E-tetraenoic acid 

isobutylamide 
Alkylamide Hexane Shaking F [404] 

10,12-hexadecadienal Fatty aldehyde Aqueous dichloromethane Reflux ND [352] 

Ethyl hexadecanoate Fatty ester CO2 Supercritical fluid extraction APs [350] 

Methyl hexadecanoate Fatty ester 
CO2 

Hexane 

Stirring 

Supercritical fluid extraction 
APs [350,351] 

Hexanal Fatty aldehyde Water 
Purge and trap 

Stirring 

F 

L 

R 

ST 

[274,348] 

(cis/trans)-2-hexanal 
Oxygenated 

hydrocarbon 
Water Purge and trap 

F 

L 

ST 

[348] 

2,2,3,3-tetramethyl hexane Other Water Purge and trap L [348] 

Hexacosane Hydrocarbon 

CO2 

Hexane 

Hexane, followed by dichloromethane 

Stirring 

Supercritical fluid extraction 
APs [350,351] 

3-methylhexacosane Hydrocarbon Hexane, followed by dichloromethane Stirring APs [351] 

Hexacosanoic acid 

Cerotic acid 
Fatty acid 

Aqueous dichloromethane 

Hexane, followed by dichloromethane 

Reflux 

Stirring 
APs [351,352] 

1-hexacosanol Fatty alcohol 
Hexane 

Hexane, followed by dichloromethane 
Stirring APs [351] 

Hexanoic acid Fatty acid 
Hexane 

Hexane, followed by dichloromethane 
Stirring APs [351] 

1-hexanol Fatty alcohol Water Purge and trap 

F 

L 

R 

S 

[348] 

2-hexenal Fatty aldehyde Water Clevenger apparatus 
L 

R 
[197] 

(E)-2-hexenoic acid Fatty acid Hexane, followed by dichloromethane Stirring APs [351] 
      

trans-2-hexen-1-ol Fatty alcohol Water Purge and trap F [348] 
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ST 
      

(cis/trans)-3-hexen-1-ol Fatty alcohol Water Purge and trap 

F 

L 

ST 

[348] 

3-hexen-1-ol acetate Fatty ester Water Purge and trap 
L 

ST 
[348] 

Hexyl acetate Fatty ester Water Purge and trap 
L 

R 
[348] 

(α/β)-humulene Sesquiterpenoid Water Clevenger apparatus 
APs 

L 
[197,361] 

Icosane Hydrocarbon Aqueous dichloromethane Reflux ND [352] 

Kaempferol 3-O-glucoside Flavonoid Aqueous ethanol Ultrasounds R [367] 

Kaempferol O-hexoside Flavonoid 

Ethyl acetate 

Methanol 

Water 

Infusion 

Stirring 
F [360] 

Kaempferol O-deoxyhexosyl-hexoside Flavonoid 

Hexane, followed by dichloromethane, ethyl acetate 

and acetone 

Hexane, followed by dichloromethane, ethyl acetate, 

acetone, and methanol 

Water 

Decoction 

Stirring 
APs [351] 

Kaempferol O-deoxyhexosyl-glucuronide Flavonoid 
Hexane, followed by dichloromethane, ethyl acetate 

and acetone 
Stirring APs [351] 

Kaempferol 3-O-rhamnosyl-(1→6)-

galactoside 
Flavonoid 

Aqueous ethanol, followed by ethyl acetate fraction 

and butanol fraction 
Imbibition L+ST [222] 

Kaempferol O-rutinoside Flavonoid 

Ethyl acetate 

Methanol 

Water 

Infusion 

stirring 

F 

L 
[360] 

      

Kaempferol 3-O-rutinoside Flavonoid 

Aqueous ethanol 

Hexane, followed by dichloromethane, ethyl acetate 

and acetone 

Hexane, followed by dichloromethane, ethyl acetate, 

acetone, and methanol 

Decoction 

Stirring 

Ultrasounds 

APs 

R 
[351,367] 
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Water 
      

γ-nonalactone Fatty ester Water Stirring ND [274] 

Lactose Disaccharide Aqueous methanol Ultrasounds APs [349] 

Lavandulol Monoterpenoid Water Clevenger apparatus R [197] 

Lysine motif lectin Aminoacid PBS, followed by aqueous ammonium sulphate ND R [228,408] 

Isoledene Sesquiterpenoid Water Clevenger apparatus APs [361] 

Ledol Sesquiterpenoid Water Clevenger apparatus 
L 

R 
[197] 

Leucine  Aminoacid Aqueous methanol Ultrasounds APs [349] 

Isoleucine Amino acid Aqueous methanol Ultrasounds APs [349] 

(trans)-nerolidol Sesquiterpenoid 
Hexane 

Water 

Clevenger apparatus 

Stirring 
APs [351,361] 

Lignoceric acid Fatty acid 
Hexane 

Hexane, followed by dichloromethane 
Stirring APs [351] 

Limonene Monoterpenoid Water 

Clevenger apparatus 

Purge and trap 

Stirring 

APs 

F 

L 

R 

ST 

[197,274,3

48,361] 

Linalool Monoterpenoid Water Clevenger apparatus 
L 

R 
[197] 

Linalyl acetate Monoterpenoid Water Clevenger apparatus APs [361] 

Ethyl linoleate Fatty ester Aqueous dichloromethane Reflux ND [352] 

Linoleic acid Fatty acid 

Aqueous dichloromethane 

Acetonitrile 

CO2 

Hexane 

Hexane, followed by dichloromethane 

Reflux 

Shaking 

Stirring 

Supercritical fluid extraction 

UltraTurrax 

APs 

F 

[350–

352,402, 

404] 

α-linolenic acid Fatty acid 
Hexane 

Hexane, followed by dichloromethane 

Shaking 

Stirring 

APs 

F 
[351,404] 

Linoleic acid methyl ester Fatty ester Hexane Stirring APs [351] 

Isoliquiritigenin Flavonoid Water ND APs [366] 
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Longifolol Sesquiterpene CO2 Supercritical fluid extraction APs [350] 

(-)-isolongifolol acetate Sesquiterpene Aqueous dichloromethane Reflux ND [352] 

Malic acid Fatty acid 

Dichloromethane 

Ethanol 

Hexane 

Hexane, followed by dichloromethane 

Metaphosphoric acid 

Water 

Accelerated solvent extraction 

Shaking 

Stirring 

APs 

F 

L 

R+Rh 

[147,351, 

354] 

Caffeoylmalic acid Phenylpropanoid Aqueous dichloromethane Reflux ND [352] 

D-(-)-citramalic acid Fatty acid Hexane, followed by dichloromethane Stirring APs [351] 

Mannitol acetate Monosaccharide 
Aqueous ethanol 

Water 
ND 

APs 

R 
[187] 

Mannose Monosaccharide 

Hexane, followed by NaOH, HCl, water-soluble 

fraction, chloroform fraction, methanol, and water 

Hexane, followed by NaOH, diethyl ether, 

chloroform, chloroform-ethanol, and methanol 

Water 

Water, followed by aqueous ethanol 

Water, followed by ethanol 

Maceration, followed by hydraulic 

pression 

Reflux 

Reflux, followed by stirring and reflux  

Suspension 

APs 

F 

R 

[208,237, 

238,353, 

355] 

5-hydroxymarsupellol Sesquiterpenoid CO2 Supercritical fluid extraction APs [350] 

cis-dihydro-mayurone Sesquiterpenoid CO2 Supercritical fluid extraction APs [350] 

p-menth-1-ene-6-ol Monoterpenoid CO2 Supercritical fluid extraction R [214] 

p-mentha-1,3,8-triene Sesquiterpenoid Water Clevenger apparatus APs [361] 

Menthol Monoterpenoid 
Aqueous dichloromethane 

Hexane 

Reflux 

Stirring 
APs [351,352] 

Isomenthone Monoterpenoid Water Clevenger apparatus 
L 

R 
[197] 

Miquelianin Flavonoid Aqueous dichloromethane Reflux ND [352] 

Mustakone Sesquiterpenoid CO2 Supercritical fluid extraction APs [350] 

(cis/trans)-muurola-4(14),5-diene Sesquiterpenoid CO2 Supercritical fluid extraction APs [350] 

γ-muurolene Sesquiterpenoid Water Clevenger apparatus L [197] 

epi-α-muurolol Sesquiterpenoid CO2 Supercritical fluid extraction APs [350] 
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β-myrcene Monoterpenoid Water Purge and trap 

F 

L 

ST 

[348] 

Myristic acid Fatty acid 
Hexane 

Hexane, followed by dichloromethane 
Stirring APs [351] 

Naphtalene Benzenoid Water Clevenger apparatus 
L 

R 
[197] 

Naringin Flavonoid Aqueous methanol Ultrasounds APs [349] 

Nonacosanal Hydrocarbon Hexane Stirring APs [351] 

Nonacosane Hydrocarbon 

CO2 

Hexane 

Hexane, followed by dichloromethane 

Supercritical fluid extraction APs [350] 

Nonadecane Hydrocarbon CO2 Supercritical fluid extraction APs [350] 

Alloocimene Monoterpenoid Water Purge and trap 

F 

L 

ST 

[348] 

(trans)-ocimene Monoterpenoid Water Purge and trap 

F 

L 

R 

ST 

[348] 

Octacosane Hydrocarbon 

CO2 

Hexane 

Hexane, followed by dichloromethane 

Stirring 

Supercritical fluid extraction 
APs [350,351] 

2-methyloctacosane Hydrocarbon Hexane, followed by dichloromethane Stirring APs [351] 

3-methyloctacosane Hydrocarbon Hexane, followed by dichloromethane Stirring APs [351] 

Octadecane Hydrocarbon CO2 Supercritical fluid extraction APs [350] 

Oxo-dihydroxy-octadecenoic acid Fatty acid 

Ethyl acetate 

Methanol 

Water 

Infusion 

Stirring 

F 

L 
[360] 

      

Trihydroxy-octadecenoic acid Fatty acid 

Aqueous ethanol 

Ethyl acetate 

Methanol 

Infusion 

Stirring 

Ultrasounds 

F 

L 

R 

[360,367] 
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Water 
      

2,4-octadienal Fatty aldehyde Aqueous dichloromethane Reflux ND [352] 

Octanoic acid Fatty acid 
Hexane 

Hexane, followed by dichloromethane 
Stirring APs [351] 

4-octanone Fatty acyl Aqueous dichloromethane Reflux ND [352] 

(3E)-7-methyl-3-octene Other Aqueous dichloromethane Reflux ND [352] 

1-octen-3-ol Fatty alcohol Water Purge and trap R [348] 

Ethyl oleate Fatty ester Aqueous dichloromethane Reflux ND [352] 

Oleic acid Fatty acid 

Aqueous dichloromethane 

Aqueous methanol 

CO2 

Reflux 

Supercritical fluid extraction 

Ultrasounds 

APs 
[349,350, 

352] 

Oplopanone Sesquiterpenoid 
CO2 

Hexane 

Stirring 

Supercritical fluid extraction 
APs [350,351] 

Oxalic acid Fatty acid Metaphosphoric acid Shaking APs [354] 

Palmitelaidic acid Fatty acid Hexane Stirring APs [351] 

Palmitic acid Fatty acid 

Acetonitrile 

Aqueous dichloromethane 

CO2 

Hexane 

Hexane, followed by dichloromethane 

Reflux 

Stirring 

Supercritical fluid extraction 

UltraTurrax 

APs 
[350–

352,402] 

Palmitoleic acid Fatty acid Hexane Shaking F [404] 

β-panasinsen-5α-ol Sesquiterpene CO2 Supercritical fluid extraction APs [350] 

Patuletin-3-O-rutinoside Flavonoid Aqueous ethanol Ultrasounds 
APs 

R 
[367] 

Pentacosane Hydrocarbon 

CO2 

Hexane 

Hexane, followed by dichloromethane 

Stirring 

Supercritical fluid extraction 
APs [350,351] 

Pentadeca-1,8-diene  Polyacetylene 

Aqueous methanol, followed by hexane-ethyl acetate 

and organic fraction 

CO2 

Dichloromethane-pentane 

Maceration 

Supercritical fluid extraction 

Ultrasounds 

R 
[214,386, 

405] 
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Pentadeca-2E,9Z-diene-12,14-diynoic 

acid isobutylamide 
Alkylamide 

Aqueous ethanol 

Aqueous methanol 

Dichloromethane 

Diethyl ether-petroleum ether 

Ethanol 

Water 

Accelerated solvent extraction  

Shaker 

Stirring 

Ultrasounds 

APs 

F 

L 

R 

R+Rh 

[147,363, 

392,394] 

Pentadeca-2E,9Z-diene-12,14-diynoic 

acid 2-hydroxyisobutylamide 
Alkylamide 

Dichloromethane 

Diethyl ether-petroleum ether 

Ethanol 

Accelerated solvent extraction 

APs 

F 

L 

[147,392] 

Pentadeca-9E-ene,11,13-diyne-2,8-dione Polyacetylene Aqueous ethanol Ultrasounds 
APs 

R 
[367] 

Pentadeca-8Z,13Z-diene-11-yne-2-one Ketoalkyne Aqueous ethanol 
Shaking 

Ultrasounds 
R [363,367] 

Pentadeca-9E,13Z-diene-11-yne-2,8-

dione 
Ketoalkyne Aqueous ethanol Ultrasounds 

APs 

R 
[367] 

Pentadeca-8Z,11(E/Z),13Z-triene-2-one Ketoalkyne Aqueous ethanol Shaking R [363] 

Pentadecene-11,13-diyne-2-one Polyacetylenes Aqueous ethanol Ultrasounds APs [367] 

Pentadecanoic acid Fatty acid 
Hexane 

Hexane, followed by dichloromethane 
Stirring APs [351] 

2-pentadecanone Fatty acyl Dichloromethane-pentane Maceration R [405] 

8Z-pentadecan-2-one Fatty acyl Dichloromethane-pentane Maceration R [405] 

1,8,11-pentadecatriene Polyacetylene 

Aqueous methanol, followed by hexane-ethyl acetate 

and organic fraction 

Dichloromethane-pentane 

Maceration 

Ultrasounds 
R [386,405] 

1-pentadecene Fatty acyl Dichloromethane-pentane Maceration R [405] 

3-methyl-2-pentadecylthiophene Other CO2 Supercritical fluid extraction APs [350] 

Pentanal Fatty aldehyde Water Purge and trap L [348] 

trans-1,2-cyclopentanediol Other Aqueous dichloromethane Reflux ND [352] 

2-pentenal Fatty aldehyde Water Purge and trap L [348] 

2-methyl-4-pentenal Fatty aldehyde Water Purge and trap 

F 

L 

ST 

[348] 
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2-methyl-4-pentenoic acid Fatty acid Hexane, followed by dichloromethane Stirring APs [351] 

(α/β)-pinene Monoterpenoid Water 

Clevenger apparatus 

Hydrodistillation 

Purge and trap 

Stirring 

APs 

F 

L 

R 

ST 

[197,274, 

348,361] 

3-amino-1-pyridin-4-ylpiperidine-2,6-dione Other Aqueous dichloromethane Reflux ND [352] 

(+)-trans-piperitenol Monoterpenoid Aqueous dichloromethane Reflux ND [352] 

(α/β)-phellandrene Monoterpenoid Water 

Clevenger apparatus 

Hydrodistillation 

Purge and trap 

Stirring 

APs 

L 

R 

[197,274, 

348,361] 

Phloretin Flavonoid Aqueous dichloromethane Reflux ND [352] 

3-butyl phthalide Cyclic polyketide CO2 Supercritical fluid extraction APs [350] 

Neophytadiene Diterpenoid 
Hexane 

Hexane, followed by dichloromethane 
Stirring APs [351] 

Phytol Diterpenoid 

CO2 

Hexane 

Hexane, followed by dichloromethane 

Stirring 

Supercritical fluid extraction 
APs [350,351] 

Isophytol Diterpenoid CO2 Supercritical fluid extraction APs [350] 

Platambin Sesquiterpenoid CO2 Supercritical fluid extraction APs [350] 

Polysaccharide Polysaccharide Petroleum ether, followed by water, and ethanol ND WP [227] 

EPP Polysaccharide Petroleum ether, followed by water and ethanol Reflux and decoction WP [409] 

EPPS-1a (uronic acid) Polysaccharide Petroleum ether, followed by pectinase Enzymatic-assisted extraction APs [195] 

EPPS-2a (uronic acid) Polysaccharide Petroleum ether, followed by pectinase Enzymatic-assisted extraction APs [195] 

EPPS-3a (uronic acid, rabinose, 

galactose, galacturonic acid, glucuronic 

acid and glucose) 

Polysaccharide Petroleum ether, followed by pectinase Enzymatic-assisted extraction APs [195] 

EPPS-1b Polysaccharide Water, followed by ethanol Reflux APs [200] 

EPPS-2b Polysaccharide Water, followed by ethanol Reflux APs [200] 

EPPS-3b (glucose, galactose, arabinose, 

galacturonic acid and glucuronic acid) 
Polysaccharide Water, followed by ethanol Reflux APs [200] 



  CHAPTER 1|General Introduction 

163 

EPP40 Polysaccharide 
Petroleum ether, followed by distilled water, ethanol, 

and aqueous alcohol 
Stirring, followed by ultrasounds F [201] 

EPP60 Polysaccharide 
Petroleum ether, followed by distilled water, ethanol, 

and aqueous alcohol 
Stirring, followed by ultrasounds F [201] 

EPP80 Polysaccharide 
Petroleum ether, followed by distilled water, ethanol, 

and aqueous alcohol 
Stirring, followed by ultrasounds F [201] 

Propanal Aldehyde Water 
Purge and trap 

Stirring 
L [274,348] 

2-methylpropanal Fatty aldehyde Water Purge and trap 

F 

R 

ST 

[348] 

2-methyl-1-propanol Alcohol Water Purge and trap R [348] 

2-propenal Enal Water Purge and trap R [348] 

2-cyano-3-[4-(diethylamino)phenyl]-2-

propenoic acid 
Other Aqueous dichloromethane Reflux ND [352] 

1-methylpropyl acetate Fatty ester Water Purge and Trap R [348] 

Propyl hexanoate Fatty ester Water Stirring ND [274] 

Protocatechuic acid Phenolic acid 

Ethanol 

Methanol 

Water 

Accelerated solvent extraction 

Soxhlet apparatus 

Stirring 

APs 

F 

L 

[147,358, 

366] 

Pulioplopanone B Sesquiterpenoid 
Aqueous ethanol, followed by butanol-

dichloromethane fraction 
Reflux APs [212] 

Purpureaterpene A Sesquiterpene 
Aqueous ethanol, followed by butanol-

dichloromethane fraction 
Reflux APs [212] 

Purpureaterpene B Sesquiterpene 
Aqueous ethanol, followed by butanol-

dichloromethane fraction 
Reflux APs [212] 

Purpureaterpene C Sesquiterpene 
Aqueous ethanol, followed by butanol-

dichloromethane fraction 
Reflux APs [212] 

Purpureaterpene D Sesquiterpene 
Aqueous ethanol, followed by butanol-

dichloromethane fraction 
Reflux APs [212] 

Purpureaterpene E Sesquiterpene 
Aqueous ethanol, followed by butanol-

dichloromethane fraction 
Reflux APs [212] 
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Purpureaterpene F Sesquiterpene 
Aqueous ethanol, followed by butanol-

dichloromethane fraction 
Reflux APs [212] 

Quercetin Flavonoid 

Ethanol 

Enzymes (β-glucosidase, β-xylosidase, β-

galactosidase, or β-hesperidinase) and sulfatase 

type H-2 in citrate buffer 

Methanol 

Water 

Accelerated solvent extraction 

Decoction 

F 

L 

[147,286, 

359] 

Quercetin glycoside Flavonoid Aqueous ethanol Reflux L [390] 

Quercetin O-hexoside Flavonoid 

Ethyl acetate 

Methanol 

Water 

Infusion 

Stirring 
F [360] 

Quercetin O-deoxyhexosyl-hexoside Flavonoid 

Hexane, followed by dichloromethane, ethyl acetate 

and acetone 

Hexane, followed by dichloromethane, ethyl acetate, 

acetone, and methanol 

Stirring APs [351] 

Quercetin 3-O-rhamnosyl-(16)-

galactoside 
Flavonoid 

Aqueous ethanol, followed by ethyl acetate fraction 

and butanol fraction 
Imbibition L+ST [222] 

Quinic acid Phenolic acid 
Ethanol 

Metaphosphoric acid 

Accelerated solvent extraction 

Shaking  

APs 

R+Rh 
[147,354] 

3,4-dicaffeoylquinic acid  Phenylpropanoid Aqueous ethanol Ultrasounds 
APs 

R 
[367] 

3,5-O-dicaffeoylquinic acid Phenylpropanoid 

Aqueous methanol 

Ethyl acetate 

Methanol 

Water 

Infusion 

Stirring 

Ultrasounds 

APs 

F 
[349,360] 

4,5-dicaffeoylquinic acid Phenylpropanoid 

Aqueous ethanol 

Ethyl acetate 

Methanol 

Water 

Infusion 

Stirring 

Ultrasounds 

APs 

F 

R 

[360,367] 

      

Rhamnose Monosaccharide 
Aqueous dichloromethane 

Water, followed by aqueous ethanol 

Maceration, followed by hydraulic 

pression 

APs 

F 

[208,238, 

352,353, 
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Hexane, followed by NaOH, HCl, water-soluble 

fraction, chloroform fraction, methanol, and water 

Hexane, followed by NaOH, diethyl ether, 

chloroform, chloroform-ethanol, and methanol 

Water 

Reflux 

Reflux, followed by stirring and reflux 

 

R 355] 

      

Rhamnogalacturonan Polysaccharide 

Hexane, followed by NaOH, diethyl ether, 

chloroform, chloroform-ethanol, and methanol  

NaOH, followed by water fraction and methanolic 

fraction 

Reflux, followed by stirring, and reflux  

Suspension, followed by reflux 
F [207,208] 

Rhamnitol acetate Monosaccharide 
Aqueous ethanol 

Water 
ND 

APs 

R 
[187] 

Retusin Flavonoid Aqueous dichloromethane Reflux ND [352] 

Rosmarinic acid Phenylpropanoid Aqueous ethanol Ultrasounds R [367] 

Rutin Flavonoid 

Aqueous ethanol 

Aqueous ethanol, followed by ethyl acetate fraction 

and butanol fraction 

Ethanol 

Ethyl acetate 

Hexane, followed by dichloromethane, ethyl acetate 

and acetone 

Hexane, followed by dichloromethane, ethyl acetate, 

acetone, and methanol 

Methanol 

Water 

Accelerated solvent extraction 

Decoction 

Imbibition 

Infusion 

Reflux 

Stirring 

Ultrasounds  

APs 

F 

L 

R 

L+ST 

[147,193, 

214,351, 

359,360, 

366,390] 

Isorhamnetin Flavonoid 
Aqueous dichloromethane 

Aqueous ethanol 

Reflux 

Ultrasounds 
APs [352,367] 

Isorhamnetin-O-rutinoside Flavonoid 

Ethyl acetate 

Methanol 

Water 

Infusion 

Stirring 

F 

L 
[360] 

      

Sabinene Monoterpenoid Water 

Clevenger apparatus 

Purge and trap 

Stirring 

APs 

F 

L 

[274,348, 

361] 
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R 

ST 
      

Salicylic acid Phenolic acid Water ND APs [366] 

Salviadienol Sesquiterpene CO2 Supercritical fluid extraction APs [350] 

Salvial-4(14)-en-1-one Sesquiterpenoid CO2 Supercritical fluid extraction APs [350] 

1,5-epoxysalvial-4(14)-ene Sesquiterpenoid CO2 Supercritical fluid extraction APs [350] 

Cyclosativene Sesquiterpenoid CO2 Supercritical fluid extraction APs [350] 

Shikimic acid Phenolic acid Metaphosphoric acid Shaking  APs [354] 

Sinapic acid Phenylpropanoid 
Aqueous dichloromethane 

Aqueous ethanol 
Reflux APs [350,352] 

(β/γ)-sitosterol Steroid 

Aqueous dichloromethane 

Aqueous ethanol  

CO2 

Hexane 

Hexane, followed by dichloromethane 

Maceration 

Reflux 

Stirring 

Supercritical fluid extraction 

APs 
[232,350–

352] 

β-sitosterol acetate Steroid CO2 Supercritical fluid extraction APs [350] 

Spathulenol Sesquiterpenoid 

CO2 

Hexane 

Water 

Clevenger apparatus 

Stirring 

Supercritical fluid extraction 

APs 
[350,351, 

361] 

Squalene Triterpenoid 
Hexane 

Hexane, followed by dichloromethane 
Stirring APs [351] 

Stearic acid Fatty acid 

Aqueous dichloromethane 

Hexane 

Hexane, followed by dichloromethane 

Reflux 

Stirring 
APs [351,352] 

Stigmasterol Steroid 
CO2 

Hexane 

Stirring 

Supercritical fluid extraction 
APs [350,351] 

Succinic acid Fatty acid Metaphosphoric acid Shaking  APs [354] 

Sucrose Disaccharide 
Aqueous ethanol, followed by ethyl acetate fraction 

Aqueous methanol 
Ultrasounds 

APs 

R 

F+L+R+SDs 

[196,349, 

354] 
      

Dimethyl sulfide Thioether Water Purge and trap 
F 

L 
[348] 
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R 

ST 
      

Syringic acid Phenolic acid Aqueous dichloromethane Reflux ND [352] 

Tartaric acid Fatty acid 

Aqueous ethanol 

Aqueous methanol 

Water 

Ultrasounds 
APs 

R 

[349,366, 

367] 

Coumaroylcaffeoyltartaric acid Phenylpropanoid 

Ethyl acetate 

Methanol 

Water 

Infusion 

Stirring 

F 

L 
[360] 

2-caffeoyl-3-p-coumaroyl tartaric acid Phenylpropanoid Aqueous ethanol Reflux R [356] 

2-O-feruloyl tartaric acid Phenylpropanoid Aqueous glycerin Maceration R [365] 

Feruloylcaffeoyltartaric acid Phenylpropanoid 

Ethyl acetate 

Hexane, followed by dichloromethane, ethyl acetate 

and acetone 

Hexane, followed by dichloromethane, ethyl acetate, 

acetone, and methanol 

Methanol 

Water 

Decoction 

Infusion 

Stirring 

APs 

F 

L 

[351,360] 

2-caffeoyl-3-feruloyl tartaric acid Phenylpropanoid 
Aqueous ethanol 

Aqueous methanol 

Accelerated solvent extraction 

Reflux 
R [356,378] 

p-coumaroylsinapoyltartaric acid Phenylpropanoid 

Hexane, followed by dichloromethane, ethyl acetate, 

acetone, and methanol 

Water 

Decoction 

Infusion 

Stirring 

APs [351] 

α-terpineol Monoterpenoid Water Clevenger apparatus R [197] 

(α/γ)-terpinene Monoterpenoid Water Purge and trap 

F 

L 

R 

ST 

[348] 

α-terpinolene Monoterpenoid Water Purge and Trap 

F 

L 

ST 

[348] 

      

Tetracosane Hydrocarbon CO2 Stirring APs [350,351] 
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Hexane 

Hexane, followed by dichloromethane 

Supercritical fluid extraction 

      

Tetradeca-8Z-ene-11,13-diyn-2-one Alkylamide Aqueous ethanol Shaking R [363] 

Tetradeca-2E,4E-diene-8,10-diynoic acid 

isobutylamide  
Alkylamide Aqueous ethanol Ultrasounds R [367] 

(α/β)-thujene Monoterpenoid Water Purge and Trap 

F 

L 

R 

ST 

[348] 

trans-thujone Monoterpenoid CO2 Supercritical fluid extraction APs [350] 

3-thujopsanone Monoterpenoid CO2 Supercritical fluid extraction APs [350] 

Thymol Monoterpenoid Water Clevenger apparatus 
APs 

R 
[197,361] 

(α/β/γ/δ)-tocopherol Meroterpenoid 
Hexane, followed by dichloromethane 

Methanol, followed by hexane, NaCl, and hexane 

Stirring 

Vortex 
APs [351,354] 

Trehalose Disaccharide Water ND APs [366] 

Triacontane Hydrocarbon CO2 Supercritical fluid extraction APs [350] 

Triacontanol Fatty alcohol Aqueous dichloromethane Reflux ND [352] 

Tricin Flavonoid Aqueous ethanol Ultrasounds 
APs 

R 
[367] 

Tricosane Hydrocarbon 
CO2 

Hexane, followed by dichloromethane 

Stirring 

Supercritical fluid extraction 
APs [350,351] 

Tricosanoic acid Fatty acid 
Hexane 

Hexane, followed by dichloromethane 
Stirring APs [351] 

Trichloroacetic acid Carboxylic acid Water Purge and trap R [348] 

Trideca-2E,7Z-diene-8,10-diynoic acid 

isobutylamide 
Alkylamide Aqueous ethanol 

Maceration, followed by hydraulic 

pression 
R [153] 

      

Trideca-2E,7Z-diene-10,12-diynoic acid 

isobutylamide 
Alkylamide 

Acetonitrile 

Aqueous ethanol 

Aqueous ethanol, followed by hexane fraction 

Aqueous methanol 

Accelerated solvent extraction 

Dynamic maceration 

Percolation 

Shaking 

Stirring 

APs 

F 

R 

R+Rh 

[147,211, 

214,361–

363,368, 

370,372, 

375,378, 
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Aqueous methanol, followed by hexane-ethyl acetate 

and organic fraction 

Chloroform 

CO2 

Dichloromethane 

Diethyl ether-petroleum ether 

Ethanol 

Hexane 

Methanol 

Methanol-phosphoric acid 

Water 

Soxhlet apparatus 

Supercritical fluid extraction 

Ultrasounds 

386,392, 

394,395, 

399–401] 

      

Trideca-2(E/Z),7(Z/Z)-diene-10,12-

diynoic acid 2-methylbutylamide 
Alkylamide 

Dichloromethane 

Diethyl ether-petroleum ether 

Ethanol 

Water 

Accelerated solvent extraction 

Stirring 

APs 

F 

R+Rh 

[147,392] 

Trideca-2E,7Z-diene-8,10,12-diynoic acid 

isobutylamide 
Alkylamide Aqueous ethanol Ultrasounds R [367] 

Trigonelline Alkaloid Water ND APs [366] 

Tussilagic acid Alkylamide Aqueous ethanol Ultrasounds 
APs 

R 
[367] 

Tussilagine Ornithine alkaloid Aqueous ethanol Ultrasounds 
APs 

R 
[367] 

Undecanedioic acid Fatty acid Hexane, followed by dichloromethane Stirring APs [351] 
      

Undeca-2(E/Z/Z/E),4(E/Z/E/Z)-diene-

8,10-diynoic acid isobutylamide 
Alkylamide 

Acetonitrile 

Aqueous ethanol 

Aqueous ethanol, followed by hexane fraction 

Aqueous methanol 

Aqueous methanol, followed by hexane-ethyl acetate 

fraction and organic fraction 

Chloroform 

CO2 

Dichloromethane 

Accelerated solvent extraction 

Dynamic maceration 

Maceration, followed by hydraulic 

pression 

Percolation 

Reflux 

Shaking 

Stirring 

Soxhlet apparatus 

APs 

F 

L 

R 

Rh 

ST 

F+L+R+SDs 

R+Rh 

[147,153, 

183,190, 

196,209, 

211,214, 

235,356, 

361–

363,367, 

368,370–

372,375, 
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Dichloromethane, followed by methanol fraction and 

hexane fraction 

Ethanol 

Ethanol, followed by methanol fraction, chloroform 

fraction 

Hexane 

Methanol 

Methanol-phosphoric acid 

Water 

Supercritical fluid extraction 

Ultrasounds 

UltraTurrax 

378,385, 

386,388, 

391,394–

403] 

      

Undeca-2(E/Z),4(Z/E)-diene-8,10-diynoic 

acid 2-methylbutylamide 
Alkylamide 

Acetonitrile 

Aqueous ethanol 

Aqueous methanol 

Aqueous methanol, followed by hexane-ethyl acetate 

and organic fraction 

Chloroform 

Dichloromethane, followed by methanol fraction and 

hexane fraction 

Ethanol 

Hexane 

Methanol-phosphoric acid 

Accelerated solvent extraction 

Maceration, followed by hydraulic 

pression 

Reflux 

Shaking 

Soxhlet apparatus 

Stirring 

Ultrasounds 

APs 

F 

R 

F+L+R+SDs 

[153,183, 

196,362, 

363,368, 

370–

372,375, 

378,386, 

391,394–

399,401] 

Undeca-2(E/Z)-ene-8,10-diynoic acid 

isobutylamide 
Alkylamide 

Aqueous ethanol 

Aqueous methanol 

Dichloromethane 

Ethanol 

Water 

Accelerated solvent extraction 

Reflux 

Shaking 

Stirring 

Ultrasounds 

APs 

F 

R 

F+L+R+SDs  

[147,196, 

363,366, 

367,390, 

394] 

Untriacontane Hydrocarbon 
CO2 

Hexane 

Stirring 

Supercritical fluid extraction 
APs [350,351] 

Uronic acid Uronic acid 
Hexane, followed by NaOH, diethyl ether, 

chloroform, chloroform-ethanol, and methanol 
Reflux, followed by stirring, and reflux F [208] 

Valeranone Sesquiterpenoid CO2 Supercritical fluid extraction APs [350] 

Valerenol Sesquiterpenoid Water Clevenger apparatus APs [361] 

Valerenic acid Sesquiterpenoid CO2 Supercritical fluid extraction APs [350] 
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Valine Amino fatty acid Aqueous methanol Ultrasounds APs [349] 

Vanillic acid Phenolic acid 

Aqueous dichloromethane 

Aqueous ethanol 

Aqueous methanol 

Ethanol 

Water 

Accelerated solvent extraction 

Microwaves 

Reflux 

Stirring 

Ultrasounds 

APs 

F 

L 

R 

[147,350, 

352,369] 

Vanillin Phenolic acid 

Diethyl ether-petroleum ether 

Ethanol 

Water 

Accelerated solvent extraction 
APs 

L 

[147,366, 

392] 

Vellerdiol Sesquiterpenoid Aqueous dichloromethane Reflux ND [352] 

Nitidanin diisovalerianate Other Chloroform Percolation R [400] 

Verbascoside Phenylethanoid Aqueous ethanol 
Reflux 

Ultrasounds 

APs 

R 
[367,390] 

Verbene Other Water Clevenger apparatus APs [361] 

Verbenone Monoterpenoid 

CO2 

Hexane 

Water 

Clevenger apparatus  

Stirring 

Supercritical fluid extraction 

APs 
[350,351,3

61] 

(+)-cis-verbenol Monoterpenoid 

CO2 

Hexane 

Water 

Clevenger apparatus 

Stirring 

Supercritical fluid extraction 

APs 
[350,351, 

361] 

Vinyl butyrate Carboxylic acid Aqueous dichloromethane Reflux ND [352] 

Viridiflorol Sesquiterpenoid Water Clevenger apparatus L [197] 

Voleneol Sesquiterpenoid 
Aqueous ethanol, followed by butanol-

dichloromethane fraction 
Reflux APs [212] 

Vulgarol B Sesquiterpenoid Aqueous dichloromethane Reflux ND [352] 

α-ylangene Sesquiterpenoid Water Purge and trap 
L 

ST 
[348] 

Widdrol Sesquiterpenoid 
CO2 

Water 

Clevenger apparatus 

Supercritical fluid extraction 
APs [350,361] 

Xanthienopyran Other 
Aqueous ethanol, followed by methanol fraction, and 

chloroform fraction 
ND R [209] 



CHAPTER 1|General Introduction 

172 

Hypoxanthine Pseudoalkaloid 
Aqueous ethanol, followed by ethyl acetate fraction 

and butanol fraction 
Imbibition L+ST [222] 

Xylitol acetate Monosaccharide 
Aqueous ethanol 

Water 
ND 

APs 

R 
[187] 

10-oxy-isodauc-3-en-15-al Sesquiterpene 
Aqueous ethanol, followed by butanol-

dichloromethane fraction 
Reflux APs [212] 

(4S,9R,10R)-isodaucene-9, 14-diol Sesquiterpene 
Aqueous ethanol, followed by butanol-

dichloromethane fraction 
Reflux APs [212] 

5,6,7,7α-tetrahydro-4,4,7α-trimethyl-

2(4H)-benzofuranone 
Other CO2 Supercritical fluid extraction APs [350] 

4,8,12,16-tetramethylheptadecan-4-olide Meroterpenoid CO2 Supercritical fluid extraction APs [350] 

3α,7,7-trimethyltetrahydro-1H-

cyclopropa[c]indene-2,3(1αh,3αh)-dione 
Other CO2 Supercritical fluid extraction APs [350] 

2,6-di-tert-butyl-4-ethylphenol Hydrocarbon Aqueous methanol Ultrasounds APs [349] 

6-methyl-6H-dibenzo[c,e][1,2]thiazine 

5,5-dioxide 
Other Aqueous dichloromethane Reflux ND [352] 

Methyl 5-methyl-2-ethenyl-cyclohexane-1-

carboxyl 
Other Aqueous dichloromethane Reflux ND [352] 

1,2-diphenyl-3-pyrrolidin-1-yl-propan-1-ol Other Aqueous dichloromethane Reflux ND [352] 

N,2,2-trimethyl-N-phenyl-propanamide Other Aqueous dichloromethane Reflux ND [352] 

Ach: achenes; APs: aerial parts; CO2: carbon dioxide; F: flowers; HCl: hydrochloric acid; L: leaves; NaCl: sodium chloride; NaOH: sodium hydroxide; ND: not described; PBS: phosphate-

buffered saline; R: roots; Rh: rhizomes; SDs: seeds; ST: stems; WP: whole plant.  
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OVERVIEW 

This chapter provides a detailed description of the materials and experimental procedures selected 

to accomplish the main objectives proposed by this doctoral project. Although each experimental chapter 

of the present thesis contains the respective material and methods description, the goal of this section is 

to provide a comprehensive overview of the selected materials and experimental protocols. Thus, the 

rationale behind the selection and a detailed description of materials, methodology, characterization 

analyzes, and in vitro and in vivo models used in this Ph.D. thesis will be herein provided. 

 

2.1. MATERIALS 

The materials used in this Ph.D. project will be described in the following sub-sections, including 

their primary manufacturers and their main properties. 

 

2.1.1. Reagents 

Aluminum thin-layer chromatography (TLC) plates, silica gel coated with fluorescent indicator F254 

(20 × 20 cm), chloroform, ethyl acetate, acetic acid, sodium carbonate (Na2CO3), Folin-Ciocalteu’s phenol 

reagent, gallic acid, aluminum chloride, rutin, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2'-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid) (ABTS), potassium phosphate dibasic, potassium phosphate 

monobasic, fluorescein sodium salt, 2,2′-azobis(2-methylpropionamidine) dihydrochloride (AAPH), 

sodium nitroprusside dihydrate (SNP), sulfanilamide (SA), N-(1-Naphthyl)ethylenediamine dihydrochloride 

(NED), phosphoric acid, phosphate-buffered saline (PBS), β-nicotinamide adenine dinucleotide (NADH), 

nitrotetrazolium blue chloride (NBT), phenazine methosulfate (PMS), sodium phosphate dibasic, sodium 

phosphate monobasic, potassium ferricyanide (III), trichloroacetic acid, ferric chloride (III), formic acid 

(99%, analytical grade), acetonitrile (ACN, HPLC grade), methanol (HPLC grade), low-glucose Dulbecco’s 

modified eagle’s medium (DMEM), phorbol 12-myristate 13-acetate (PMA), lipopolysaccharides (LPS, 

Escherichia coli O26:B6), dexamethasone, diclofenac, salicylic acid, histopaque-1077, human serum, 

radioimmunoprecipitation assay (RIPA buffer, complete mini protease inhibitor cocktail tablets, bovine 

serum albumin (BSA), tris-base, egg yolk L-α-phosphatidylcholine (EPC), disposable PD 10 desalting 

columns (Sephadex G-25 M column), Triton X-100, λ-carrageenan, sodium citrate tribasic dihydrate, 

Tween20, and high-purity standards, including rosmarinic acid, α-terpineol, 1,8-cineole, apigenin 7-

glucoside, salvianolic acid B, ursolic acid, cinnamic acid, quinic acid, linalyl acetate, viridiflorol, apigenin, 

carnosol, betulinic acid, oleanolic acid, α-humulene, (–)-camphor, (+)-borneol, protocatechuic acid, 

luteolin, camphene, luteolin 7-glucoside, isoquercitrin, p-coumaric acid, apigenin 7-O-glucuronide, 
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linalool, α-pinene, carnosic acid, eriocitrin, ferulic acid, quercetin, echinacoside, chicoric acid, caftaric 

acid, caffeic acid, chlorogenic acid, and cynarin were obtained from Sigma-Aldrich, Portugal. Echinacea 

isobutylamide standards kit, composed of undeca-2E/Z-ene-8,10-diynoic acid isobutylamide, dodeca-2E-

ene-8,10-diynoic acid isobutylamide, and dodeca-2E,4E-dienoic acid isobutylamide, was acquired from 

ChromaDex, Los Angeles, CA, USA, California. High-purity standard dodeca-2E,4E,8Z,10E/Z-tetraenoic 

acid isobutylamide was obtained from Biosynth Carbosynth, Spain. Ethanol (EtOH) and dichloromethane 

(DCM) were obtained from Fisher Scientific, Portugal. Celecoxib was purchased from abcr GmbH, 

Karlsruhe, Germany. CellTiter 96 AQueous one solution cell proliferation assay was acquired from 

Promega. Dimethyl sulfoxide (DMSO) was purchased from VWR, Radnor, USA. Sodium chloride was 

acquired from PanReac AppliChem, Castellar del Vallès, Barcelona. Fetal bovine serum (FBS), 

antibiotic/antimycotic solution, TrypLE Express, Roswell Park Memorial Institute (RPMI) 1640 medium, 

RPMI GlutaMAX supplement, Quant-iT PicoGreen double-stranded deoxyribonucleic acid (dsDNA) kit, 

micro bicinchoninic acid (BCA) protein assay kit, Dulbecco’s phosphate-buffered saline (DPBS), formalin 

10% (V/V), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer solution 1 M, penicillin-

streptomycin (10,000 U/mL), Pierce phosphatase inhibitor mini tablets, PageRuler plus prestained 

protein ladder (10 to 250 kDa), Bolt sample reducing agent, Bolt lithium dodecyl sulfate (LDS) sample 

buffer, bis-tris Bolt 8%, Bolt 2-(N-morpholino)ethanesulfonic acid (MES) sodium dodecyl sulfate (SDS) 

running buffer, iBlot 2 transfer stacks (polyvinylidene fluoride – PVDF), GlutaMAX-I CTS, Richard-Allan 

decalcifying solution, paraffin, hematoxylin, mouse monoclonal CD68 antibody and Alexa Fluor 594 

donkey anti-mouse immunoglobulin – Ig – G were obtained from Thermo Fisher Scientific, Lisbon, 

Portugal. AccuClear ultra-high sensitivity dsDNA quantitation and 4′,6-diamidino-2-phenylindole (DAPI) 

were purchased from Biotium, Fremont, CA, USA. AlamarBlue and Bio-Rad protein assay dye reagent 

concentrate were purchased from Bio-Rad, Lisbon, Portugal. Human interleukin – IL – 6, IL-1β, and 

tumour necrosis factor – TNF– α DuoSet enzyme-linked immunosorbent assay (ELISA) and DuoSet ELISA 

Ancillary Reagent Kit 2 were purchased from R&D Systems, Minneapolis, USA. Cellular reactive oxygen 

species/superoxide anion radical (ROS/O2
•-) detection assay kit, prostaglandin – PG – E2 ELISA kit, rabbit 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and mouse monoclonal anti-IL6 antibody were 

acquired from Abcam, Boston, MA, USA. OctoMACS separator, human CD14 microbeads, MS columns, 

and human recombinant granulocyte-macrophage colony-stimulating factor (GM-CSF) were obtained from 

Miltenyi Biotec, Bergisch Gladbach, Germany. IRDye 800CW goat anti-rabbit IgG and IRDye 680RD goat 

anti-rabbit IgG secondary antibodies were obtained from LI-COR Biosciences GmbH, Bad Homburg, 

Germany. Rabbit monoclonal nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) p65, 
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rabbit monoclonal p44/p42 mitogen-activated protein kinase (MAPK), extracellular signal-regulated 

kinases – ERK – 1/2), rabbit monoclonal p38 MAPK, rabbit monoclonal C-Jun N-terminal kinase/stress-

activated protein kinase (JNK/SAPK), rabbit monoclonal signal transducers and activators of transcription 

– STAT – 3, rabbit monoclonal cyclooxygenase – COX – 2, rabbit monoclonal inducible nitric oxide 

synthase (iNOS), rabbit monoclonal phospho-NF-κB p65, rabbit monoclonal phospho-p44/p42 MAPK 

(ERK 1/2), rabbit monoclonal phospho-p38 MAPK, rabbit monoclonal phospho-JNK/SAPK, and rabbit 

monoclonal signal phosphor-STAT3 were purchased from Cell Signaling Technology, Danvers, United 

States. Ultra-pure water was obtained from a Milli-Q Direct Water Purification System (Milli-Q Direct 16, 

Millipore, Molsheim, France). Deep Blue Cell Viability Kit was obtained from BioLegend, San Diego, 

California, USA. LabAssay Phospholipid was acquired from FUJIFILM Wako Shibayagi Corporation, Japan. 

Rhodamine phalloidin was acquired from cytoskeleton, Denver, CO. 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[amino(polyethylene glycol)-2000] ammonium salt (DSPE-PEG), 1,2-distearoyl-

sn-glycero-3-phosphoethanolamine-N-[folate(polyethylene glycol)-2000] ammonium salt (DSPE-PEG-

folate), polycarbonate membranes (1.0, 0.4, 0.2, and 0.1 µm), and filter supports were obtained from 

Avanti Polar Lipids, Inc, Alabama, USA. 22-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-23,24-bisnor-5-

cholen-3βol (NBD cholesterol) was obtained from Molecular Probes, Eugene, OR. 

Trypsin/ethylenediaminetetraacetic acid (EDTA) was purchased from Corning, Arizona, USA. Wistar rats 

were purchased from Charles Rivers, Saint Germain Nuelles, France. VECTASHIELD antifade mounting 

medium was obtained from Vector Laboratories, Burlingame, USA. Eosin G or Y 0.5% alcoholic was 

acquired from Diapath, Martinengo, Italy. Xylene was purchased from CARLO ERBA Reagents, Chaussée 

du Vexin, France. Coffee filter paper N4 was acquired in a supermarket (Braga, Portugal). 

 

2.1.2. Plants  

Nature, and particularly plants, are a valuable resource for drug discovery. Royal Botanic Gardens 

at Kew estimates that there are approximately 390,900 vascular plant species [1]. Remarkably, around 

2000 new species are scientifically named for the first time every year [2]. Moreover, Kew’s Medicinal 

Plant Names Services recorded 35,407 plant species that are used as medicines [3]. The traditional 

knowledge of using plants to treat diseases has been developed over generations. Specific plants have 

been traditionally indicated to treat particular illnesses (e.g., stomach pain, sore throat, urinary infection, 

snakebites). The present thesis focused on two plants that have been traditionally reported to interact 

with the immune system, namely Salvia officinalis and Echinacea purpurea. These plants display a 
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promising immunomodulatory activity that was not scientifically studied. Therefore, in this work, those 

plants were used to prepare bioactive extracts, which were chemically and biologically characterized. 

 

2.1.2.1. Salvia officinalis 

Salvia officinalis L. (Figure 2.1), commonly known as sage, belongs to the Labiatae family and is 

native to the Mediterranean region [4]. S. officinalis grows under the sun with free-draining soils, up to an 

altitude of 2900 m. It is a perennial bushy plant, with a length ranging from 40 to 100 cm. The woody 

stems are composed of long (4 – 10 cm) and oval (1 – 4 cm) green-grey leaves [5]. Leaves are wrinkled 

on the upper side, while the underside is covered by many short soft hairs. The leaf edges are erect and 

delicately toothed. The plant blooms in late spring, showing 2 – 10 blue to purplish-like flowers in clusters. 

 

 

Figure 2.1 | Salvia officinalis. 

 

S. officinalis leaves are the organ most widely used in traditional medicine. Usually, the leaves are 

harvested at the beginning of May, generally before or at the beginning of flowering. Harvesting at this 

period of time is essential since it is when the leaves contain the highest levels of bioactive compounds. 

To preserve the bioactivity, the leaves should also be dried at temperatures not exceeding 35 °C in a 

dark place. 

In this work, S. officinalis was purchased from Cantinho das Aromáticas (Vila Nova de Gaia, 

Portugal) in June 2017. The plants were transferred to the soil and were let to grow following a sustainable 

agriculture procedure (culture localization: 41°37′05.1″ N, 7°16′14.7″ W). After one year of cultivation 

and before the blooming of the flowers, the leaves were collected (May 2018). Then, the leaves were 

dried and stored in the dark at room temperature (RT). The dried leaves were cut into small pieces to 

facilitate the extraction of compounds. This raw material was used to compare the antioxidant and anti-
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inflammatory activities of the S. officinalis extracts obtained from traditional and Soxhlet extractions 

(Chapter 3). 

 

2.1.2.2. Echinacea purpurea 

Echinacea purpurea (Figure 2.2), commonly known as purple coneflower, belongs to the 

Asteraceae family and is native to the eastern North America [6]. It is an herbaceous perennial plant, with 

relatively fine and branched roots, from which grows a high stalk (up to 60 – 150 cm) with sparse and 

rough hairs [7]. The alternate dark green leaves are pointed, ranging from oval to lanceolate 

(5 – 30 × 5 – 12 cm). The leaf edges are coarsely toothed. E. purpurea blooms throughout summer to 

early autumn,showing a purple cone-shaped flowering head (1.5 – 2.5 cm high and ≈4 cm diameter). 

Particularly, the inflorescence is formed by an orange to dark red prominent central protuberance, 

consisting of multiple small yellow florets (≈ 5 mm), surrounded by a ring of pink or purple tongued-

shaped petals (4 – 6 cm long). 

 

 

Figure 2.2 | Echinacea purpurea flowers (A), leaves (B), and roots (C). 

 

Both aerial parts (flowers and leaves) and roots, including rhizomes, are widely used in traditional 

medicine. Usually, the aerial parts are harvested in the full blooming stage at any time during the growing 

season before the leaves start to fade. Conversely, it is recommended the harvest of roots in the autumn 

after 2 – 3 years of cultivation. These traditional harvesting hints suggest that at this period of time, the 

plant material comprises more beneficial bioactive compounds. After harvest, the plant is dried in the 

dark in a well-ventilated area. It should be further preserved in the same conditions until use. 

In this work, E. purpurea was purchased from Cantinho das Aromáticas (Vila Nova de Gaia, 

Portugal), in May 2017. The plants were immediately transferred to the soil and were let to grow following 
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a sustainable agriculture procedure (41°37′04.5″ N, 7°16′14.4″ W). After one, two, or three years of 

cultivation, the flowers (F) and leaves (L) were collected in a full bloom phase (June and July), while the 

roots (R), including rhizomes, were harvested in the autumn (October/November). The plants were dried 

and stored at RT protected from light. The flowers, leaves, and roots harvested after one year of cultivation 

were used in the screening of the anti-inflammatory activity of different E. purpurea extracts (Chapter 

4). The flowers, leaves, and roots collected after two years of cultivation were employed in the 

investigation of the mechanism of action of E. purpurea extracts (Chapters 5 and 6). The extracts 

obtained from roots collected after three years of cultivation were encapsulated into liposomes and their 

anti-inflammatory activity was validated in vitro and in vivo (Chapter 7). In all works, the plant material 

was immediately grounded before the extraction to prevent the oxidation of the bioactive compounds. In 

the first year, the plant material was grounded using a blender (Picadora Clássica 123 A320R1, Moulinex, 

Lisbon, Portugal). In the following years, the roots and rhizomes became thicker and harder, and 

therefore, an analytical sieve shaker (AS200 Digit, Retsch, Germany) was used to ground them. 

 

2.2. METHODS 

The following sub-sections will present the experimental procedures used in this Ph.D. study, 

including an overview of the available approaches, a description of the selected methods, as well as a 

detailed experimental description of the selected procedure. 

 

2.2.1. Extraction techniques 

Botanical extraction is the process of removing specific bioactive compounds from raw plant 

material [8]. Traditionally, a solid/liquid extraction is performed (Figure 2.3). For that, the solid material 

– the plant – is placed in contact with the solvent that can solubilize the bioactive compounds of interest. 

Typically aqueous or alcoholic extractions are performed using simple procedures, such as (i) infusion, 

(ii) decoction, (iii) maceration, (iv) agitation, (v) percolation, (vi) reflux, (vii) Soxhlet extraction, (viii) 

hydrodistillation, and (ix) steam distillation [9]. In pharmaceutical research, the solvent is further removed, 

and the extract is, eventually, submitted to different steps to purify or isolate particular compounds. 

One goal of this work was to evaluate the bioactivity of extracts obtained as they have been 

traditionally obtained over centuries. Therefore, S. officinalis extracts were prepared by infusion and 

maceration. Besides these two more ancient methods, the Soxhlet extraction was also used to increase 

the yield of extraction and also to enhance the biological properties of the extracts (Chapter 3). 

Infusion is a simple and fast method carried out by adding a boiling solvent, usually water, on top 
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Figure 2.3 | Removal of bioactive compounds from plants using solid/liquid extraction. 

 

of the plant material (Figure 2.4) [10,11]. After being soaked at RT for a short period of time (5 to 10 

min), the obtained solution is filtered. This method, however, presents some disadvantages, such as the 

use of high temperatures. Indeed, high temperatures can enhance the solubility of the compounds, and, 

consequently, increase the efficiency of the extraction [12]. However, some bioactive compounds derived 

from the plant material are very sensitive to heat [13]. In Chapter 3, 200 mL of boiling water was added 

to 10 g of S. officinalis leaves and incubated for 10 min to obtain the aqueous extracts obtained by 

traditional extraction (AE-T). 

 

 
Figure 2.4 | Extraction by infusion. 

 

Maceration is an extraction method performed at RT by immersing the plant material in a solvent, 

being this mixture periodically macerated and shaken (Figure 2.5). Briefly, the plant material is placed 

inside a container and then it is immersed in the selected solvent. The container is closed and kept at RT 
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for a specific period of time, usually from 3 to 7 days [10]. During this time, the content is macerated 

periodically and shaken from time to time to assist compounds diffusion and ensure the dispersion of the 

concentrate around the surface of the plant material. After this stage, the plant material is separated from 

the extract solution by filtration or decantation. The left-over residue is also pressed to fully recover the 

remaining bioactive compounds extracted. This simple method is suitable for thermolabile compounds 

but requires a long extraction time. In Chapter 3, 100 mL of hydroethanolic solution (50:50, 

water:ethanol) was mixed with 10 g of S. officinalis leaves and left at RT for 5 days. This mixture was 

macerated 1 time per day, generating the hydroethanolic extracts obtained by traditional extraction (HE-

T). 

 

Figure 2.5 | Extraction by maceration. 

 

The Soxhlet apparatus has been used to prepare several extracts and as a standard technique to 

evaluate the performance of other solid/liquid extraction methods [11]. This method requires a heating 

mantle, a round bottom flask, a Soxhlet extractor, and a condenser on the top (Figure 2.6). The Soxhlet 

extractor contains the extraction chamber, the bigger side-arm, and the smaller side-arm (siphon tube) 

[10,11]. The plant material is placed inside the extraction chamber, while the solvent is poured into the 

round bottom flask. After that, the glass material is assembled. The extraction starts with the heating of 

the solvent into its boiling temperature, which after evaporation reaches the condenser via the bigger side-

arm of the Soxhlet extractor (Figure 2.6A) [14]. The condensed droplets of solvent fall into the extraction 

chamber with the plant material and the extraction of the bioactive compounds is started (Figures 2.6B 

and C). When the level of solvent in the extraction chamber reaches the top of the siphon (Figure 2.6D), 

the solvent containing the bioactive compounds flows back to the round bottom flask (Figure 2.6E) [11]. 

This repetitive process continues until the end of the extraction (Figure 2.6F). This simple method 
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exhaustively extracts the bioactive compounds from plants, increasing the yields of extraction. 

Additionally, the same amount of solvent and plant material can be used several times in this process 

[10,11]. However, the high temperatures that some solvents require for evaporation can damage the 

bioactive compounds [15]. Moreover, this method requires a long time of extraction and high volumes of 

solvent [10]. 

 

 

Figure 2.6 | The soxhlet extraction. (A) The system is heated at the boiling temperature of the solvent. (B) The gas flows 

from the low chamber, passes through the middle chamber, and condenses back onto the extraction chamber containing the 

plant sample. (C) The condensing solvent continues to drip on the plant sample dissolving the compounds of interest. (D) The 

solvent reaches the top of the siphon tube in the middle of the extraction chamber. (E) The bioactive compounds dissolved 

into the solvent flow back to the round bottom flask, emptying the extraction chamber. (F) The extraction cycle is repeated. 

 

In Chapter 3, the Soxhlet apparatus was used to obtain aqueous extracts (AE-S), hydroethanolic 

extracts (HE-S), and ethanolic extracts (EE-S) from 10 g of S. officinalis leaves. Three different solvents 

were used to evaluate their impact on the bioactivity of the extracts. Indeed, the solvent strongly influences 

the extraction of different bioactive compounds from the plant material [8]. After each cycle of extraction, 

the solvent was replaced by a new one to prevent S. officinalis extracts from being exposed to high 

temperatures, which could result in the thermal decomposition of thermolabile compounds [15]. 

Considering the effect of temperature on the bioactive compounds, E. purpurea extracts were 

prepared under stirring at RT (Chapters 4, 5, and 7). To increase the quality and efficacy of the resulting 

extracts an advanced method – accelerated solvent extraction (ASE) – was also employed (Chapters 4 

and 6). 
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In comparison with the extraction performed in static conditions, the agitation of the mixture 

increases the extraction efficiency of bioactive compounds from plant materials [16]. In most cases, the 

plant material is stirred using mechanical elements (e.g., magnetic stirrer) [17]. In the stirring method, 

the solvent is added to the plant material placed into a container, and then, the mixture is stirred for a 

specific period of time (Figure 2.7). This method is fast and simple. 

In Chapters 4 and 5 aqueous extracts (AE) were produced by stirring 20 g of E. purpurea flowers, 

leaves, and roots in 150 mL of ultra-pure water at RT for 24 h, in the dark. To recover more hydrophobic 

 

 

Figure 2.7 | Extraction by stirring. 

 

compounds from E. purpurea organs, the organic solvent DCM was used. Therefore, in Chapter 7, 

dichloromethanolic extracts obtained from E. purpurea roots (DE-R) were prepared by stirring 120 g of 

sample in 1200 mL of DCM at RT, for 24 h, in the dark. The water and DCM were changed after 12 h of 

the extraction process. In the end, both solutions of the same solvent were combined. 

After extraction, the extracts were filtrated through a 0.45 µm filter (Chapters 3 and 7) or coffee 

filter paper N4 (Chapters 4 and 5), frozen at −80 °C, and then freeze-dried (Lyoquest −85 °C Plus Eco, 

Telstar, Terrassa, Spain). Before the freeze-drying of HE, EtOH was evaporated at RT under reduced 

pressure using a rotary evaporator (IKA VACSTAR D S099, IKA - Werke, Germany). This last procedure 

was also used to concentrate ethanolic extracts (EE) and dichloromethanolic extracts (DE). After the 

collection of the concentrated EE and DE solutions into an amber vial, the remaining organic solvent was 

evaporated using gas nitrogen. All the S. officinalis and E. purpurea extracts were stored at −20 °C and 

−80 ºC, respectively, until further assays. 

Advanced methods have arisen to overcome the issues of the traditional methods, namely the time 

of extraction, the use of high temperature, and the quantity of solvent and plant material required [18]. 
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Some of the advanced methods employed in plant material extraction are (i) microwave-assisted 

extraction, (ii) ultrasonic-assisted extraction, (iii) pulsed-electric field extraction, (iv) enzyme-assisted 

extraction, (v) pressurized liquid extraction, (vi) supercritical fluid extraction, and (vii) homogenizer-

assisted extraction [11]. Recently, the technological field advances enabled the combination of several 

extraction methods to improve the yield and lower the costs of production [11]. For instance, ultrasound-

microwave-assisted extraction is a new innovative method of extraction. In Chapters 4 and 6, it was 

used pressurized liquid extraction or ASE. This method uses temperature above the boiling point and 

below the critical point of the solvent, under enough pressure to maintain it in the liquid state [19]. Indeed, 

the physicochemical properties of solvents under these conditions are different. For instance, at high 

pressure, the solvent viscosity is lower, and, consequently, its penetration into the plant material and, 

consequently, the dissolution of the bioactive compound is enhanced [20]. Therefore, reduced extraction 

time and enhanced yields of extraction can be obtained [21]. ASE is composed of a solvent reservoir, a 

pump, an oven containing the extraction cells, different valves and restrictors, and collecting vials (Figure 

2.8) [19]. The solvent reservoir is connected to the high-pressure pump, which feeds the solvent into the 

system. The extraction process takes place inside the extraction cell. First, a filter paper is inserted into 

the stainless-steel extraction cell, followed by the sample. Usually, the sample (1 – 100 g) is mixed with 

an inert and dispersant material (e.g., sand, diatomaceous earth) to prevent sample aggregation, allow 

for a larger exposure area to the solvent, and avoid the occlusion of the sample cell [22,23]. Then, the 

extraction cell is loaded into the oven, where it is filled with solvent (5 – 40 mL), heated (40 – 200 °C), 

and pressurized (500 – 3000 psi) [20]. The cell is held at a constant temperature for a specific period of 

 

 

Figure 2.8 | Accelerated solvent extractor. 
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time (5 – 20 min) during the extraction. The static valve is then opened to collect the extract solution into 

the collection vessel and then is closed for a second static extraction. To ensure that all the extract is  

recovered, the cell is rinsed with fresh solvent [22]. An exhaustive extraction can be ensured by the 

repetition of the extraction cycle. Once complete, the extraction cell is purged with nitrogen to avoid the 

presence of trace amounts of analyte from previous extractions.compounds. Moreover, the oxygen- and 

light-free environment minimizes phytochemical degradation [24]. Finally, few further manipulations are 

required since the extract solution is already filtrated and there is a lower volume of solvent to evaporate 

[22]. Thus, ASE is considered a green extraction technique, since it requires less time, energy, and 

solvent, being in line with sustainable development strategies. The biggest limitation of ASE is the high 

cost of the equipment. 

In Chapters 4 and 6, EE and DE were obtained using an ASE 200 (Dionex Corp., Vigo, Spain). 

About 2 – 5 g of dried E. purpurea flowers, leaves, or roots were weighed and mixed with diatomaceous 

earth. Then, they were loaded into stainless-steel extraction cells and held down to remove any residual 

free space. Cellulose filters were inserted into the bottom of those extraction cells before loading the 

sample to prevent the presence of suspended particles in the extract. All extractions were performed 

using two cycles, at constant pressure (1500 psi) for 30 min, at the minimum temperature allowed by 

the equipment (40 °C). The EE and DE solutions were collected into vials, and then, the organic solvent 

was evaporated using gas nitrogen. All the E. purpurea extracts were stored at −80 °C until further assays. 

 

2.2.2. Extraction yield 

The extraction yield is an important parameter in plant extract research. It is used to evaluate the 

efficiency of an extraction method [25]. Factors including the plant matrix size, the type of solvent, the 

extraction time, and temperature strongly affect this parameter.  

The extraction yield of all the extracts prepared within this thesis was calculated by dividing the dry 

weight of the extracts by the initial weight of the plant material used for extraction. The extraction yield of 

each S. officinalis and E. purpurea extract is expressed in percentage (%). 

 

2.3. PHYTOCHEMICAL ANALYSIS 

Plant extracts contain a mixture of multiple bioactive and inactive compounds. Due to the several 

variables influencing the composition of the plant extracts, their phytochemical characterization must be 

performed. Therefore, the correlation of biological effects with the composition of extracts can be 

achieved. 
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2.3.1. Determination of total phenol content 

The Folin-Ciocalteu assay allows for the determination of the total phenol content (TPC). It is a 

simple and quick assay that was employed in Chapter 3. The Folin-Ciocalteu assay is a standardized 

colorimetric method to quantify phenolic metabolites (e.g., hydroxycinnamic acids, flavonoids, 

anthocyanins, tannins) [26]. The Folin-Ciocalteu reagent is a mixture of phosphotungstic acid and 

phosphomolybdic acid that in the presence of phenols is reduced to oxotungstate/oxomolybdate complex 

(Figure 2.9) [27]. The reaction, in alkaline conditions, is based on the electron transfer from phenolic 

compounds to the chromogen complex, resulting in the generation of blue complexes that are determined 

spectroscopically [28]. The color intensity is proportional to the concentration of phenols. Thus, the TPC 

amount can be obtained from calibration curves of a reference standard (e.g., gallic acid – GA) assayed 

in the same experimental conditions. The major concern of this assay is the interference of other chemical 

substances (e.g., soluble sugars and proteins) present in the plant extract that can have an inhibitory, 

additive, or enhancing effect [28]. Therefore, the Folin-Ciocalteu method is only an indicative assay of the 

amount of phenols present in the plant extract. 

 

 

Figure 2.9 | Reduction of the Folin-Ciocalteu reagent by an antioxidant (AH) present in the plant extract, accompanied by 

the color changing of the solution from yellow to blue. 

 

In Chapter 3, the TPC of the S. officinalis extracts was measured using the Folin-Ciocalteu 

method, according to the procedure described by Kontogianni et al. with some modifications [29]. All the 

extracts (1 mg/mL) were dissolved in their solvent of extraction (water, ethanol, or their mixture, 50:50). 

Then, 200 µL of the extract was mixed with 4.8 mL of distilled water and 500 µL of Folin-Ciocalteu 

reagent. After 3 min, 1 mL saturated solution of Na2CO3 (332 g/L) was added and diluted with distilled 

water up to 10 mL. Blank samples were prepared using 200 µL of the respective solvent without S. 

officinalis extracts. After 1 h, a volume of 200 µL was pipetted to a 96-well plate, and the absorbance 

was read at 725 nm in a microplate reader (Synergy HT Multi-Mode Microplate Reader, BioTek, Winooski, 

VT, USA). GA, in concentrations ranging from 25 to 500 mg/mL, was used to prepare the calibration 

curve to interpolate the TPC of each extract. The results are expressed as mg of GA per g of dry S. 

officinalis extract. All measurements were performed in triplicate for each batch of every extract. 
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2.3.2. Determination of total flavonoid content 

The aluminum chloride assay is widely used in the determination of the total flavonoid content 

(TFC) in plant extracts and was employed in Chapter 3. Indeed, it is one of the most used colorimetric 

methods to quantitatively determine flavonoid compounds (e.g., flavonols, flavones, isoflavones, 

flavanones, anthocyanidins), using aluminum cation (Al3+) as the complexing agent [30]. The flavonoids 

contain oxo and hydroxyl groups that react with Al3+, generating an acid-stable yellowish flavonoid-Al3+ 

complex (Figure 2.10) [31]. The color intensity is proportional to the concentration of flavonoids. TFC 

is quantified from calibration curves based on a reference flavonoid standard (e.g., quercetin, catechin, 

rutin) analyzed in the same experimental conditions. However, the distinct flavonoid complexes present 

different absorbance values, making this the main drawback of this assay. 

 

 

Figure 2.10 | Al3+-quercetin complex formation, accompanied by the development of yellowish color. 

 

In Chapter 3, the TFC of the S. officinalis extracts was determined by the aluminum chloride 

colorimetric method, according to the procedure of Kontogianni et al. with some modifications [29]. One 

milliliter of extracts (10 mg/mL) dissolved in their solvent of extraction (water, ethanol, or their mixture, 

50:50) was mixed with 1 mL of aluminum chloride in ethanol (20 mg/mL) and diluted with ethanol up to 

25 mL. Blank samples were prepared with 1 mL of each extract mixed with 1 drop of acetic acid and 

diluted up to 25 mL. After 40 min of incubation at RT, 200 µL of the resulting solution was pipetted to a 

96-well plate, and the absorbance was read at 415 nm at 20 °C in a microplate reader (Synergy HT 

Multi-Mode Microplate Reader, BioTek, Winooski, VT, USA). Rutin, in concentrations ranging from 25 to 

500 mg/mL, was used to prepare the calibration curve to interpolate the content of flavonoids. The results 

are expressed as mg of rutin per g of dry S. officinalis extract. All measurements were performed in 

triplicate for each batch of every extract. 

 

2.3.3. Chromatographic techniques 

Chromatography is a technique widely used for the separation, identification, and purification of 

different compounds within a mixture [32]. Indeed, chromatography can be analytical, semi-preparative, 
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or preparative [33]. Analytical chromatography identifies, and in some cases, quantifies, known 

compounds within complex mixtures. Semi-preparative and preparative chromatography isolate or purify 

compounds of interest on a small and large scale, respectively. 

Chromatography involves three main components, the mobile phase, the stationary phase, and 

the analyte [34]. The mobile phase may be either liquid or gas, while the stationary phase can be solid 

or liquid. Particularly, in liquid chromatography (LC), the mobile phase is liquid and the stationary phase 

is solid [35] and includes, for instance, TLC and high-performance liquid chromatography (HPLC). The 

analyte is the sample that will be chromatographed. Therefore, the sample will be  carried through the 

stationary phase by the mobile phase [32]. The separation of the individual compounds is achieved due 

to the relative difference of their affinity for the stationary and mobile phases, resulting in different 

migration rates (Figure 2.11) [34]. The compounds within the mixture that have a greater affinity for 

the stationary phase migrate it slowly. Conversely, the compounds that have a weaker affinity with the 

stationary phase move through it quickly. A separation is effective if several compounds emerge from the 

stationary phase at different times. The characteristics of the compounds to be separated determine the 

composition of the mobile and stationary phases [32,34]. 

In this study, the obtained plant extracts were chemically characterized by TLC and HPLC. 

 

 

Figure 2.11 | The separation of compounds by liquid chromatography. (A) A mixture of compounds enters the 

chromatographic column. (B) The red triangle shows a higher affinity to the stationary phase than the yellow hexagon. (C) The 

yellow hexagon migrates faster. (D) The red triangle flows slowly in the chromatographic column. 

 

2.3.3.1. Thin-layer chromatography 

In Chapter 3, TLC was used to analyze the presence of main compounds in S. officinalis extracts. 

TLC is a simple, rapid, and low-cost qualitative analytical chromatographic method used to separate 

nonvolatile compounds [36]. TLC is performed on a sheet of an inert substance (e.g., glass, plastic, or 
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aluminum foil), which is coated with a thin layer of adsorbent material (e.g., silica gel, aluminum oxide, 

or cellulose) [37]. In this chromatographic technique, the mobile phase is liquid, and the stationary phase 

is the adsorbent layer on the solid support plate (Figure 2.12). The mixture sample is spotted in the 

 chromatographic plate above the level of the eluent in the chamber [36]. Then, the plate is carefully 

vertically placed inside the closed chamber containing the mobile phase. The chamber should be 

previously saturated (3 – 5 min) with the mobile phase to equilibrate the solvent with the atmosphere 

[38]. Gradually, the mobile phase rises the plate via capillary action and, consequently, the compounds 

are separated according to their affinity towards the stationary phase and mobile phase [37]. Before the 

mobile phase reaches the top of the plate, the process is stopped, and the solvent line should be marked. 

This will allow for calculating the retention factor (RF) of each compound. For a given mobile and stationary 

phase, each compound will show a characteristic RF that can be used to identify it in comparison with 

standard compounds. Moreover, to avoid misunderstandings, both sample and standard must be applied 

together in the same point of application and analyzed. With this test, small differences in the RF values 

are detected and, therefore, the conclusion about the presence of a certain compound is more robust. 

For revelation, usually, an ultraviolet (UV) lamp is used [37]. Staining solutions, such as acidic vanillin, 

phosphomolybdic acid, anisaldehyde, or potassium permanganate, are also used to visualize the different 

compounds [39]. 

 

 

Figure 2.12 | Thin-layer chromatography. 

 

In Chapter 3, TLC was conducted according to the procedure described by Exarchou et al. [40]. 

After application of the samples and standards (rosmarinic acid, α-terpineol, 1,8-cineole, apigenin 7-

glucoside, salvianolic acid B, ursolic acid, cinnamic acid, quinic acid, linalyl acetate, viridiflorol, apigenin, 

carnosol, betulinic acid, oleanolic acid, α-humulene, camphor, borneol, protocatechuic acid, luteolin, 

camphene, luteolin 7-glucoside, isoquercitrin, p-coumaric acid, apigenin 7-O-glucuronide, linalool, α-
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pinene, carnosic acid, eriocitrin, ferulic acid, and quercetin), dissolved in methanol, in the plates, they 

were developed with a mobile phase consisting of chloroform, ethyl acetate, and formic acid (5:4:1, 

V/V/V) in an ascending one-dimensional mode in a saturated glass chamber. Samples and standards 

were also added at the same point of application. After separation and drying of the plates, the separated 

compounds were revealed using iodine and UV light (254 nm). The RF of each compound in the samples 

was calculated and compared with the RF of the standards.  

 

2.3.3.2. High-performance liquid chromatography 

The major components of the HPLC system are reservoirs for the mobile phase, a high-pressure 

pump, a mixing unit (solvent degassing system), a sample injection loop, a guard column, a column, 

sometimes a column oven, a detector, a recorder, an integrator, and a waste collector (Figure 2.13) 

[35]. The sample is dissolved in a suitable solvent that is miscible with the mobile phase [41]. It is then 

combined in the mobile phase and injected into the column, where high pressure is used to force the 

passage of the mixture at a constant rate. Inside the column, several chemical interactions between the 

sample compounds and the stationary phase take place [42]. As such, the compounds having a higher 

affinity for the stationary phase remain adsorbed for a longer time, decreasing their speed of movement 

through the column. The compounds with lower affinity for the stationary phase move faster. Therefore, 

these interactions allow for the separation of compounds into different fractions. The separated 

compounds then move to the detector where they generate a signal, which is recorded on a data system 

[33]. The most popular detector for HPLC is a UV/visible spectrophotometer, usually, a particular type 

called a diode array detector (DAD). The time required for a compound to travel through the stationary 

phase after injection until it reaches the detector is defined as retention time (tR) [42]. 

HPLC can be classified as a normal phase or reversed phase [35]. In normal phase 

chromatography, the mobile phase is nonpolar in nature (e.g., hexane or chloroform), while the stationary 

 

 

Figure 2.13 | High-performance liquid chromatography system. 
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phase is polar (e.g., silica or alumina). Here, the polar compounds are retained more strongly by the 

stationary phase and the nonpolar compounds are eluted first. In reversed phase chromatography, the 

mobile phase is polar in nature (e.g., ethanol and/or acetonitrile), while the stationary phase is nonpolar 

(e.g., hydrocarbon). Hence, the polar compounds elute faster. The composition of the mobile phase can 

be changed over the experiment for a better separation of the compounds [41]. When the composition of 

the mobile phase remains constant throughout the elution step, it is called isocratic elution. When the 

composition of the mobile phase is changing over the elution step, it is referred to as gradient elution. 

 

2.3.3.2.1. Analytical high-performance liquid chromatography 

Analytical HPLC was used in Chapters 5 and 6 to optimize the chromatographic separation of 

the phenolic/carboxylic acids and alkylamides present in E. purpurea extracts before their fractionation. 

A stock solution of 1 mg/mL of all standards (echinacoside, chicoric acid, caftaric acid, caffeic acid, 

chlorogenic acid, cynarin, undeca-2E/Z-ene-8,10-diynoic acid isobutylamide, dodeca-2E-ene-8,10-diynoic 

acid isobutylamide, dodeca-2E,4E-dienoic acid isobutylamide, dodeca-2E,4E,8Z,10E/Z-tetraenoic acid 

isobutylamide) was prepared and stored in amber bottles at −80 °C. All standards were prepared in 

methanol, except the caffeic acid solution, which was prepared in ethanol. A standard mixture was 

prepared at a final concentration of 100 µg/mL for each. A LaChrom Merck Hitachi system equipped 

with a D-7000 Interface, an L-7100 Pump, an L-7200 autosampler, an L-7455 DAD, and an HPLC System 

Manager HSMD-7000 (Merck Hitachi, Tokyo, Japan), version 3.0, was used in the chromatographic 

analysis. The chromatographic separation was performed on a LiChrocart LiChrosphere 100 RP-18 

(250 mm × 4 mm, 5 µm, Merck, Darmstadt, Germany). The gradient elution was optimized following the 

previous method reported by Pellati et al. [43], being the mobile phase composed of water containing 

0.1% formic acid and ACN at different percentages (Table 2.1). The flow rate was 1 mL/min, and the 

column temperature was set at RT. The injection volume was 20 µL. The UV spectra were acquired in 

the range of 190 to 450 nm, and the peak integration was performed at 254 nm for alkylamides and 330 

nm for caffeic acid and its derivatives. 

 

Table 2.1 | Parameters of the optimized gradient method for analytical separation. 

Time (min) Water with 0.1% formic acid (%) ACN (%) 

0 90 10 

18 85 15 

30 10 90 

35 10 90 

36 90 10 

45 90 10 
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2.3.3.2.2. Semi-preparative high-performance liquid chromatography 

In Chapters 5 and 6, the optimized analytical method was adapted for the fractionation of E. 

purpurea extracts by semi-preparative HPLC. The dry residues of DE and EE were dissolved in methanol 

(5 to 25 mg/mL) and centrifuged (10,000 × g, 5 min; ScanSpeed Mini, Labogene, Lillerød, Denmark) to 

collect the supernatant. The supernatants were injected in the LaChrom Merck Hitachi system equipped 

with a D-7000 Interface, an L-7100 Pump, an L-7200 autosampler, an L-7455 DAD, and an HPLC System 

Manager HSMD-7000, version 3.0. The injection volume of E. purpurea extracts varied between 200 and 

400 µL. The chromatographic separation was performed on a Uptisphere WOD homemade semi-

preparative column (250 mm × 10 mm, 5 µm, interchrom, Interchim, France). The mobile phase was 

composed of (A) water containing 0.1% formic acid and (B) ACN (Table 2.2). The flow rate was set at 2 

mL/min. 

 

Table 2.2 | Parameters of the gradient method for semi-preparative high-performance liquid chromatography. 

Time (Min) Water with 0.1% Formic Acid (%) ACN (%) 

0 50 50 

7 5 95 

20 5 95 

21 50 50 

25 50 50 

 

The DE and EE were fractionated into two main fractions: Fraction 1 (F1, 2–11 min) and Fraction 

2 (F2, 11–20 min), defined as phenolic/carboxylic acid and alkylamide fractions, respectively. Fractions 

were obtained through the eluent collection. Only F2 (12.2 – 21.5 min) was recovered from DE-R. DE-F 

was fractionated into F2 i (12 – 14.6 min), F2 ii (14.6 – 16 min), and F2 iii (16 – 20 min). EE-F was 

fractionated into F1 (2 – 11 min) and F2 (11 – 20 min). The organic solvent was evaporated in a rotavapor 

(R210 Buchi, Switzerland), and then the fractions were freeze-dried (LyoQuest Plus Eco, Telstar, Terrassa, 

Spain) to remove the water. The crude fractions were stored at −80 °C until further use. 

 

2.3.4. Liquid chromatography-mass spectrometry 

Liquid chromatography-mass spectrometry (LC-MS) is an analytical chemistry technique that 

combines the chromatographic separation capabilities of HPLC with the highly sensitive and selective 

mass analysis capability of mass spectrometry (MS) [44]. LC-MS is a powerful analytical technique used 

for the identification and quantification of both unknown and known compounds present in a sample 

[45,46]. The LC-MS system consists of an HPLC pumping system, injector, and column coupled to a 
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mass spectrometer through a evaporative ionizing interface [46]. A computer system provides the full 

coordination of the components of the system. In the last years, high-resolution mass spectrometry 

(HRMS) has been used to acquire more data points that allows for an easier and more reliable 

identification and quantification of a chemical compound. Moreover, ultra-high-performance liquid 

chromatography (UHPLC), an advanced HPLC with increased back pressure due to the use of sub-2-µm 

particle packed columns or porous-shell columns, has been used coupled to HRMS [45,47]. In a short 

period of time, UHPLC provides a more efficient separation that increases the peak resolution. Indeed, 

liquid chromatography-high-resolution mass spectrometry (LC-HRMS) has been recognized as a 

revolutionary breakthrough in the efficient identification of compounds. 

Following chromatographic separation, the compounds elute off the HPLC column into the interface 

and are desolvated into the gas-phase [48]. The compounds are then ionized in multiple ions, using either 

electron or chemical ionization, and undergo fragmentation. Some of the fragments will be ionic – and 

proceed to the analyzer –, and some will be free radicals – that are pumped off in the vacuum. Then, the 

mass analyzer sorts and separates the ions according to their specific mass-to-charge ratio (m/z) [49]. 

The detector identifies the ions, recording their relative abundance (Figure 2.14). The resulting mass 

spectra of a specific compound display vertical bars, in which each bar represents an ion having a 

particular m/z ratio. The length of the bar represents the relative abundance of that in the compound 

(MS/MS). The most abundant ion is normalized for an abundance of 100, and it is referred as the base 

peak [50]. All other peaks – fragments ion – are expressed as a percentage of the base peak. Usually, 

the highest m/z value corresponds to the molecular ion (or precursor ion), represented by [M]+• or  

[M]–•, which is the unfragmented charged ion. The molecular ion provides information about the 

molecular weight of the compound. The molecular ion, the fragment ion, and the retention time are used 

as building blocks to reconstruct the molecular structure and identify the compound [49]. Usually, by 

comparison of the MS characteristics of standards, analyzed in the same conditions, with the unknown 

compounds in the sample mixture, is confirmed the identity of the molecule. 

 

 

Figure 2.14 | Liquid chromatography-mass spectrometry system. 
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LC-MS instruments are very expensive and it is required chemistry knowledge to analyze the data. 

Also the identification of compounds in a complex matrix requires a long time of analysis, being the 

biggest limitation when a high-throughput analysis is needed [45]. In addition, this technique did not 

differentiate isomers since they have the same molecular weight. 

From Chapters 4 to 7, the chemical composition of the extracts and fractions was analyzed by 

LC-HRMS. The LC−HRMS analysis was performed on UltiMate 3000 Dionex UHPLC (Thermo Scientific, 

Lisbon, Portugal), coupled to an ultra-high-resolution quadrupole-quadrupole time-of-flight (UHR-QqTOF) 

mass spectrometer (Impact II, Bruker, Lisbon, Portugal). The chromatographic separation was performed 

on an Acclaim RSLC 120 C18 analytical column (100 mm × 2.1 mm i.d.; 2.2 µm, Dionex, Lisbon, 

Portugal). The mobile phase was composed of (A) water containing 0.1% formic acid and (B) ACN 

containing 0.1% formic acid. The gradient program was as follows: 0 min, 95% A; 10 min, 79% A; 14 min, 

73% A; 18.3 min, 42% A; 20 min, 0% A; 24 min, 0% A; 26 min, 96% A. The flow rate was 0.25 mL/min, 

and the column was kept at 35 °C. The injection volume was 2 µL. The MS analysis of the 

phenolic/carboxylic acid compounds was set using electrospray ionization (ESI) in negative ionization 

mode due to their acidic character [51]. As the alkylamides are slightly basic, they were detected in the 

positive ion mode [51]. Spectra were acquired over a range from m/z 20 to 1000 in an Auto MS scan 

mode. The selected parameters were as follows: capillary voltage, 2500 V (negative mode, 

phenolic/carboxylic acids) and 4500 V (positive mode, alkylamides); drying gas temperature, 200 °C; 

drying gas flow, 8.0 L/min; nebulizing gas pressure, 2 bar; collision cell energy, 5.0 eV; collision radio 

frequency (RF), 300 Vpp; transfer time, 70 µs; and prepulse storage, 5 µs. Post-acquisition internal mass 

calibration used sodium formate clusters, which were delivered by a syringe pump at the start of each 

chromatographic analysis. The LC-HRMS acquired data were processed using Bruker Compass 

DataAnalysis 5.1 software (Bruker, Lisbon, Portugal) to extract the mass spectral features from the 

sample raw data. Commercially available standards of echinacoside, chicoric acid, caftaric acid, caffeic 

acid, chlorogenic acid, cynarin, undeca-2E/Z-ene-8,10-diynoic acid isobutylamide, dodeca-2E-ene-8,10-

diynoic acid isobutylamide, dodeca-2E,4E-dienoic acid isobutylamide, and dodeca-2E,4E,8Z,10E/Z-

tetraenoic acid isobutylamide were used. Therefore, the identification of these compounds in the E. 

purpurea extracts was confirmed by their tR (min), m/z of the molecular ion, and MS/MS fragmentation 

patterns. For phenolic/carboxylic acid and alkylamides for which standards were not available, the 

potential candidates of a specific molecule were assigned by comparing the theoretical and published 

MS/MS fragments with the obtained MS/MS spectra pattern, and by analyzing the elution order of 

alkylamides present in the literature [43,51–56]. 
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2.4. ANTIOXIDANT ACTIVITY ASSAYS 

The measurement of the antioxidant activity of plant extracts is an essential step to study their 

potential efficiency in the treatment of diseases related to oxidative stress. There is a wide variety of 

methods to quantify this biological activity [57]. The antioxidant activity must be tested for more than one 

method since there are different free radicals present in the biological systems [57]. Although these 

methods do not reflect the situation in an in vivo scenario, the results provide important information about 

their intrinsic antioxidant capacity with minimal environment interference [57]. 

In Chapter 3, a screening of the antiradical activity of S. officinalis extracts was firstly evaluated 

against two synthetic radicals, namely 2,2-diphenyl-1-picrylhydrazyl radical (DPPH•) and 2,2'-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid) monocation radical (ABTS•+), due to their simple measurement. 

After, the antioxidant activity of S. officinalis extracts against peroxyl radical (ROO•), nitric oxide (•NO), 

and O2
•– was evaluated. The reducing power (RP) was also investigated. 

 

2.4.1. Preparation of S. officinalis extracts solutions and IC50 calculation 

Stock solutions of S. officinalis extracts were prepared at concentrations of 500 µg/mL in the 

respective buffer of each assay. AE, HE, and EE were dissolved in buffer containing 25% of their solvent 

of extraction. S. officinalis extracts stock solutions were then serially diluted to obtain final concentrations 

of 5, 10, 25, 75, 125, and 250 µg/mL. For all assays, control samples without the extracts but with an 

equal volume of buffer were also prepared. A control with the buffer containing 25% of the extraction 

solvent was also performed to demonstrate its noninterference in the antioxidant activity assessment. The 

assays were performed in triplicate for each batch of each extract. A microplate reader (Synergy HT Multi-

Mode Microplate Reader, BioTek, Vermont, USA) was used to read either the absorbance or the 

fluorescence. In all antioxidant assays, the extract concentration required to inhibit 50% of the radical 

(half-maximal inhibitory concentration – IC50), in µg/mL, was calculated by linear or nonlinear regression 

of the plots presenting the concentration (µg/mL, in abscissa) versus the average (%, in ordinate) of the 

respective radical in the solution. Low IC50 values mean a high ability of S. officinalis extracts to neutralize 

the studied radicals. 

 

2.4.2. DPPH• scavenging activity 

DPPH• is a stable free radical with a deep purple color [58]. The DPPH• scavenging assay is based 

on the reduction of DPPH• in the presence of an electron or hydrogen donating specie (AH). As a result, 

the neutralized radical form – DPPH(H) – is generated (Figure 2.15) [59]. The reaction is accompanied  
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Figure 2.15 | DPPH• scavenging mechanisms by an antioxidant (AH), accompanied by discoloration of the solution from 

deep purple to pale yellow. 

 

by discoloration of the solution, from deep purple to yellow [60]. Consequently, the decrease in 

absorbance is inversely related to the radical scavenging activity of the compound. 

The ability of the S. officinalis extracts to neutralize DPPH• was determined according to the method 

described by Cidade et al. [61]. The concentration of 1.9 mM DPPH• ethanolic solution was adjusted with 

ethanol in a microplate reader to obtain an absorbance of 0.38 ± 0.01 at 515 nm (25 °C) for 180 µL of 

the radical solution. Then, 20 µL of each S. officinalis extract at different concentrations in ethanol was 

added to a 96-well plate, and 180 µL of DPPH• ethanolic solution was mixed. The absorbance was 

immediately recorded at 515 nm every minute for 60 min at 25 °C. Equation 2.1 was used to calculate 

the percentage of the DPPH• in the solution over time: 

 

𝐷𝑃𝑃𝐻 (%) =
𝑎𝑏𝑠𝑡=𝑥

𝑎𝑏𝑠𝑡=0

× 100, 

 

where abst=x and abst=0 are the absorbance of the mixture at a given time and at the beginning of the 

experiment, respectively. 

 

2.4.3. ABTS•+ scavenging activity 

ABTS•+ is a stable radical cation with a blue-green color [59]. ABTS•+ is generated from ABTS in 

the presence of strong oxidizing agents (e.g., manganese dioxide or potassium persulphate) [58]. The 

neutralization of ABTS•+ is due to the electron or hydrogen donation from the antioxidant (AH, Figure 

2.16)  [59]. This reaction is accompanied by discoloration of the solution, from blue-green to pale green. 

Consequently, the radical scavenging activity of the compound is inversely related to the decrease in 

absorbance of the radical. 

The ability of the S. officinalis extracts to scavenge ABTS•+ was determined according to the method 

described by Re et al. with slight modifications [62]. The monocation radical ABTS•+ was generated by 

 

Equation 2.1: 
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Figure 2.16 | ABTS•+ scavenging mechanisms by an antioxidant (AH), accompanied by discoloration of the solution from 

blue-green to pale green. 

 

the reaction between ABTS (7 mM) with the oxidizing agent potassium persulfate (2.45 mM) in an 

aqueous solution, for 12 – 16 h, at RT protected from the light. The ABTS•+ radical concentration was 

adjusted with ethanol to an absorbance of 0.45 ± 0.01 at 734 nm for each 180 µL of a radical solution, 

in a microplate reader, at 30 °C. Then, 20 µL of each S. officinalis extract at different concentrations in 

ethanol was added to a 96-well plate, and 180 µL of ABTS•+ ethanolic solution was mixed. The decrease 

in the absorbance was immediately recorded at 734 nm every minute for 30 min, at 30 °C. The 

percentage of the radical in the solution over time was calculated using Equation 2.1, replacing DPPH• 

by ABTS•+. 

 

2.4.4. Antioxidant activity against ROO• 

ROO• is one of the most important radicals in oxidative stress [59]. In the lab, ROO• is produced by 

a group of azo compounds, such as the lipophilic α,α-azobisisobutyronitrile (AIBN), 2,2-azobis(2-

amidinopropane) hydrochloride (ABAP), 2,2′-azobis(2,4-dimethylnaleronitrile) (AMVN) and AAPH [59]. 

Particularly, the azo compound AAPH undergoes thermal decomposition at 37 °C in the presence of 

oxygen (O2) to yield ROO•. The antioxidant activity against ROO• is based on the reduction of the radical in 

the presence of a hydrogen atom donating compound (Figure 2.17) [59]. Therefore, ROOH is formed. 

If a fluorescent probe (e.g., fluorescein or N,N,N-Trimethyl-4-(6-phenyl-1,3,5-hexatrien-1-

yl)phenylammonium p-toluenesulfonate – TMA-DPH) is present in the reaction mixture and it is not 

oxidized by ROO• due to the presence of antioxidants, there is no decay in its fluorescence intensity [58]. 

If no antioxidants are present or were all oxidized, the fluorescent probe is not more protected from 

oxidation, and a decay rate of its fluorescence intensity will be observed [63]. At the end of the experiment, 

a set of fluorescence decay curves can be constructed in the absence or presence of antioxidants and 

the integrated area under the curve (AUC) can be calculated as an indicator of the antioxidant capacity 

[59]. A high AUC demonstrates a strong antioxidant activity against ROO•. 

The antioxidant activity of S. officinalis extracts against ROO• was evaluated according to a method 

reported in the literature with some modifications [63]. S. officinalis extracts were prepared as described  
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Figure 2.17 | Neutralization mechanism of ROO• by an antioxidant (AH), accompanied by the preservation of the 

fluorescence of the probe. 

 

before, but, in this assay, the final concentrations were 0.5, 1, 2, 3, 4, 5, and 10 µg/mL. Then, 150 µL 

S. officinalis extracts at different concentrations in 75 mM potassium phosphate buffer (pH 7.4) were 

incubated with 25 µL of the fluorescent probe fluorescein (final concentration 48 nM). ROO• were 

generated by the thermal decomposition of the water-soluble initiator AAPH (25 µL, final concentration of 

15 mM) [64]. The fluorescence was immediately recorded with an excitation wavelength of 485 nm and 

an emission wavelength of 528 nm, at 37 °C, every minute for 3 h in a microplate reader. Data obtained 

were converted to relative fluorescence values by dividing the fluorescence intensity at a given time by 

the fluorescent intensity at 0 min. The antioxidant capacity was calculated for each S. officinalis extract 

concentration, using Equation 2.2: 

 

𝐴𝑛𝑡𝑖𝑜𝑥𝑖𝑑𝑎𝑛𝑡 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (%)  =  
 𝐴𝑈𝐶𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑠 − 𝐴𝑈𝐶𝑏𝑙𝑘

𝐴𝑈𝐶𝑏𝑙𝑘

× 100, 

 

where AUCextract corresponds to the AUC obtained for a given concentration of S. officinalis extracts, whereas 

AUCblk is related to the AUC in the absence of extracts (blank, 0 µg/mL). The AUC was calculated by 

integrating the relative fluorescence curve as a function of the time using GraphPad Prism 6 software. 

 

2.4.5. Antioxidant activity against •NO 

•NO is a short-lived free radical, but rapidly reacts with O2
•– to produce a variety of nitrogen oxides 

[65]. There are several methodologies to detect and quantify •NO or its derived species, including 

oxyhemoglobin oxidation, Griess method, electrochemical sensor, electron paramagnetic resonance, 

fluorescent probes, ozone-based chemiluminescence, nitric oxide synthase activity, among others [65]. 

The colorimetric Griess method is a simple and fast option for the indirect measurement of the levels of 

•NO. In an aqueous solution, SNP spontaneously produces •NO at physiological pH  [66]. •NO rapidly 

reacts with O2, generating nitrogen dioxide (NO2) [65]. Next, NO2 reacts with •NO reversibly to generate 

dinitrogen trioxide (N2O3) [67]. Then, N2O3 is further hydrolyzed to obtain the stable end-product nitrite ion 

Equation 2.2: 
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(NO2
–) [68]. Under acidic conditions, NO2

– produces a nitrosating agent, which reacts with SA to produce 

the diazonium ion [68]. This is then coupled with NED to yield a pink azo dye product, which can be 

monitored at 540 nm [65]. In the presence of antioxidants, the generation of the pink azo dye product is 

reduced [69]. There are three possible mechanisms for the antioxidant activity. First, the antioxidant 

compound can inhibit the NO2
– formation by competing with O2 in the reaction with •NO [69]. The 

antioxidant compound can also directly react with •NO, by donating an H-atom or transferring an electron 

to the radical [70]. These mechanisms led to the reduction of nitrite concentration, and therefore a 

decrease in the pink color. 

The antioxidant activity of different S. officinalis extracts against •NO was measured using Griess 

reagent, according to the method of Pardau et al. [71]. In a 96-well plate, 20 µL of each S. officinalis 

extracts at different concentrations and 80 µL SNP (10 mM) in PBS were mixed. The plate was incubated 

for 15 min in a water bath at 37 °C under a tungsten light  [72]. Then, 1% SA in 20% acetic acid (50 µL) 

was added. After 10 min, 0.1% NED in 2.5% phosphoric acid (50 µL) was mixed to produce a stable 

water-soluble pink azo dye, whose absorbance was measured at 540 nm. The percentage of nitrite in the 

solution was determined according to Equation 2.3: 

 

𝑁𝑂2
− (%) =

𝑎𝑏𝑠𝑒𝑥𝑡𝑟𝑎𝑐𝑡

𝑎𝑏𝑠𝑐𝑜𝑛𝑡𝑟𝑜𝑙

× 100, 

 

where abscontrol is the absorbance of the control (0 µg/mL) and absextract is the absorbance in the presence 

of S. officinalis extracts at different concentrations. 

 

2.4.6. Antioxidant activity against O2
•– 

Beyond its reactivity, O2
•– also participates in the generation of other radicals, such as peroxynitrite 

(ONOO–) and hydroxyl radical (•OH) [73]. The antioxidant activity against O2
•– can be measured in different 

approaches, including cytochrome C reduction, NBT reduction, electron spin resonance, and pyrogallol 

autoxidation [74]. In this work, to evaluate the antioxidant activity of the extracts against O2
•–, the NBT 

reduction was applied. In the presence of oxygen, O2
•– is generated by the reaction between NADH and 

PMS, which, consequently, will reduce the NBT to a blue chromogen [72]. In the presence of antioxidants, 

the formed blue chromogen amount decrease by the same antioxidant mechanism reported for •NO [75]. 

The NBT reduction method was used to determine the antioxidant activity against O2
•– [72]. In a 

96-well plate, 26.1 µL of S. officinalis extracts at different concentrations in PBS, 75 µL of NADH (final 

Equation 2.3: 
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concentration 166 µM), 150 µL of NBT (final concentration 43 µM), and 10 µL of PMS (final concentration 

of 2.7 µM) were mixed. The absorbance was immediately recorded at 560 nm for 2 min at RT. The 

percentage of O2
•– in the solution was determined according to Equation 2.3, replacing NO2

– by O2
•–. 

 

2.4.7. Reducing power capacity  

RP capacity is widely used to easily access the electron-donating potential of an antioxidant [60]. 

Ferricyanide has been the most popular ferric reagent used in RP assay. The reaction may occur by two 

different mechanisms with the same result (Figure 2.18) [57,59]. The RP assay measures the ability of 

a compound to reduce the yellow ferric ion (Fe3+) complex to the blue ferrous ion (Fe2+) complex in acidic 

media [59]. The Fe3+ in the solution can be reduced by antioxidants to Fe2+, which in turn binds to 

ferricyanide ([Fe(CN)6]3) to yield Prussian blue. Conversely, the antioxidants can reduce the ferricyanide 

([Fe(CN)6]3–) to ferrocyanide ([Fe(CN)6]4–), which in turn binds to Fe3+ to generate Prussian blue. The 

resultant product Prussian blue can be spectrophotometrically quantified and linearly correlated with the 

total amount of electron-donating antioxidants [60]. 

 

 

Figure 2.18 | Reducing power reaction mechanism in the presence of ferric ion and an antioxidant (AH), leading to the 

generation of Prussian blue. 

 

The RP capacity of the S. officinalis extracts was investigated according to a method described by 

Martins et al. with some modifications [60]. To each S. officinalis extract at different concentrations (500 

µL) in 200 mM sodium phosphate buffer, pH 6.6, was added 500 µL sodium phosphate buffer and 500 

µL ferricyanide (1% W/V). The resulting solution was incubated at 50 °C for 20 min. Then, 500 µL 

trichloroacetic acid (10% W/V) was added. From this solution, 114 µL were removed and added to a 96-

well plate, together with 114 µL of deionized water and 23 µL of ferric chloride (0.1% W/V). The mixtures 

were homogenized and left at RT for 4 h. The generation of the Prussian blue was determined 

spectrophotometrically at 690 nm. In this assay, the IC50 is the extract concentration that provides a 0.5 

absorbance. High IC50 values correspond to a great ability of S. officinalis extracts to act as reducing 

compounds. 
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2.5. LIPOSOMES PREPARATION 

The main active principles in E. purpurea DE-R are alkylamides [76], however, due to their low 

aqueous solubility, large unilamellar liposomes (LUVs) were used to improve their bioavailability. Among 

the wide variety of available phospholipids, as mentioned in Chapter 1, phosphatidylcholine (PC), 

derived from egg yolk, shows anti-inflammatory and antioxidant activities [77]. To improve the blood 

circulation time, the surface of liposomes was coated with polyethylene glycol (PEG). In addition, as folate 

receptors of the activated macrophages at the inflammatory sites are highly expressed [78], folic acid 

was incorporated in the liposomal formulation to be used as targeting moiety. 

There are several methods to prepare LUVs, as mentioned in Chapter 1. The selection of the 

method relies on the desired final structure and physicochemical properties of liposomes [79]. The most 

common method used for the preparation of LUVs is the thin-film hydration method followed by extrusion 

[79]. For that, lipids are dissolved in an organic solvent, which is then removed to yield a lipidic film 

(Figure 2.19). After, the multilamellar liposomes (MLVs) are formed when the thin lipid film is hydrated 

and vortexed. However, MLVs suspensions are heterogeneous in size and number of lipidic bilayers. Thus, 

if homogeneous suspensions of LUVs are required, MLVs must be submitted to further treatments, such 

as extrusion, sonication, and high-pressure homogenization [79,80]. The extrusion exhibits high 

reproducibility in the LUVs suspensions obtained [79]. In this method, the MLVs suspension is forced to 

pass through a polycarbonate filter with a defined pore size to yield particles having a diameter near the 

pore size of the filter used. 

 

 

Figure 2.19 | Large unilamellar liposomes (LUVs) preparation via thin-film hydration and extrusion. 

 

In Chapter 7, the liposomes were prepared using the thin-film hydration method followed by 

extrusion [81,82]. EPC and DSPE-PEG, dissolved in ethanol, were mixed at a molar ratio of 0.85:0.15 to 

achieve a lipid film after the organic solvent remotion in a rotavapor (IKA VACSTAR D S099, IKA - Werke, 

Germany). To eliminate the organic solvent residues, the lipid film was put under a stream of nitrogen 

gas for more 3 h. After the addition of PBS to hydrate the lipid film, the resulting mixture with glass beads 
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was strongly vortexed (Vortex 3, IKA-Werke, Germany) for 15 min to produce MLVs. The MLVs suspension 

rested for more 15 min and then, it was sequentially extruded (Mini Extruder, Avanti Polar Lipids, Inc) 

through polycarbonate membranes of pore size of 1000 nm (10 times), 400 nm (10 times), 200 nm (32 

times) and 100 nm (1 time) to produce LUVs. 

To obtain LUVs functionalized with folic acid (FLUVs), 1.5% (n/n) DSPE-PEG-folate was added to 

the previously referred lipidic solution [81]. For the internalization studies, 1% (n/n) NBD-cholesterol in 

ethanol was also mixed with the lipidic solution [81]. DE-R was encapsulated in both LUVs and FLUVs by 

the addition of this extract dissolved in DCM in the organic solution before lipid film formation, resulting 

in LUVs + DE-R and FLUVs + DE-R, respectively. To remove the non-entrapped DE-R, LUVs + DE-R, and 

FLUVs + DE-R suspensions were subjected to column chromatography, using a Sephadex G-25 M column. 

The DE-R-loaded liposome suspensions were collected into a sterile vial protected from the light. Finally, 

all the formulations were sterilized with a 0.2 µm filter and stored at 4 °C until further analysis. In each 

step of liposomes preparation, a volume (50 µL) was collected to quantify the amount of dodeca-

2E,4E,8Z,10E/Z-tetraenoic acid isobutylamide by HPLC. 

 

2.6. LIPOSOMES CHARACTERIZATION 

In nanomedicine applications, the performance of liposomes is strongly related to their 

physicochemical properties [79]. The size distribution, charge, and, stability of the liposomes, as well as 

the amount of the encapsulated drug, are essential parameters [83]. Therefore, the control of these 

parameters is crucial. 

 

2.6.1. Phosphatidylcholine quantification 

In Chapter 7, the concentration of phospholipids in LUVs, FLUVs, LUVs + DE-R, and FLUVs + DE-

R was based on the amount of PC, which was determined by the LabAssay Phospholipid, according to 

the instructions of the manufacturer. In this method, the lecithin, sphingomyelin, and lysolecithin are 

hydrolyzed to choline in the presence of phospholipase D. Choline is then oxidized by choline oxidase, 

generating hydrogen peroxide. Catalyzed by peroxidase, the formed hydrogen peroxide undergoes 

oxidative condensation of N-ethyl-N-(2-hydroxy-3-sulfopropyl)-3,5-dimethoxyaniline sodium salt (DAOS) 

with 4-aminoantipyrine, producing a blue pigment (Figure 2.20). The phospholipids concentration in 

the sample is proportional to the absorbance of the blue color. 

Choline chloride standards, ranging from 0 to 7.76 × 10-3 mol/L, were prepared in distilled water. 

Then, the blank (PBS), liposome samples or standards (2 µL) were mixed with the chromogen reagent  
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Figure 2.20 | Mechanism of the reaction to determine PC by the LabAssay Phospholipid. 

 

Bio-Tek, Vermont, USA) was used to read the absorbance at 600 nm of the blue pigment formed. The PC 

concentration (mol/L) of each formulation was calculated using the standard curve relating to the choline 

chloride concentration and the absorbance. 

 

2.6.2. Size distribution and zeta potential measurements 

There are different methods to evaluate the size and polydispersity index (PDI), including 

microscopic techniques (e.g., optical microscopy, fluorescence microscopy, scanning electron 

microscopy – SEM –, scanning transmission electron microscopy – STEM –, atomic force microscopy – 

AFM –), and diffraction light scattering techniques (e.g., laser light scattering, quasi-elastic light scattering, 

and dynamic light scattering – DLS) [84,85]. DLS, performed in a Zetasizer instrument, is the most used 

easy and accessible method to determine the size distribution of liposome suspensions [86]. DLS 

measures the hydrodynamic size of particles by the pattern of scattered light when crossing the sample 

when illuminated with a laser as a function of time [87]. Thus, DLS uses the Brownian motion of the 

particles to obtain their hydrodynamic diameter. As a consequence, using the Stokes-Einstein equation, 

[83] the diffusion of particles under Brownian motion within a fluid is converted into size and size 

distribution. Since particles are in movement, the dispersion of light, over time, varies as a function of the 

diffusion coefficient in the dispersion medium. Thus, the intensity of scattered light will vary faster for 

smaller particles since they will diffuse faster in the suspension (Figure 2.21). The data obtained from 

 

 

Figure 2.21 | Principle of dynamic light scattering. 
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DLS is also used to calculate the PDI, which is a measure of the size homogeneity of the sample 

[88]. PDI can be calculated by the square of the standard deviation divided by the mean particle diameter. 

The PDI is a dimensionless value that ranges from 0 to 1, where suspensions with PDI less than 0.2 

indicates a monodisperse sample and values higher than 0.2 indicates a highly polydisperse sample in 

terms of size [88,89]. 

The surface charge of the liposomes in a colloidal suspension can be calculated by measuring the 

zeta potential [85]. Zetasizer is the most common instrument used to measure the zeta potential of a 

liposomal suspension. It is typically measured by laser Doppler electrophoresis [90]. A charged particle 

dispersed in an ionic solution will attract ions with opposite charge that firmly binds to it, generating a 

thin layer named the Stern layer (Figure 2.22) [91]. Then, the particle will be involved by an outer 

diffuse layer consisting of less firmly associated oppositely charged counterions. Consequently, the 

charged particle will be surrounded by an electrical double layer. Whitin the diffuse layer, there is a 

boundary designated by slipping plane where the ions and particles form a stable entity [91]. When a 

particle migrates due to the application of an electric field, the ions within the boundary move with it, 

 

 

Figure 2.22 | A negatively charged particle migrating toward the positive electrode. On the surface of the particle, there is 

a strongly adhered layer (Stern-layer) comprising ions of opposite charge (positive in this example). Beyond Stern-layer, a 

diffuse layer develops consisting of both negative and positive charges. During electrophoresis, the particle with adsorbed 

electrical double layer moves towards the electrodes (positive electrode in this example). During this event, the slipping layer 

becomes the interface between the mobile particle and the solution. The zeta potential is the electric potential at the slipping 

plane. 
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while the ions beyond this boundary remain with the bulk dispersant. Therefore, zeta potential is the 

electrical potential of a colloidal particle moving under an electric field at the slipping plane [91]. 

Suspensions of colloidal particles with high negative or positive zeta potential (> ±30 mV) are considered 

highly stable because they repel each other and should not aggregate [92]. Colloidal particles with zeta 

potential values between ± 10 – 20 mV and ± 20 – 30 mV are considered relatively and moderately 

stable, respectively. On the other hand, colloidal particles with low zeta potential value (between -10 and 

10 mV) originate unstable suspensions since they tend to aggregate or flocculate. 

The LUVs, FLUVs, LUVs + DE-R, and FLUVs + DE-R were analyzed by DLS to evaluate their size 

and PDI, using disposable polystyrene cuvettes. The surface electric charge was evaluated using a dip 

cell and laser Doppler micro-electrophoresis. The measurements were performed at 37 °C in a Zetasizer 

Nano ZS instrument (Malvern Instruments, Worcestershire, UK). The sterilized samples were diluted in 

PBS (1:66, V/V). 

 

2.6.2.1. Stability studies 

In poorly stable liposomal formulations, the particles can aggregate, which increases the particle 

size and modifies the PDI [86]. Additionally, the zeta potential can suffer some modifications. Therefore, 

the measurements of the size, PDI, and zeta potential of a liposomal formulation over time should be 

monitored. 

The stability of LUVs, FLUVs, LUVs + DE-R, and FLUVs + DE-R stored in the dark at 4 °C under 

static and sterilized conditions was evaluated for 90 days through the regular determination of their size, 

PDI, and zeta potential, as previously described. 

 

2.6.3. Entrapment efficiency 

Entrapment efficiency (%) is defined as the percentage of drug successfully entrapped into 

liposomes in comparison to the initial amount of drug used [86]. Entrapment efficiency strongly depends 

on the phospholipids composition, lipids-to-drug ratio, and the methods of liposomes preparation [84,86]. 

Various analytical methods, such as UV spectroscopy and HPLC can be used to determine the 

concentration of the drug in liposomes, depending on the nature of the active compounds. In this work, 

HPLC was used to quantify the amount of dodeca-2E,4E,8Z,10E/Z-tetraenoic acid isobutylamide in DE-R 

and in the liposomal formulation (Chapter 7). The isomeric pair dodeca-2E,4E,8Z,10E/Z-tetraenoic acid 

isobutylamide (alkylamide 8/9 according to Bauer system [56]) is the most abundant alkylamide in E. 
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purpurea [93]. Thus, considering the concentration of alkylamide 8/9 in liposomes, the entrapment 

efficiency of DE-R was determined according to Equation 2.4: 

 

𝐸𝑛𝑡𝑟𝑎𝑝𝑚𝑒𝑛𝑡 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
[𝐴𝑙𝑘𝑦𝑙𝑎𝑚𝑖𝑑𝑒 8/9]𝐿𝑈𝑉𝑠

[𝐴𝑙𝑘𝑦𝑙𝑎𝑚𝑖𝑑𝑒 8/9]𝑀𝐿𝑉𝑠

× 100 

 

Alkylamide 8/9 standard was prepared in methanol at concentrations of 0, 2.5, 5, 10, 20, 50, and 

100 µg/mL. Before chromatographic analysis, the DCM of the DE-R was evaporated, and the resulting 

residue was dissolved in methanol. MLVs, FMLVs, MLVs + DE-R, FMLVs + DE-R, LUVs, FLUVs, LUVs + 

DE-R, and FLUVs + DE-R were diluted in methanol.  

The concentration of alkylamide 8/9 was determined by HPLC, following a method previously 

reported [94]. An analytical chromatograph HPLC (Alliance e2695, Waters, Milford, USA) system 

equipped with a quaternary pump, a variable volume injection loop, a temperature-controlled 

autosampler, a column oven and a dual channel wavelength detector Waters 2489 (190 – 700 nm) was 

used. The chromatographic separation was performed on a Zorbax SB-C18 stable bond analytical column 

(4.6 × 250 mm, 5 µm, Agilent, USA). Samples were maintained at 4 °C in the autosampler. The HPLC 

control and data management were performed with the software Empower 3.0. DE-R, MLVs, FMLVs, 

MLVs + DE-R, FMLVs + DE-R, LUVs, FLUVs, LUVs + DE-R, FLUVs + DE-R, and standards were analyzed 

using isocratic elution (70% of ACN and 30% water containing 0.1% formic acid) for 15 min, at a flow rate 

of 1 mL/min. The column was set at RT. The injection volume was 20 µL. The UV spectra were acquired 

in the range of 190 to 450 nm, and the peak integration was performed at 254 nm. Alkylamide 8/9 was 

identified by comparison of tR (6.2 min) of the standard. The alkylamide concentration (µg/mL) of each 

sample was calculated using the standard curve relating to the alkylamide standard concentration and 

the peak absorbance. 

 

2.7. IN VITRO ASSAYS 

Cell-based assays play a critical role in the early stage of the pharmaceutical formulation 

development process, being a prerequisite before moving on to animals or later-stage clinical trials. Cell-

based assays are essential for the determination of the effects of plant extracts on a defined set of cell 

biological processes [95]. Cell-based assays can evaluate different compounds in parallel under several 

conditions over time (up to months). These assays allow for the selection of the best drug candidate 

through information about its cytotoxicity, efficacy, and mechanism of action. 

Equation 2.4: 
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A cell-based assay can either be based on immortalized cell lines or performed with isolated 

primary cells. Cell lines define a clonal population of cells that can be maintained in culture for an 

extended period of time, where there is no change in phenotype and function [96]. Cell lines generate a 

homogeneous population of cells that can be easily and exhaustively cultured. These cells are an attractive 

model for high-throughput drug screening due to the reproducible and consistent output data. However, 

cell lines may have lost some important functions during the immortalization process, being not fully 

representative. A more reliable physiological behavior is obtained with primary cells, which are directly 

isolated from tissues or organs of interest [96]. However, senescence in primary cells is a process that 

limits their potential for self-renewal and differentiation. The donor variability is another drawback of this 

cell-based model. Although the use of different donors can lead to increased inter-experimental variance, 

the strength of reproducing results with cells from several donors will originate more reliable results [97]. 

 

2.7.1. Cells 

In the first approach of this work, two cell lines, namely a mouse adipose fibroblast cell line (L929) 

and a human leukemia monocytic cell line (THP-1), were used. Indeed, the International Organization for 

Standardization (ISO) 10993-5:2009 established that cell lines are preferred to test the cytotoxicity of 

biomaterials [98]. After the demonstration of the reproducibility and accuracy of the biological behavior 

of the cells in the presence of the different samples, human primary cells, namely human monocyte-

derived macrophages (hMDMs), were employed to obtain data more physiologically relevant. 

 

2.7.1.1. Fibroblasts 

Fibroblasts participate in tissue homeostasis and diseases [99]. These cells produce and maintain 

the extracellular matrix, as well as provide essential signaling pathways for neighboring cells via 

biophysical and biochemical cues. Thus, fibroblasts are important cells for the screening of the 

cytocompatibility of innumerous compounds and formulations. In Chapter 3, the mouse adipose 

fibroblast cell line L929 was used to evaluate the cytotoxic effect of S. officinalis extracts. The L929 cell 

line is a normal fibroblast cell line derived from the subcutaneous areolar and adipose tissue of a 100-

day-old male C3H/An mouse [100]. L929 cells are adherent and evidence the characteristic fibroblast 

morphology, showing bipolar or multipolar elongated shapes. This cell line is widely used for preliminary 

cytotoxic testing in order to establish the optimal formulation composition and concentration [98]. The 

L929 cell line, obtained from ATCC, was grown in T150 culture flasks in low-glucose DMEM supplemented 
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with 10% FBS and 1% antibiotic/antimycotic solution at 37 °C in an atmosphere of 5% CO2. The culture 

medium was changed every 2 – 3 days and the culture was split every 7 days with TrypLE Express. 

 

2.7.1.2. Monocytes and macrophages 

Monocytes are produced in the bone marrow and circulates in the blood to tissues, where they can 

differentiate in macrophages. Briefly, monocytes cross the epithelial wall of small venules to enter in the 

inflamed tissue, where they differentiate and mature. The differentiation from monocytes to macrophages 

in the connective tissue leads to an increase in cell size, increased protein synthesis, and increased 

number of Golgi complexes and lysosomes [101]. Macrophages are important immune effector key cells  

involved in the innate immune response and acquired immunity [102,103]. Macrophages size and shape 

vary considerably, corresponding to their state of functional activity, but typically measures between 10 

and 30 µm in diameter, showing an eccentrically located, oval or kidney-shaped nucleus. Macrophages 

display an irregular surface with pleats and protrusions responsible for the phagocytic activity. 

To evaluate the anti-inflammatory properties and the mechanism associated with the plant extracts, 

the macrophages must be activated in vitro. The pro-inflammatory macrophages are typically evoked by 

treating macrophages with interferon – IFN – γ and/or LPS [104]. LPS is a structural component of the 

outer membrane of Gram-negative bacteria, and are composed of lipid A, core oligosaccharide, and O 

side chain [105]. LPS is one of the best-studied immunostimulatory components and can induce systemic 

inflammation and sepsis. When LPS binds to the Toll-like receptor – TLR – 4 on the surface of 

macrophages (Figure 2.23), dimerization of the receptor occurs, resulting in conformational changes 

within the cytoplasmic Toll/IL-1 receptor (TIR) domains [105]. This establishes the receptor complex and 

leads to the recruitment of TIR domain-containing adaptor – myeloid differentiation factor 88 (MyD88) 

and TIR-domain containing adaptor protein (TIRAP) – to initiate the downstream signaling cascades [105]. 

After association, MyD88 recruits and activates several IL-1 receptor-activated kinase (IRAK) proteins, 

which then bind and activate TNF receptor-associated factor – TRAF – 6 [106]. The IRAK-TRAF6 complex 

dissociates from the receptor and interacts with a cytosolic complex made up of the kinase transforming 

growth factor-β kinase – TAK – 1 and two TAK1-binding proteins, TAB1 and TAB2. Upon activation, this 

complex performs two functions. First, it ubiquitinates NF-κB essential modulator (NEMO) and 

phosphorylates the IκB kinase (IKK) complex [107]. Then, the activated IKK phosphorylates the inhibitory 

IκB subunit of NF-κB, releasing NF-κB to enter into the nucleus and activate gene expression. Second, 

after separating from the IKK complex, it activates MAPK signaling pathways – ERK, p38, and JNK 
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Figure 2.23 | The TLR4/LPS signaling pathway. DNA: deoxyribonucleic acid; ERK: extracellular signal-regulated kinase; 

IKK: inhibitor of nuclear factor kappa B kinase; IRAK: interleukin-1 receptor-activated kinase; IκB: inhibitor of nuclear factor 

kappa B; JNK: Jun N-terminal kinase; LPS: lipopolysaccharides; MKK: mitogen-activated protein kinase kinase; 

MyD88: myeloid differentiation factor 88; NEMO: nuclear factor kappa-light-chain-enhancer of activated B cells essential 

modulator; NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells; ROS: reactive oxygen species; 

TAB: transforming growth factor-β kinase 1-binding proteins; TAK: transforming growth factor-β kinase; 

TIRAP: Toll/interleukin-1 receptor-domain containing adaptor protein; TLR4: toll-like receptor 4; TRAF: tumour necrosis 

factor receptor-associated factor. 
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subfamilies – that result in the activation of transcription factors [108]. These transcription patterns alter 

the behavior of macrophages, resulting in the up-regulation of the inflammatory mediators, including pro- 

inflammatory cytokines (e.g., IL-6, IL-1β, TNF-α), chemokines (e.g., IL-8), and reactive oxygen and 

nitrogen species (ROS/RNS). 

THP-1 cell line was used in Chapters 3, 4, and 7 to evaluate the cytotoxic effect and pro- and 

anti-inflammatory properties of S. officinalis and E. purpurea extracts. THP-1 cell line is a monocyte 

isolated from the peripheral blood of a 1-year-old male patient suffering from acute monocytic leukemia 

[109]. This cell line has been widely used to study immune responses. THP-1 can be differentiated into 

macrophages in the presence of PMA [109]. Additionally, THP-1 cells resemble primary monocytes and 

macrophages in morphological and functional properties, including differentiation markers, which makes 

them an excellent option rather than U937 (tissue origin human macrophage) and RAW 264.7 (mouse 

macrophage), for example. The average doubling time in THP-1 monocytes is around 35 to 50 h, which 

can be quadrupled within three and a half days. However, although THP-1 is a cell line, the in vitro culture 

should be performed up to passage 25 since changes in cell sensitivity and activity can be observed. 

THP-1 cell line, obtained from ATCC, at passages 9 – 14, was grown in T150 culture flasks in complete 

RPMI (cRPMI, RPMI medium supplemented with 10% FBS and 1% antibiotic/antimycotic solution) at 37 

°C in an atmosphere of 5% CO2. Fresh culture medium was added after 4 – 5 days and the culture was 

split every 7 days by removal of the medium by centrifugation. 

Human peripheral blood mononuclear cells (PBMCs) are isolated from healthy whole peripheral 

blood samples. PBMCs are composed of lymphocytes B and T, monocytes, natural killer cells, and 

dendritic cells [110], being a key source of primary monocytes [111]. In humans, the frequencies of these 

populations vary across individuals, but typically, lymphocytes are in the range of 70 – 90%, monocyte 

from 10 – 20%, and dendritic cells are rare (1 – 2%) [97]. Usually, the isolation of PBMCs from red blood 

cells and granulocytes (neutrophils, basophils, and eosinophils) is achieved by a density gradient 

centrifugation [110]. After separation, PBMCs are located in the buffy coat situated between plasma 

(upper fraction) and the polymorphonuclear leukocytes mixed with a high amount of gradient medium 

(lower fraction, Figure 2.24A). To remove PBMCs from the surrounding matrix, repeated cell washing 

with buffers and centrifugation is performed (Figure 2.24B). Different methods have been employed to 

purify monocytes from PBMCs, being plastic adhesion and immunomagnetic isolation the most 

commonly used [111]. Nevertheless, the main goal of monocyte isolation is to obtain a pure population 

with low contamination of lymphocytes, granulocytes, and platelets. Magnetic-activated cell sorting 

(MACS) MicroBeads and columns (Miltenyi Biotec, Bergisch Gladbach, Germany) present several 
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strategies to separate and purify a target cell, including a positive selection of a target cell type, depletion 

of an unwanted cell type, or sequential separations. These methods ensure higher purity (≈ 95%) of the 

desired cell population in a small period of time. In this work, a positive selection together with direct 

labeling was used. In this strategy, magnetic beads are labeled with antibodies of interest that are mixed 

with cell suspension (Figure 2.24C). During the incubation time, the antibody-magnetic bead complex 

binds directly to target cells that express the corresponding epitope. This step is fast and efficient, 

preventing non-specific labeling. Afterward, the cell suspension is inserted into a column subjected to a 

magnetic field of the MACS separator (Figure 2.24D). The column amplifies the magnetic field by 

10,000-fold generated by a MACS Separator, due to the small ferromagnetic spheres that are packed in 

the column. Magnetically labeled cells are thus retained within the column, more properly between the 

ferromagnetic spheres, while the unlabeled cells flow freely through the column. The cells are washed to 

ensure a high degree of purification by removing cell debris and undesired cells. Then, the column is 

removed from the magnetic field and the target cells are eluted from the column (Figure 2.24E). 

 

 

Figure 2.24 | Isolation of human peripheral blood mononuclear cells (PBMCs) and cell purification via magnetic separation. 

 

There are several MACS microbeads available for the positive selection of different cell types and 

cell subsets. In general, the biodegradable and non-toxic microbeads are of 50 nm in size and become 

magnetic only in the presence of a magnetic field. When removed from the magnetic field, they do not 

retain any residual magnetism. These microbeads do not lead to the activation of target cells or even to 

the change in their morphological characteristics, preserving cell functionality. As monocytes strongly 

express CD14 on their surface [112], CD14 MicroBeads were used for the positive selection of monocytes 

from PBMCs. 
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The in vitro experiments involved cells isolated from the peripheral blood of healthy volunteers at 

the Hospital of Braga, Portugal, which was approved by the Ethics Subcommittee for Life and Health 

Sciences (SECVS) of the University of Minho, Braga, Portugal (no. 014/015). Experiments were 

conducted according to the principles expressed in the Declaration of Helsinki, and participants provided 

written informed consent. 

Monocytes were isolated from the PBMCs of three or more different donors, as previously described 

by Gonçalves et al. [113]. Briefly, PMBCs were first subjected to a density gradient centrifugation using a 

Histopaque-1077 solution. The PBMC ring was carefully collected and washed twice with PBS. Then, the 

monocytes were isolated from PBMCs using positive magnetic bead separation with CD14 microbeads, 

according to the instructions of the manufacturer. Isolated monocytes were resuspended in cRPMI (RPMI-

1640 culture medium with 2 mM glutamine supplemented with 10% human serum, 1% 

penicillin/streptomycin, and 1% HEPES). 

 

2.7.2. Cytocompatibility assays 

Different assays are performed to determine the cytotoxicity of the plant extracts to the cells. 

Indeed, a broad spectrum of cytocompatibility assays is available and recommended [98]. The changes 

in cell metabolism, cell proliferation, or cell morphology are excellent indicators of the impact of the plant 

extract on the cells [114]. 

In this work, the cytocompatibility of the extracts was evaluated by their exposure to a subconfluent 

monolayer of cells over time. The plant extracts are cytocompatible when the cell functionality does not 

show negative effects. According to ISO, a compound is considered cytotoxic when the reduction of cell 

viability is larger than 30% [98]. 

 

2.7.2.1. Preparation of plant extracts solutions for biological studies 

In Chapter 3, for cytotoxic assays, HE and EE were firstly dissolved in 0.4% and 1% DMSO, 

respectively. DMEM was then added to obtain a stock solution of 250 µg/mL. For immunomodulatory 

assays, aliquots of the stock solutions (12.8 mg/mL for AE, and 60.0 mg/mL for HE and EE) of each S. 

officinalis extract were also prepared and stored at −80 °C. AE were dissolved in cRPMI for THP-1 cell 

culture, while EE and DE were dissolved in DMSO. Then, both stock solutions were diluted to final 

concentrations of 5, 10, 25, 75, 125, and 250 µg/mL in the respective medium. The percentage of 

DMSO in the well was 0.33% for the maximal concentration tested of HE and EE. A DMSO screening was 

performed before, and the metabolic activity was not affected by the percentages used. 
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In Chapter 4, for THP-1 cell assays, AE was dissolved in cRPMI 1640 medium and EE and DE 

were dissolved in DMSO. Due to the different solubilities of the extracts, the stock solutions were 12.8 

mg/mL for AE (F, L, and R), 60.0 mg/mL for EE (F, L, and R), DE-F, and DE-R and 23.5 mg/mL for DE-

L. Then, serial dilutions were made with RPMI. The final concentrations tested were 25.0, 50.0, 100.0, 

200.0, and 250.0 µg/mL for AE (F, L, and R); 12.5, 25.0, 50.0, 100.0, and 200.0 µg/mL for EE (F, L, 

and R) and DE-F and DE-R; and 4.9, 9.8, 19.5, 39.0 and 78.0 µg/mL for DE-L. The percentage of DMSO 

in the well for the maximum concentration of extracts was 0% for AE, 0.33% for EE (F, L, and R), DE-L 

and DE-F, and 0.53% for DE-R. As previously referred a DMSO screening was performed, and these 

percentages did not affect cell behavior. 

In Chapter 5, stock solutions of AE (5.1 mg/mL) and their phenolic/carboxylic acid fractions 

(60.0 mg/mL) were prepared in ultra-pure water. The alkylamide fractions prepared from AE (F, L, and 

R) were not biologically studied, since no measurable amounts were obtained. Aliquots of the stock 

solutions of each extract and phenolic/carboxylic acid fractions were prepared and stored at -80 °C. 

Then, serial dilutions were made with cRPMI used for hMDM culture. The final concentrations of AE and 

phenolic/carboxylic acid fractions in the biological studies were 250, 125, and 50 µg/mL and 250, and 

125 µg/mL, respectively. 

In Chapter 6, stock solutions of DE-R, DE-F, and EE-F (30.0 mg/mL) and F1 and F2 

(60.0 mg/mL) were prepared in DMSO. Then, serial dilutions were made with cRPMI used for hMDM 

culture. The final concentrations of the samples in the well were 10, 50, and 100 µg/mL. The fractions 

were only tested in the highest concentration. The maximum concentration of DMSO in the well (0.33%) 

did not affect the cell viability. 

In Chapter 7, DE-R dissolved in DMSO and liposomal formulations containing the extract diluted 

with cRPMI were used for THP-1 cell culture, at concentrations of 0, 0.5, 1.5, 2.5, 3.5, 5, and 10 µg/mL 

of alkylamide 8/9. LUVs and FLUVs at final concentrations of 0.125, 0.25, 0.50, 1.0, 1.5, and 2.0 mM 

of PC in the well were also evaluated. 

All the stock solutions were sterilized with a 0.22 µm filter. 

 

2.7.2.2. Controls 

Controls to demonstrate the efficacy of the procedure were also performed. In this sense, positive, 

negative, and blank controls of the cell assays were performed for each experiment. Additionally, in the 

immunomodulatory assays, positive controls of clinically prescribed anti-inflammatory drugs (salicylic 

acid, diclofenac, celecoxib, and dexamethasone) were also tested as positive controls. Salicylic acid, 
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diclofenac, and celecoxib are Food and Drug Administration (FDA)-approved nonsteroidal anti-

inflammatory drugs (NSAIDs) used in the treatment and management of acute and chronic pain 

associated with inflammatory conditions (e.g., osteoarthritis and rheumatoid arthritis) [115–117]. 

Salicylic acid and diclofenac inhibit the activity of COX-2 by suppressing the prostaglandin synthesis, an 

integral part of the pain and inflammation pathway [115,118]. Celecoxib is a selective inhibitor of COX-

2, being the first-line analgesic for patients with arthritis [119]. Dexamethasone, a potent corticosteroid, 

has been administrated to treat acute exacerbation of inflammation, including arthritis disorders [120]. 

Dexamethasone binds to the glucocorticoid receptor, which inhibits several pro-inflammatory pathways 

[121]. As a consequence, the vasodilation and permeability of capillaries are reduced, the leukocyte 

migration to sites of inflammation is diminished and the production of inflammatory mediators is 

decreased. Anti-inflammatory controls were prepared in ethanol (20 mM) and diluted with cRPMI (10 µM 

in the well). 

 

2.7.2.3. L929 cell seeding 

In Chapter 3, the cytotoxicity of S. officinalis extracts was tested in the presence of L929 cells 

according to a procedure described by Vieira et al. with some modifications [122]. Before performing the 

seeding, the confluent cells, at passages 19 – 22, were detached from the culture flask by using TrypLE 

Express. The L929 cell line was seeded at a density of 1 × 104 cells/well in an adherent 24-well culture 

plate and incubated for 24 h at 37 °C in a humidified atmosphere with 5% CO2. The culture medium was 

removed, and the same volume (1 mL) of different S. officinalis extracts at different concentrations was 

added. The L929 cell line was incubated with the extracts for 24, 48, and 72 h of culture, and the 

metabolic activity (Section 2.7.2.6), DNA quantification (Section 2.7.2.7), total protein content 

(Section 2.7.2.8), and morphology of cells (Section 2.7.2.9) were evaluated for each time point, as 

described below. The negative control of cytotoxicity comprised the culture of the L929 cell line in culture 

medium not supplemented with each respective extract (0 µg/mL). Figure 2.25 represents a scheme 

of this procedure. 

 

2.7.2.4. THP-1 cell seeding 

Two different approaches were designed for THP-1 cell seeding. In the first approach of this study, 

the plant extracts were added to naïve macrophages to investigate their immunostimulatory activity. In 

the second approach, the plant extracts were added to LPS-stimulated macrophages to evaluate its 

immunosuppressive activity. 
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Figure 2.25 | Cytocompatibility of the plant extracts with fibroblasts. 

 

2.7.2.4.1. Pro-inflammatory activity 

In Chapters 3 and 4, the pro-inflammatory activity of the S. officinalis and E. purpurea extracts 

was evaluated using the THP-1 cell line according to the procedure described by Vieira et al. [123]. Briefly, 

the THP-1 cell line, at passages 10 – 15, was cultured in cRPMI, at 37 °C in a humidified atmosphere 

of 5% CO2. THP-1 cell line was seeded at a density of 1 × 106 cells/mL in adherent 24-well culture plates. 

For the induction of THP-1 cell differentiation, RPMI medium containing 100 nM PMA was added and 

incubated for 24 h [124]. After this period, the medium containing non-attached cells was removed by 

aspiration, and the adherent cells were washed twice with warm cRPMI medium. To ensure the reversion 

of monocyte to a resting macrophage phenotype, the cells were incubated for an additional period of 48 

h in cRPMI without PMA. Afterward, the medium was changed and each S. officinalis or E. purpurea 

extract at different concentrations was added to the non-stimulated macrophages. After 24 h, the culture 

medium was harvested (the triplicates were mixed and homogenized) and stored aliquoted at −80 °C 

until cytokines quantification. The cells were washed with warm sterile DPBS and the metabolic activity 

(Section 2.7.2.6), DNA quantification (Section 2.7.2.7), and total protein content (Section 

2.7.2.8), were determined as described below. The cell morphology was analyzed before collecting 

medium under an inverted microscope (AxioVert A1 FL LED, Zeiss, Göttingen, Germany). Figure 2.26 

represents a scheme of this procedure. 

 

 

Figure 2.26 | Cytocompatibility and pro-inflammatory activity of the plant extracts with non-stimulated macrophages. 
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2.7.2.4.2. Anti-inflammatory activity 

In Chapters 3, 4, and 7, THP-1 cells were seeded and cultured as previously described. After the 

total reversion of monocyte to macrophage phenotype, macrophages were stimulated with 100 ng/mL 

of LPS in a fresh medium. After 2 h, without removing LPS, the S. officinalis extracts, E. purpurea extracts, 

or liposomal formulations at different concentrations were added to the LPS-stimulated macrophages and 

incubated for 22 h. Afterward, the culture medium was harvested and stored, as previously described. 

Then, the cells were washed with warm sterile DPBS and the metabolic activity (Section 2.7.2.6), DNA 

quantification (Section 2.7.2.7), total protein content (Section 2.7.2.8), cell morphology (Section 

2.7.2.9), and cytokine quantification (Section 2.7.3.1) were determined, as described below. Non-

treated LPS-stimulated macrophages were used as a positive control of cytokine production. 

Dexamethasone, diclofenac, salicylic acid, and celecoxib, being anti-inflammatory drugs used in the clinic, 

were used as positive controls. A negative control of cells without LPS (no stimulation) was also tested. 

Figure 2.27 represents a scheme of this procedure. 

 

 

Figure 2.27 | Cytocompatibility and anti-inflammatory activity of the plant extracts and liposomal formulations with 

lipopolysaccharides (LPS)-stimulated macrophages. 

 

2.7.2.5. hMDM seeding 

The immunomodulatory approaches defined for the THP-1 cell line were also applied to the hMDM 

experimental procedure. 

 

2.7.2.5.1. Pro-inflammatory activity 

In Chapter 5, the pro-inflammatory activity of the E. purpurea AE and fractions was evaluated. 

After the isolation of monocytes (Section 2.7.1.2), they were seeded at a density of 1 × 106 cells/mL 

in adherent 24-well culture plates, in the presence of 20 ng/mL of recombinant human GM-CSF, for 7 

days, at 37 °C, in a humidified atmosphere of 5% CO2. The culture medium was replaced every 3 days, 

and the acquisition of macrophage morphology was confirmed by visualization under an inverted 
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microscope (Axiovert 40, Zeiss, Göttingen, Germany). On the 7th day of culture, the medium was removed 

and the E. purpurea extracts and fractions, at different concentrations, were added to the non-stimulated 

hMDM and incubated at 37 °C, in a humidified atmosphere of 5% CO2. After 24 h, the culture medium 

was harvested (the triplicates were mixed and homogenized) and stored aliquoted at –80 °C until 

inflammatory mediators quantification. The cells were washed with warm sterile DPBS and the metabolic 

activity (Section 2.7.2.6) and DNA quantification (Section 2.7.2.7) were determined as reported 

below. The cell morphology was analyzed before collecting medium under an inverted microscope 

(AxioVert A1 FL LED, Zeiss, Göttingen, Germany). The hMDM cultured without treatment (only with culture 

medium) and stimulated with LPS (100 ng/mL) were used, respectively, as negative and positive controls 

of production of the pro-inflammatory mediators. Figure 2.28 represents a scheme of this procedure. 

 

 

Figure 2.28 | Cytocompatibility and pro-inflammatory activity of the plant extracts or fractions with non-stimulated human 

monocyte-derived macrophages (hMDM). 

 

2.7.2.5.2. Anti-inflammatory activity 

In Chapter 6, the anti-inflammatory activity of the E. purpurea (DE-R, DE-F, and EE-F) and fractions 

was investigated. The hMDM were seeded and cultured as previously described. On the 7th day of culture, 

the hMDMs were stimulated with 100 ng/mL of LPS in a fresh cRPMI medium. After 2 h, E. purpurea 

extracts and fractions, at different concentrations, were added to the LPS-stimulated hMDMs and 

incubated for 22 h at 37 °C, in a humidified atmosphere of 5% CO2. Afterward, the culture medium was 

harvested and stored, as previously described. The cells were washed with warm sterile DPBS, and the 

metabolic activity (Section 2.7.2.6) and DNA content (Section 2.7.2.7) were determined, as 

explained below. hMDM cultures stimulated or not with LPS were used as negative and positive controls 

of the production of pro-inflammatory mediators, respectively. Dexamethasone and celecoxib were used 

as positive controls of compounds with anti-inflammatory activity. Figure 2.29 represents a scheme of 

this procedure. 
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Figure 2.29 | Cytocompatibility and anti-inflammatory activity of the plant extracts or fractions with lipopolysaccharides 

(LPS)-stimulated human monocyte-derived macrophages (hMDM). 

 

2.7.2.6. Metabolic activity 

The metabolic activity of cells is defined as a network of biochemical reactions transforming 

compounds into metabolites to execute biological functions [125]. Some bioassays indirectly estimate 

the proportion of viable cells in the presence of plant extracts through the analysis of the extent of the 

metabolic activity. 

In Chapter 3, the metabolic activity of the L929 cell line was determined by the dehydrogenase 

activity of cells using the colorimetric MTS assay (CellTiter 96 AQueous One Solution Cell Proliferation 

Assay), according to instructions of the manufacturer. The 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) is negatively charged and requires an 

intermediate electron acceptor phenazine ethyl sulfate (PES) to be introduced into viable cells. The 

reduction of PES, in the cytoplasm or plasmatic membrane, transfers electrons to facilitate the reduction 

of the MTS into a colored formazan product by viable cells, that is soluble in the cell culture medium 

(Figure 2.30). These electrons are originated from metabolically active cells, where, e.g., 

dehydrogenase enzymes produce nicotinamide adenine dinucleotide phosphate (NADPH) to NADH [126]. 

 

 

Figure 2.30 | PES can permeabilize viable cells, where it is reduced in response to cellular metabolic activity (e.g., NADH 

redox). Then, the reduced mediator PES reduces the pale-yellow MTS to a dark red formazan. 



CHAPTER 2|Materials and Methods 

244 

After 24, 48, and 72 h of culture, the culture medium was removed, and the L929 cell line was 

gently washed twice with sterilized PBS. Serum-free culture medium without phenol red and MTS reagent 

were added to each well at a ratio of 5:1. MTS reagent was used as blank. Cells were incubated at 37 °C  

for 3 h in a humidified atmosphere containing 5% CO2. Thereafter, the absorbance of the MTS reaction 

medium from each sample was recorded in triplicate at 490 nm in a microplate reader. The results are 

expressed in percentage with respect to the control. 

In the immunomodulatory studies (from Chapters 3 to 6), alamarBlue was used to determine 

the metabolic activity of macrophages. As MTS assay is toxic for cells by interrupting the electron transport 

chain, alamarBlue was a suitable alternative. The cells remain fully functional, viable, and healthy, 

unaffected by the presence of the alamarBlue. The colorimetric/fluorometric alamarBlue assay consists 

of the reduction of a blue resazurin dye to a pink resorufin in response to cellular metabolic reduction 

(Figure 2.31).  

 

 

Figure 2.31 | Reduction of blue resazurin to pink resorufin in response to cellular metabolic reduction. 

 

The washed macrophages were incubated with cRPMI medium containing 10% alamarBlue, 

according to the recommendations of the manufacturer. A blank was also prepared (10% alamarBlue 

without cells). The cells were incubated at 37 °C for 4 h in a humidified atmosphere containing 5% CO2. 

Thereafter, the absorbance of the alamarBlue reduction from each sample was recorded in triplicate at 

600 and 570 nm on a microplate reader. The results are expressed in percentage related to the control. 

In Chapter 7, the metabolic activity of the LPS-stimulated macrophages incubated with DE-R and 

liposomal formulations was determined using the Deep Blue Cell Viability Kit, performed according to the 

recommendations of the manufacturer. Here, the typical blue color of resazurin is converted to 

fluorescence by the action of metabolic enzymes similar to MTS assay. Briefly, 400 µL of the working 

solution (2 mL of Deep Blue solution mixed in 20 mL of cRPMI) was added to the cells and incubated at 

37 °C in a humidified atmosphere containing 5% CO2 for 3 h. The working solution was also added to an 

empty well to be used as a blank. The fluorescence (Ex/Em: 530/590 nm) was recorded in triplicate on 
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a microplate reader (Synergy HT, Bio-Tek, Vermont, USA). The results of the metabolic activity are 

expressed in percentage related to the control (non-treated LPS-stimulated macrophages). 

 

2.7.2.7. DNA quantification 

When cells are exposed to a cytotoxic compound, they may actively progress into the death phase, 

which is characterized by nuclear condensation and controlled cleavage of DNA [127]. Therefore, the 

quantification of DNA estimates the impact of plant extracts within the cells, being correlated with viability. 

From Chapters 3 to 7, after metabolic activity measurement at the defined timepoints, the 

medium was removed, and the cells were gently washed twice with sterilized PBS. Then, 1 mL of ultrapure 

water was added to each well and the plates were frozen at −80 °C until further analysis. After thawing, 

the samples were transferred into an Eppendorf and sonicated for 15 min. Then, from Chapters 3 to 

6, the DNA concentration was determined using a fluorimetric dsDNA quantification kit. The ultrasensitive 

fluorescent nucleic acid Quant-iT PicoGreen dsDNA specifically binds to double-stranded dsDNA in 

solution, exhibiting a linear proportion (Figure 2.32). According to the instructions of the manufacturer, 

28.7 µL of the sample or standard (0 to 3 µg/mL) was added in triplicate to the white opaque 96-well 

plate, followed by PicoGreen solution (71.3 µL) and Tris-EDTA (TE) buffer (100 µL). The plate was 

incubated for 10 min in the dark, and the fluorescence of each sample was measured in a microplate 

reader (Ex/Em: 485/528 nm).  

 

 

Figure 2.32 | Electrostatic interaction between positively-charged PicoGreen and negatively-charged DNA. 

 

In Chapter 7, DNA concentration was quantified using the AccuClear ultra-high sensitivity dsDNA 

quantitation kit, sharing the same principle of the previous method. According to the instructions of the 

manufacturer, 10 µL of the sample or standard (0 to 5 µg/mL) was added in triplicate to a black 96-well 

plate, followed by the working solution of AccuClear dye (200 µL). The plate was incubated for 5 min in 
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the dark and the fluorescence (Ex/Em: 485/528 nm) was measured in a microplate reader (Synergy HT, 

Bio-Tek, Vermont, USA). 

In all chapters, the DNA concentration (µg/mL) of each sample was interpolated using the standard 

curve relating to the DNA concentration and the fluorescence intensity. The results are expressed in the 

relative DNA concentration of the control (non-treated LPS-stimulated macrophages). 

 

2.7.2.8. Total protein content 

Proteins are essential in cells to perform several functions and maintain a healthy state. Proteins 

are, for instance, involved in cell shape, inner organization, and cell maintenance [128]. Therefore, a 

negative disruption in the total protein levels by a plant extract can be determined by the quantification of 

total protein content. 

In Chapters 3 and 4, micro BCA protein assay kit was used for the quantification of total protein 

content in the same samples collected and prepared for DNA quantification. In an alkaline environment, 

the peptidic bonds of proteins reduce cupric ions (Cu2+) to cuprous ions (Cu+). Then, the BCA reacts with 

the cuprous ions, leading to the formation of a purple water-soluble product (Figure 2.33). The 

increasing of absorbance is proportional to the protein concentration.  

 

 

Figure 2.33 | Chemistry in the bicinchoninic acid (BCA) protein assay. (A) The chelation and reduction of Cu2+ to Cu+ by 

the protein. (B) The formation of a purple-colored BCA/Cu+ complex. 
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According to the instructions of the manufacturer, 150 µL of samples and BSA standards (0 to 40 

µg/mL), in triplicate, were mixed with the working reagent (150 µL) in a 96-well plate and incubated at 

37 °C for 2 h in the dark. After that, the absorbance was read at 562 nm, using a microplate reader. The 

total protein content (µg/mL) of each sample was calculated using the standard curve relating to the BSA 

concentration and the absorbance intensity. The results are expressed in the relative total protein content 

of the control. 

 

2.7.2.9. Cell morphology 

The existence of cell morphological changes in the presence of plant extracts is an indicator of the 

beginning of cell death [129]. Therefore, morphological analysis of cells by microscopic techniques is a 

suitable method to predict the cytotoxicity of the compounds. 

From Chapters 3 to 7, the cell morphology was analyzed before collecting the medium under an 

inverted microscope at different magnifications (Axio Vert.A1, Carl Zeiss Microscopy GmbH, Göttingen, 

Germany). The optical microscope, also known as a light microscope, commonly uses visible light and a 

system of lenses to generate magnified images of small objects [129]. 

In Chapter 3, a high-resolution field emission scanning electron microscope (HR-SEM, Auriga 

Compact, ZEISS) was also used to analyze the morphology of the L929 cell line. SEM is a technique that 

allows to analyze in detail the surface sample by scanning a focused energetic electron beam [130]. 

Briefly, SEM identifies small areas with high spatial resolution, that cannot be observed by optical 

microscopy. SEM works under a vacuum and the sample should be dry and electrically conductive, at 

least at the surface. Briefly, the primary electrons – emitted from an electron gun – will interact with 

atoms on the surface of the sample and various signals will be emitted. The secondary electrons emitted 

from the top 5 – 10 nm of the sample surface contain the topographical information. These signals are 

amplified to construct an image that represents an intensity map of signals emitted within the scanned 

area. For this analysis, after 24, 48, and 72 h of culture, the medium was removed, and the L929 cell 

line was rinsed with sterile PBS. To fix the cells to the bottom of the plate, 2.5% glutaraldehyde in PBS 

solution was added, and the plates were kept at 4 °C. The samples were dehydrated with increasing 

concentrations of ethanol (10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, and 100%) and dried 

overnight at RT. Afterward, the bottom of the well was melted with a soldering-iron and placed in the stub. 

The samples were then sputter-coated (EM ACE600, Leica Mikrosysteme GmbH, Wien, Austria) with 

gold–palladium, and the micrographs were recorded at 5 kV with magnifications of 200× and 1000×. 
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2.7.3. Immunomodulatory activity 

Immunomodulation is the modification of an immune response by the administration of a drug 

(immunomodulator) [131]. Immunomodulation is required when defects or disorders are detected in the 

immune system activity. Immunomodulatory drugs increase (immunostimulatory) or decrease 

(immunosuppressive) the response of the immune system by modifying the production of several pro-

inflammatory mediators. The immunomodulatory effects of the different plant extracts and fractions on 

macrophage behavior were accessed by different techniques. The measurement of the soluble pro-

inflammatory cytokines was achieved by ELISA. ROS/RNS assay kit was used to verify the presence of 

free radicals in the intracellular space. The western blot (WB) technique was employed to determine the 

target proteins of the plant extracts and fractions responsible for the immunomodulatory activity. 

 

2.7.3.1. ELISA 

ELISA is an immunoassay used to quantify a specific target within a sample [132], which could be 

serum, plasma, cell culture supernatants, cell and tissue lysates, saliva, and urine. According to the way 

that the antigen is captured or immobilized in the wells of the ELISA plate and the way that the capture 

antigen is detected, ELISAs can display different formats, namely direct, indirect, sandwich, and 

competitive [132]. In this work, indirect sandwich and competitive ELISAs were used for accessing the 

amount of pro-inflammatory cytokines and eicosanoids, respectively, in the cell culture supernatant. 

Sandwich ELISA name derives from the use of two specific antibodies to sandwich the antigen. In 

the indirect sandwich ELISA, as in the indirect ELISA, an enzyme conjugated secondary antibody directed 

against the primary antibody is applied. Thus, firstly, the ELISA plate is coated with a capture antibody, 

which is raised against the protein of interest (Figure 2.34A). Then, the sample is added. The protein 

of interest present in the sample will bind to the capture antibody, being immobilized on the plate (Figure 

2.34B). A conjugated-detection antibody is then added, which will bind to an additional epitope on the 

target protein (Figure 2.34C). Finally, an enzyme conjugated secondary antibody and the substrate is 

added subsequently (Figure 2.34D and E), producing a color signal that is proportional to the amount 

of protein of interest present in the sample. Although it is a longer protocol, this type of ELISA is highly 

specific due to the use of two antibodies to bind the protein of interest. 

From Chapter 3 to 7, IL-6, IL-1β, and TNF-α amount present in the culture medium were 

quantified by indirect sandwich ELISA, according to the instructions of the manufacturer. Briefly, a 96- 

well plate for ELISA was coated overnight with a capture antibody specific to the cytokine of interest 

(diluted in DPBS). The plate was blocked with 300 µL of 1% BSA for 1 h to ensure that the protein of 



CHAPTER 2|Materials and Methods 
 

249 

 

Figure 2.34 | Overview of the indirect sandwich enzyme-linked immunosorbent assay (ELISA) detection. 

 

interest will specifically bind to the immobilized antibody. Then, 100 µL standards and samples diluted 

in cRPMI were added in duplicate to the wells and incubated for 2 h. After, 100 µL of the detection 

antibody specific to the cytokine of interest (diluted in 1% BSA) was added and incubated for 2 h. 

Streptavidin conjugated to horseradish peroxide (HRP, diluted in 1% BSA) was added in the dark for 20 

min. The addition of 100 µL of substrate solution (hydrogen peroxide and tetramethylbenzidine) 

developed a blue color. Stop solution (sulfuric acid, 50 µL) was added after 20 min of reaction, generating 

a yellow color. The absorbance was immediately read at 450 nm, and corrected at 540 nm and 570 nm, 

using a microplate reader (Synergy HT, Bio-Tek). Between all steps, each well was washed three times 

with 300 µL of wash buffer (0.05% Tween20 in PBS, pH 7.3). After the last wash, any remaining wash 

buffer was removed by blotting the plate against clean paper towels. All the steps were performed at RT. 

Competitive ELISA is usually used to determine the concentration of molecules that are too small 

to efficiently sandwich with two antibodies [132]. The competitive ELISA detects target molecules using 

only one epitope. This type of ELISA uses a labeled antigen to compete with a target antigen in the sample 

for immobilization and detection. A secondary antibody is pre-coated in the ELISA plate (Figure 2.35A). 

The sample containing the target antigen is combined with purified antigens that have been labeled with 

the reporter and a primary antibody that recognizes the labelled antigen (Figure 2.35B). The mixture is 

incubated in the plate for a certain period of time. The unlabeled and labeled antigens compete for binding 

to the primary antibody (Figure 2.35C), which in turn binds to the immobilized secondary antibody 

(Figure 2.35D). After washing the plate, the amount of labeled antigen bound to the plate is then 

detected (Figure 2.35E). In competitive ELISA, the signal output is inversely correlated with the amount 

of antigen in the sample. 

In Chapter 6, the PGE2 amount present in the culture medium was quantified by competitive 

ELISA, according to the instructions of the manufacturer. Briefly, the pre-coated ELISA plate was washed 

2 times with wash solution before adding 50 µL of standards and samples in duplicate. After, 50 µL 
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Figure 2.35 | Overview of competitive enzyme-linked immunosorbent assay (ELISA) detection. 

 

biotin-labeled antibody, diluted in antibody dilution buffer, was added to the wells for 45 min. The ELISA 

plate was exhaustively washed (3 × 350 µL) and then 100 µL of HRP-streptavidin conjugate (SABC), 

diluted in SABC dilution buffer, was added to the wells for 30 min. The ELISA plate was again exhaustively 

washed (5 × 350 µL). Tetramethylbenzidine substrate (90 µL) was added for 15 min in the dark. Stop 

solution (50 µL) was added and the blue color development was immediately measured at 450 nm. All 

the incubation steps were performed at 37 °C. 

The cytokine/eicosanoid amount (pg/mL) in each sample was calculated from the calibration curve 

(IL-6: 9.38 – 600 pg/mL; IL-1β: 3.91 – 250 pg/mL; TNF-α: 15.6 – 1000 pg/mL; PGE2: 31.2 – 2000 

pg/mL). The values were normalized by the respective DNA amount. The results are expressed in 

percentage (%) related to the positive control (non-treated LPS-stimulated macrophages) in Chapters 3, 

4, 5, and 7. The results were expressed as fold change relative to the non-stimulated macrophages 

(negative control) in Chapter 6. 

 

2.7.3.2. ROS/RNS quantification 

The detection and quantification of ROS/RNS can be done using electron paramagnetic resonance, 

several probe molecules, and by measuring the oxidative damage caused by ROS/RNS in biological 

systems (e.g., lipid peroxidation, protein damage, and DNA/RNA damage) [133]. Small fluorescent 

molecules are widely used to access ROS/RNS within cells. Usually, the probes enter the cells and are 

oxidized to a fluorescent product by several ROS/RNS. The non-selectivity of these probes for a specific 

ROS/RNS is the main drawback. However, a general overview of the oxidative stress in cells is provided. 

In Chapters 4 and 6, the oxidative stress in the presence or absence of E. purpurea extracts or 

fractions was investigated using a cellular ROS/RNS/superoxide detection assay kit. This kit, composed 

of two molecular probes, enables the detection of RNS and ROS, as well as O2
•– production in live cells. 
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The non-fluorescent ROS/RNS probe diffuses into the cells and reacts directly with a wide range of reactive 

species, including peroxynitrite, hydroxyl radicals, nitric oxide, and peroxyl radical, yielding a green 

fluorescent product (Figure 2.36). The superoxide probe is a cell-permeable molecule that reacts 

specifically with superoxide anion radical, generating an orange fluorescent product (Figure 2.36). 

 

 

Figure 2.36 | Non-fluorescent probes diffuse into the cells and react with ROS/RNS and O2
•–, yielding fluorescent products. 

 

To determine the oxidative stress, the THP-1 cell line (1 × 105 cells/mL) or hMDM was seeded 

(1 × 106 cells/mL) in adherent 24-well culture plates as previously described. In Chapter 4, the 

concentrations for E. purpurea extracts were 50 and 200 µg/mL for AE (F/L/R), EE (F/L/R), and DE-F; 

50 and 100 µg/mL for DE-R; and 19.5 and 78 µg/mL for DE-L. In Chapter 6, 100 µg/mL of E. purpurea 

extracts and fractions were tested. After incubation with E. purpurea extracts or fractions, the supernatant 

was removed, and the cells were incubated with ROS/RNS detection reagent (green, Ex/Em: 

490/525 nm), and O2
•– detection reagent (orange, Ex/Em: 550/620 nm) for 1 h, at 37 °C in the dark. 

Then, the cells were fixed with 10% of formalin for 10 min and the nucleus was labeled with DAPI (1:1000 

in DPBS) for more 10 min. Between each step, the cells were carefully washed twice with 300 µL of 

DPBS. The fluorescent samples were analyzed using a Fluorescence Inverted Microscope with Incubation 

(Axio Observer, Zeiss, Göttingen, Germany). The fluorescence intensity values were analyzed using ImageJ 

software (version 1.52a, Wayne Rasband, National Institutes of Health, Bethesda, MD, USA). In 

Chapter 6, fluorescence values were normalized against the number of nuclei. Changes in the 

fluorescence intensity relative to the control without or with LPS (0 µg/mL) were related to an increase 

or decrease, respectively, in the generation of intracellular ROS/RNS and/or O2
•–. 
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2.7.3.3. Western Blot 

Signaling pathways include diverse molecular events involving proteins. In Chapters 5 and 6, the 

interaction of the E. purpurea extracts and fractions with proteins from the inflammatory signaling 

pathways was investigated using the WB technique (Figure 2.37). WB is a widely used antibody-based 

method to detect the presence of specific proteins, to access posttranslational modifications (e.g., 

phosphorylation), and to characterize protein complexes in a cell or tissue sample [134,135]. WB can be 

dived into four main steps: (i) the sample preparation; (ii) the electrophoresis; (iii) the electrotransfer, and 

the (iv) probing and detection. 

 

 

Figure 2.37 | Overview of a western blot protocol. 

 

From Figure 2.37, it is possible to observe that WB initiates with the sample preparation that 

requires the lyse of cells to extract and solubilize proteins [134,135]. Different lysis buffers can be used, 

depending on the cellular structures of interest (e.g., nucleus, cytoplasm, plasma membrane). However, 

it is typically composed of a buffering agent (e.g., Tris-HCl), salts (e.g., sodium chloride), detergent 

disrupting lipids, and most importantly, protease and phosphatase inhibitors to prevent protein 

degradation. The protein concentration in the lysates is quantified to control the amount of protein loaded 

on the gel, allowing the comparison between conditions [134,135]. Protein concentration can be 

measured using Bradford, Lowry, or BCA assays. However, some detergents at a certain concentration 

interfere in the quantification of protein, whereas this should be verified and diluted accordingly. Then, a 

known amount of sample protein is mixed with a loading buffer composed of (i) glycerol to increase the 

density of the sample facilitating its loading on the gel; (ii) a dye to reveal the proteins (e.g., Coomassie 
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Blue); (iii) agents reducing disulfide bonds (e.g., dithiothreitol – DTT), and (iv) SDS (or LDS) to negatively 

charge the proteins [134]. The samples must also be heated for protein denaturation. Samples are then 

loaded on top of wells of a polyacrylamide gel electrophoresis (PAGE), which separates proteins either 

based on their charge (native-PAGE) or their molecular weight (SDS-PAGE) [134,135]. Polyacrylamide 

gels are composed of a mix of polyacrylamide and bis-acrylamide, which form a crosslinked polymer by 

the polymerizing agent ammonium persulfate (APS) and the catalyst N,N,N,N´-tetramethylenediamine 

(TEMED) [134]. The gel pore size can be adjusted by playing with the ratio and concentration of 

polyacrylamide and bis-polyacrylamide. The increasing amount of bis-acrylamide generates smaller pores, 

which, in turn, allow for a better separation of smaller proteins. Under the influence of an electric field, 

the proteins migrate from the cathode to the anode, promoting their separation. Afterward, the proteins 

need to be transferred from the gel to a nitrocellulose or PVDF membrane by electrotransfer for further 

antibody probing [134,135]. Here, the polyacrylamide gel is placed on top of a transfer membrane and 

enclosed between three layers of filter paper, resembling a blotting sandwich, soaked in transfer buffer 

[134]. A good transference is achieved when the contact between all the layers is ensured by completely 

removing air bubbles. An electrical current is applied perpendicularly to the gel surface to transfer the 

proteins from the gel to the membrane. 

The membranes display a high affinity for protein-binding, whereas, after the transfer, the 

remaining binding sites are blocked to prevent subsequent non-specific binding signals [134,135]. For 

that, the membrane is usually incubated with non-fat dry milk or BSA solution [134]. The non-fat dry milk 

is widely used, but it is not recommended for the detection of phosphorylated proteins. After blocking, 

the membrane needs to be probed with an antibody recognizing the protein of interest [134,135]. Probing 

can be performed in one or two steps, depending on the antibody structure. In the one-step probing, the 

antibody against the protein of interest is conjugated with an enzyme or a fluorophore that allows its direct 

detection [134,135]. The most popular detection method is the use of antibodies conjugated with the 

HRP or alkaline phosphatase enzymes. In this method, a chemical reaction is catalyzed by an enzyme 

that produces light (chemiluminescence), which can be detected using X-ray films or imaging equipment 

or gives a visible end-product, which precipitates on the membrane (chromogenic/colorimetric detection). 

When the antibody is conjugated with fluorophores, such as fluorescein or rhodamine, direct visualization 

of the antibody using fluorescence is allowed. This method is suitable for the detection of several targets 

in a single analysis if different fluorophores are used. The one-step probing is fast and may be useful for 

high throughput applications. In the two-step probing, two different antibodies are used. The primary 
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antibody binds the protein of interest present in the membrane. Then, a secondary antibody binds the 

primary antibody, being detected, sharing the same principles than the one-step probing. 

To prevent the generation of background, between each step a wash is performed to remove the 

unbound antibodies [134,135]. Importantly, when comparing protein expression between different 

samples it is essential to also perform the detection of ubiquitous proteins that must be present in all 

samples (e.g., actin or GAPDH). 

In Chapters 5 and 6, LPS-stimulated hMDMs (5 × 105/well in 24-well plates) were treated with 

E. purpurea extracts and fractions, at 100 µg/mL, as previously described. After 24 h, the medium was 

removed, and the cells were washed with ice-cold DPBS. Then, the cells were lysed in RIPA buffer 

containing a mixture of protease and phosphatase inhibitors at 4 °C for 30 min under shaking. Samples 

were collected and centrifuged (2000 rpm, 20 min). The supernatant was transferred to a new Eppendorf 

flask and the protein content was determined using the Bio-Rad Protein Assay, based on the method of 

Bradford. Bolt sample reducing agent and bolt LDS sample buffer were added to 30 µg of protein. Then, 

the samples were heated and denatured at 70 °C (20 min) and 95 °C (5 min). The centrifuged samples 

were loaded and separated on 8% precast polyacrylamide gels set on a Mini Gel Tank (Invitrogen, Thermo 

Fisher Scientific, Lisbon, Portugal). The proteins were transferred from the gel to a PVDF membrane using 

the iBlot 2 Gel Transfer Device (Invitrogen, Thermo Fisher Scientific, Lisbon, Portugal). After blocking for 

30 min at RT with 5% BSA in tris-buffered saline Tween20 (TBST), the membranes were incubated 

overnight at 4 °C with the following primary antibodies diluted in blocking solution: rabbit NF-κB p65 

(1:1000), rabbit p44/42 MAPK (ERK1/2; 1:1000), rabbit p38 MAPK (1:1000), rabbit SAPK/JNK 

(1:1000), rabbit STAT3 (1:1000), rabbit COX-2 (1:500), rabbit iNOS (1:500), rabbit phospho-NF-κB p65 

(1:1000), rabbit phospho-p38 MAPK (1:1000), rabbit phospho-STAT3 (1:2000), rabbit phospho-

SAPK/JNK (1:1000), rabbit phospho-p44/42 MAPK (p-ERK1/2; 1:1000), and rabbit GAPDH (1:10,000). 

Afterward, the membranes were washed three times for 5 min with TBST, and then IRDye 800CW Goat 

anti-Rabbit IgG or IRDye 680RD Goat anti-Rabbit IgG secondary antibodies, both diluted in TBST 

(1:15,000), were added and the samples were incubated for 1 h at RT in the dark. The Odyssey Fc 

Imaging System (LI-COR Inc., 2800, Lincoln, NE, USA) was used for image acquisition of the blots using 

near-infrared wavelengths of 700 or 800 nm. The intensity of the bands was quantified with Image Studio 

software (LI-COR, Inc. software version, Lincoln, NE, USA). The data were normalized to the housekeeping 

GAPDH. 
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2.7.4. LUVs internalization 

To exert anti-inflammatory effects, the drugs or therapeutic formulations must be internalized [81]. 

Therefore, in Chapter 7, the cellular uptake of the fluorescent-labeled liposomal formulations by LPS-

stimulated macrophages was evaluated by flow cytometry and confocal analysis. 

Flow cytometry is a powerful technique used for the functional and phenotypic characterization of 

cells. Usually, the samples are labeled with a wide array of commercially available reagents, such as 

specific dyes or monoclonal antibodies [136]. A flow cytometer is composed of an illumination source, 

an optical bench, a fluidic system, and a computer [137]. Briefly, the stained sample flow into a single 

tube by the fluidic system and are struck by one or more light sources. These sources generate both 

nonfluorescent and fluorescent signals, which are directed by the optical system to the photodetectors, 

which, in turn, convert light into electronic signals for data analysis (Figure 2.38). Structural and 

morphological properties of the cells are directly associated with light scattering. On the other hand, the 

amount of fluorescent probes in a cell is proportional to the fluorescence emission derived from it. The 

flow cytometer has the capacity to access multiple parameters generated from a single cell within a large 

sample (high amount of cells). 

 

 

Figure 2.38 | Simplified design of a flow cytometer with one illumination source (laser) set up to collect specific parameters. 

 

Confocal microscopy allows for the acquisition of detailed images of the structure of entities, even 

within thick tissue specimens, by a process known as optical sectioning [138]. In confocal microscopy, 

the illumination and detection optics are focused on the same diffraction-limited spot, which is moved 

over the sample to build the complete image on the detector [139]. This powerful technique enables the 

3D reconstruction of a sample from high-resolution stacks of images though the optical sectioning 
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provided. Confocal microscopy presents several advantages in comparison to traditional fluorescence 

microscopy: (i) increased resolution, (ii) reduced blurring of the image from light scattering, (iii) improved 

signal-to-noise ratio, (iv) depth perception in z-sectioned images, and (v) electronic magnification 

adjustment [138]. 

THP-1 cell line seeding was performed as previously described. However, for these assays, THP-1 

was seeded at a density of 1.5 × 104 cells/well in 48 well plates or 2.5 × 105 cells/well in 12 well chamber 

µ-slides (Ibidi, Gräfelfing, Germany) for flow cytometry and confocal analysis, respectively.  

To evaluate cellular uptake by flow cytometry, fluorescent-labeled LUVs + DE-R and FLUVs + DE-R 

were incubated with LPS-stimulated macrophages for 2, 4, and 22 h, at 37 °C in a humidified 5% CO2 

atmosphere. At each time point, the medium was removed, and the cells were washed twice with DPBS 

to remove non-internalized liposomes. Then, 300 µL of trypsin/EDTA was added and incubated for 5 

min, at 37 °C in a humidified 5% CO2 atmosphere to detach the cells. The bottom was gently scraped, 

and the cell suspension was collected and transferred to a flow cytometry tube containing 600 µL of 

cRPMI. After centrifugation (300 × g, 5 min), the supernatant was discarded, and the pellet was 

resuspended and fixed with 250 µL of 4% formalin in DPBS. The samples were stored at 4 °C until 

analysis. Data were acquired using a flow cytometer (BD FACSCalibur, BD Biosciences, USA) and 

analyzed with FlowJo Engine V4 software (BD Biosciences, USA). Results are expressed as the mean 

percentage of the cellular uptake from 10,000 cells and normalized relative to the cells incubated without 

liposomes to avoid their fluorescence interference. 

For confocal analysis, LPS-stimulated macrophages treated with fluorescent-labeled LUVs + DE-R 

and FLUVs + DE-R for 4 h were fixed with 150 µL of 10% formalin and stored at 4 °C for further staining 

and confocal analyses. The fixed cells were permeated with 0.2% (V/V) Triton X-100 diluted in PBS for 5 

min. Afterward, phalloidin (1:250 in DPBS) was added for 40 min and then DAPI (1:1000 in DPBS) for 

30 min to dye cytoskeleton and cell nuclei, respectively. Between all steps, the cells were washed twice 

for 5 min with DPBS. Images were acquired using excitation wavelengths of 405 nm (DAPI), 488 nm 

(NBD-cholesterol), and 561 nm (phalloidin) in an Inverted Confocal Microscope with Incubation (TCS SP8, 

Leica, Mannheim, Germany). 

 

2.8. IN VIVO STUDIES 

In vivo studies are an important tool to validate the safety and biological activity of new therapeutic 

strategies in a more complex environment [140]. In vivo protocols must be designed and conducted under 

a high degree of control and precision to generate reliable information about the compatibility and efficacy 
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of the therapeutic strategy. Moreover, animal experimentation must be developed under well-controlled 

environmental factors and ethical considerations [141]. The Principle of the 3R’s should be employed 

and stats that research is best performed by taking into account the Replacement of animals (e.g., by in 

vitro or test tube methods), Reduction of the numbers of animals used (e.g., by statistical techniques or 

other methods), and Refinement of the experiment (e.g., by using techniques with less potential to 

produce pain, suffering, or distress) [142].  

The animal models can be categorized into spontaneous mutation models, random mutation 

models, genetically manipulated models, chemically induced models, physically induced models, surgical 

models, behavioral models, and producing models [143]. The most commonly used animals in 

experimental research are hamsters, chinchillas, mice, rats, gerbils, rabbits, guinea pigs, amphibians and 

reptiles, birds, and armadillos [144]. From these, the most widely used laboratory species are mice and 

rats [144]. These animal models present a small size, have a known genetic background and microbial 

status, have a short generation time, display similarities to human disease conditions, require smaller 

amounts of tested drugs, and are easy to handle and house [144]. 

For the screening of anti-inflammatory activity, the animal models can present acute inflammation 

(e.g., carrageenan-induced paw edema, bradykinin-induced paw edema, croton oil/PMA-induced ear 

edema, oxazolone-induced ear edema), sub-acute inflammation (e.g., granuloma pouch model), and 

chronic inflammation (e.g., cotton pellet-induced granuloma, formalin-induced paw edema, complete 

Freund’s adjuvant-induced arthritis) [140]. All animal models present advantages and disadvantages 

[140]. Carrageenan-induced inflammation animal model is widely used to assess the anti-inflammatory 

activity of natural and synthetic compounds. This model is well-established and shows high reproducibility, 

being involved in the preliminary test for the screening of anti-inflammatory drugs. When studying 

inflammatory processes in the joints, the rat animal model is more suitable to use due to the large articular 

joint for injection of the developed drug formulation in comparison with the mouse. 

In Chapter 7, the safety and anti-inflammatory efficacy of the DE-R and FLUVs + DE-R were 

validated in a carrageenan-induced inflammation rat model. To reduce drug dosage, systemic exposure, 

and adverse side effects, the formulations were locally administrated via intra-articular (IA) injection [145]. 

In vivo experiments were performed in 5-week-old male Wistar rats (n = 48). Animals were housed in two 

per cage in a limited-access rodent facility, in a climate-controlled room (temperature: 20 – 24 ºC; relative 

humidity: 55 ± 10%) and a 12/12 h light/dark cycle (starting at 8:00 am). Food and water were available 

ad libitum. General health parameters were evaluated twice per week, and body weight was measured 

weekly. The experimental protocol was approved by the Institutional Ethical Commission and Direção 
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Geral de Alimentação e Veterinária (DGAV; ORBEA EM/ICVS-I3Bs_011/2018). The European Community 

Council Directives 86/609/EEC and 2010/63/EU were followed concerning the use of animals for 

scientific purposes. All efforts were made to reduce animal suffering and minimize the number of animals 

required to produce reliable scientific data. 

 

2.8.1. Induction of inflammation 

Carrageenan is a sulfated mucopolysaccharide extracted from seaweeds [140]. When 

administrated by IA injection in the joints, carrageenan induces acute inflammation in the first 24 h and 

chronic inflammatory hyperalgesia after 1 week [146]. Carrageenan develops synovitis due to the trigger 

of the accumulation of immune cells and the synthesis and release of inflammatory mediators, which 

causes edema and pain in the knee joint [147]. Therefore, this in vivo model perfectly mimics an 

inflammatory scenario, being a good model to study the effectiveness of new anti-inflammatory 

formulations.  

A carrageenan-induced knee inflammation animal model was used to evaluate the therapeutic 

efficacy of DE-R and FLUVs + DE-R, as previously described [148]. The animals were anesthetized by an 

intraperitoneal injection of a mixture of ketamine (0.75 mg/kg) and medetomidine (0.50 mg/kg). Then, 

100 µL of a sterile solution of 3% carrageenan dissolved in saline was injected into the synovial cavity of 

the right knee joint of each animal. Healthy control animals (Sham) were injected with 100 µL of PBS. 

The left knee joint was used ascontrol. After the procedure, the anesthesia was reversed with a 

subcutaneous injection of atipamezole hydrochloride (1 mg/kg) and the animals were monitored until 

fully awake (eating and grooming). 

 

2.8.2. Treatment 

After 3 days of the induction of inflammation in male Wistar rats, the animals were treated with an 

IA injection of the different formulations (50 µL), resulting in six different groups (8 rats/group): (i) healthy 

(Sham), (ii) inflammation control, (iii) inflammation + FLUVs (0.4 µM PC), (iv) inflammation + DE-R (3.5 

µg/mL alkylamide 8/9), (v) inflammation + FLUVs + DE-R (0.4 µM PC and 3.5 µg/mL alkylamide 8/9), 

and (vi) inflammation + celecoxib (10 µM).  Sham and inflammation control animals were injected with 

the vehicle (PBS). The DE-R, FLUVs, FLUVs + DE-R, and celecoxib were diluted in the vehicle to achieve 

their final concentrations. 

Disease progression was assessed at day 0, day 4, and day 10, through the measurement of major 

signs of an inflammatory response, namely edema, mechanical allodynia, and hyperalgesia. On the 10th 
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day, the animals were euthanized and transcardially perfused with 4% paraformaldehyde. The brain, liver, 

kidney, thymus, spleen, adrenal glands, and knee joints were collected for further analysis. A schematic 

timeline is represented in Figure 2.39. 

 

 

Figure 2.39 | Timeline of the in vivo study. 

 

2.8.3. Evaluation of the knee edema 

Edema is the swelling resulting from the increased permeability of blood vessels and subsequent 

accumulation of leukocytes in the inflamed tissue [149]. The diameter of both left and right knee joints 

was measured with an electronic caliper. An increase in the knee diameter was used as an indicator of 

edema caused by the inflammatory state. 

 

2.8.4. Evaluation of the knee pain 

Pain can have different prominent symptoms, including allodynia and hyperalgesia [150]. Allodynia 

is defined as the pain elicited by a stimulus that usually does not cause pain, while hyperalgesia is the 

increased sensitivity to pain produced by a painful stimulus. Indeed, the responsiveness of peripheral 

nociceptive neurons is intensified by synovial inflammation, resulting in increased pain sensitivity [151]. 

 

2.8.4.1. Mechanical allodynia 

Mechanical allodynia was evaluated through the flexion and extension test. The animals were 

submitted to five consecutive flexion and extension movements in both knees. The number of 

vocalizations during each flexion and extension movement was registered. An increase in the number of 

vocalizations was used as an indicator of mechanical allodynia development. 

 

2.8.4.2. Mechanical hyperalgesia 

The pressure application measurement (PAM) method was employed to evaluate the development 

of mechanical hyperalgesia. Firstly, the animal was securely held in the experimenter’s arm and a force 

transducer unit, fitted on the thumb of the experimenter, was placed on one side of the animal’s knee 

joint, and the forefinger on the other side. A force (range of 0 – 1500 gf) was gradually applied to the 
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joint until a behavioral response, such as vocalization, limb withdrawal, wriggling, or freezing of whisker 

movement, was observed. The maximum force applied before the behavioral response was recorded as 

the limb withdrawal threshold (LWT), measured twice in the ipsilateral and contralateral limbs at 1 min 

intervals. A decrease in LWT values was used as an indicator of mechanical hyperalgesia development. 

 

2.8.5. Histological analysis 

The histological analysis allows for the structural and morphological examination of the biological 

tissues at the microscopical level [152]. Tissues and organs are subjected to sequential histological steps, 

including fixation, dehydration, clearing, infiltration and embedding, and trimming [152]. In the fixation, 

small pieces of tissues and organs are immediately placed in solutions of chemicals that preserve cell 

and tissue structure due to the cross-link of proteins and inactivation of degradative enzymes. For tissues 

and organs dehydration, they are subjected to a gradually increasing concentration of alcohol solution 

until 100% to remove all water content. In the clearing, the alcohol is then replaced by an organic solvent 

miscible with both alcohol and the embedding medium. In infiltration and embedding, the tissues and 

organs are immersed in melted paraffin located in a small mold and then allowed to harden at RT. In 

trimming, the resulting hardened paraffin block is sectionally trimmed on a microtome, generally from 3 

to 10 µm thickness. The paraffin sections are placed on glass slides and allowed to adhere with 

subsequent deparaffinization and rehydration. 

In Chapter 7, a histological analysis of several organs and knees was performed. The knee joint 

was further dissected to remove the tissue and bone in excess and decalcified with Richard-Allan scientific 

decalcifying solution for 2.5 days. The decalcification was confirmed when a needle could pass through 

the bone. After, tissue samples were transferred to histological cassettes and processed in a Spin Tissue 

Processor (STP120-2, Microm, Walldorf, Germany). The processed samples were embedded in paraffin 

using an Embedding Center (EC350-1/EC350-2, Microm, Walldorf, Germany). Sagittal sections with a 

thickness of 5 µm were cut through the collected tissues using a manual rotary microtome (HM355S, 

Microm, Walldorf, Germany). The histological slides were placed in an oven at 70 °C for 30 min to melt 

the paraffin and deparaffined and rehydrated in an automatic stainer (HMS740, Microm, Walldorf, 

Germany). Afterward, histological sections were examined using Hematoxylin and Eosin stain and 

immunofluorescence analysis. 

 

2.8.5.1. Hematoxylin and Eosin stain 

Most cells and extracellular material are completely colorless, being necessary their staining for 

microscopic analysis [152]. Staining methods allow for tissue components to be visible and 
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distinguishable from one another. The dyes can be acidic or basic compounds, forming electrostatic 

linkages with ionizable radicals of macromolecules present in the tissue sample. Acidic dyes have an 

affinity with cationic/acidophilic components in cells (e.g., proteins in the cytoplasm), while basic dyes 

react with anionic/basophilic components in cells (e.g., nucleic acid). Of all staining methods, the simple 

combination of Hematoxylin and Eosin is the most commonly used to visualize the tissue structure and 

morphology. Eosin is an acidic dye, staining acidophilic tissue structures to pink, such as cytoplasmic 

structures, mitochondria, secretory granules, and collagen. Hematoxylin behaves like a basic dye, staining 

basophilic tissue components, like DNA in the cell nucleus, Ribonucleic acid (RNA)-rich portions of the 

cytoplasm, glycosaminoglycans, and the matrix of cartilage, producing a dark blue or purple color.  

The infiltration of immune cells into an inflamed tissue can be observed by the increase in the 

basophilic staining (purple color). Indeed, agranulocytes, including lymphocytes and macrophages, 

present an increased nucleus with abundant and condensed chromatin, components with affinity to the 

basic dye hematoxylin [153]. 

In Chapter 7, the slides were stained with Hematoxylin and Eosin in an automatic stainer 

(HMS740, Microm, Walldorf, Germany). Briefly, the slides were immersed in xylene (2 × 2.5 min), 

followed by serial dilutions of EtOH (100%, 95%, 70%, 1 min each). The washed slides were incubated in 

Hematoxylin staining (1 min), washed (3.5 min), and subjected to the bluing process (0.17 min). After 

another wash step, the slides were immersed in 95% EtOH (0.75 min) and stained with Eosin Y (1 min), 

followed by incubation in 100% EtOH (3 × 2 min). The process ended with the slides incubated in xylene 

(2 × 2 min). The histological sections of each organ and knee were analyzed under an optical microscope 

(DM750, Leica, Heerbrugg, Switzerland). 

 

2.8.5.2. Immunohistochemistry analysis 

A specific macromolecule present in the tissue section can be identified by using labeled molecules 

that bind specifically with the molecule of interest [152]. Immunohistochemistry is routinely used to 

detect, localize, and determine the expression patterns of many specific sugars, proteins, and nucleic 

acids. The immunohistochemical technique shares the principle of ELISA and WB techniques, where an 

antibody against the molecule of interest is detected. As such, the tissue section is incubated in a solution 

containing the antibody against the protein of interest. The antibody binds specifically to the protein of 

interest and after washes, the protein of interest can be observed in the tissue or cells under a light or 

fluorescence microscope. Immunohistochemistry also presents direct and indirect methods, sharing the 

same features already reported for ELISA and WB analysis. 
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In Chapter 7, the anti-inflammatory effect of the tested formulations was evaluated by the 

reduction in the fluorescence expression of CD68 – a selective marker of monocytes and macrophages 

–, and IL-6 – an indicator of a pro-inflammatory environment – in the histological sections of knee joints. 

To break the protein crosslinks and, therefore, unmask the antigens and epitopes in formalin-fixed and 

paraffin-embedded tissue sections, the histological sections of knee joint were subjected to heat-induced 

antigen-retrieval with sodium citrate buffer (10 mM sodium citrate, 0.05% Tween20, pH 6.0), for 4 min, 

in a microwave at 200 W. The microwave was stopped every 15 s in the first 2 min, and then each 5 s 

to avoid the boiling of the buffer. The slides were cooled down inside the buffer for approximately 20 min. 

Then, they were transferred to a staining chamber StainTray black lid to ensure a humidified environment 

and protection from the light. The slides were washed with distilled water 3 × for 5 min. The membrane 

permeabilization was achieved with 0.2% Triton X-100 in PBS at RT for 15 min. After, the slides were 

incubated with 3% BSA in PBS freshly prepared for 30 min, at RT, to block nonspecific antigen binding. 

Primary antibodies against IL-6 or CD68, both diluted in 1% BSA in PBS (1:500), were added and 

incubated overnight at 4 °C. The slides were washed with 0.01% Tween20 in PBS 3x for 5 min. The 

secondary antibody Alexa Fluor 594, diluted in 1% BSA in PBS (1:500), was added and incubated for 1 

h, at RT, in the dark. Afterward, the histological sections were washed with 0.05% Tween-20 in PBS (3 × 

5 min) and then, with PBS. Finally, the slides were mounted with Vectashield fluorescence mounting 

medium and closed with polish nails. A negative control, comprising only the incubation of the secondary 

antibody, was also prepared to assess any false positive. The histological slides were analyzed under a 

transmitted and reflected light microscope with apotome 2 (Axio Imager Z1m, Zeiss, Göttingen, Germany). 

 

2.9. STATISTICAL ANALYSIS 

Results are expressed as mean ± standard deviation (SD) of 3 independent experiments, with a 

minimum of 3 replicates for each condition. Statistical analyses were performed using GraphPad Prism 

version 6.0 or 8.0.1 software (Boston, MA, USA). Unpaired t-test, one-way or two-way analysis of variance 

(ANOVA), and Tukey’s, Dunnett's, or Sidak’s multiple comparisons tests were used. From Chapters 3 

to 6, differences between experimental groups were considered significant with a confidence interval of 

99%, whenever p < 0.01. In Chapter 7, differences between experimental groups were considered 

significant with a confidence interval of 95%, whenever p < 0.05. 
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ABSTRACT 

Chronic inflammation is characterized by an overproduction of several inflammatory mediators 

(e.g., reactive species and interleukins – IL) that play a central role in numerous diseases. The available 

therapies are often associated with serious side effects and, consequently, the need for safer drugs is of 

utmost importance. A plant traditionally used in the treatment of inflammatory conditions is Salvia 

officinalis. Therefore, conventional maceration and infusion of its leaves were performed to obtain 

hydroethanolic (HE-T) and aqueous extracts (AE-T), respectively. Their efficacy was compared to Soxhlet 

extracts, namely aqueous (AE-S), hydroethanolic (HE-S), and ethanolic extracts (EE-S). Thin-layer 

chromatography demonstrated the presence of rosmarinic acid, carnosol, and/or carnosic acid in the 

different extracts. Generally, Soxhlet provided extracts with higher antioxidant activities than traditional 

extraction. Moreover, under an inflammatory scenario, EE-S were the most effective, followed by HE-S, 

HE-T, AE-T, and AE-S, in the reduction of IL-6 and TNF-α production. Interestingly, the extracts presented 

higher or similar anti-inflammatory activity than diclofenac, salicylic acid, and celecoxib. In conclusion, 

the extraction method and the solvents of extraction influenced the antioxidant activity, but mainly the 

anti-inflammatory activity of the extracts. Therefore, this natural resource can enable the development of 

effective treatments for oxidative stress and inflammatory diseases. 

 

 

 

Keywords: Salvia officinalis, traditional extraction, Soxhlet extraction, antioxidant activity, reactive oxygen 

and nitrogen species, anti-inflammatory activity, cytocompatibility. 
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3.1. INTRODUCTION 

Inflammation is essential for human life, leading to the elimination of noxious stimuli and 

restoration of tissue homeostasis [1]. However, if the inflammatory response is prolonged, continuous 

recruitment of inflammatory cells and overproduction of reactive oxygen and nitrogen species (ROS/RNS) 

are observed, inducing tissue damage [1–3]. 

High amounts of ROS/RNS (e.g., superoxide radical anion – O2
•– – and nitric oxide – •NO) are 

produced by activated immune cells (e.g., neutrophils and macrophages) to protect the organism against, 

for instance, bacteria or intracellular parasites [4,5]. ROS/RNS can also activate several essential 

inflammatory pathways, which will result in the release of several proinflammatory cytokines (e.g., 

interleukin – IL – 6, tumor necrosis factor – TNF – α) and chemokines (e.g., IL-8) with the ability to recruit 

more immune cells to the site of inflammation [6,7]. IL-6 is a particularly important mediator of the acute 

phase response, inducing fever, stimulating the production of neutrophils in the bone marrow, and 

supporting the growth and differentiation of B cells [8]. Another cytokine with an important role in the 

pathogenesis of inflammatory conditions is TNF-α to regulate cell growth and proliferation, the release of 

adhesion molecules, and the expression of inflammatory mediators [9]. 

Unfortunately, high amounts of ROS/RNS and proinflammatory mediators in the tissues/cells can 

irreversibly damage several biomolecules and/or cells, resulting in the loss of their function and/or death. 

For instance, ROS/RNS can induce lipid peroxidation, leading to the cells’ membrane damage, 

culminating with their death [10]. Consequently, a dysregulated inflammatory response can lead to 

several diseases, such as rheumatoid arthritis, osteoarthritis, cardiovascular diseases, neurodegenerative 

diseases, or cancer [7,11–13]. Therefore, the administration of antioxidant and/or anti-inflammatory 

compounds is crucial to stop the unregulated inflammatory scenario. Currently available therapies are 

based on nonsteroidal anti-inflammatory drugs (NSAIDs, e.g., diclofenac, salicylic acid, and celecoxib), 

corticosteroids (e.g., dexamethasone and betamethasone), conventional disease-modifying anti-

rheumatic drugs (DMARDs, e.g., methotrexate), and biological agents (e.g., anti-TNF-α and anti-IL-1β 

antibodies) [14–16]. These therapeutic agents, however, are often associated with several serious side 

effects [17–23]. Therefore, the need to discover new, safe, and effective anti-inflammatory drugs is of 

utmost importance. 

Plants have been the basis of traditional medicine in many cultures for thousands of years. Even 

nowadays, plants, being a rich source of bioactive molecules, are widely used by the world’s population 

to treat several diseases [24]. Moreover, more than one hundred compounds in clinical use are derived 

from plants [25–27]. Some examples of plant-derived drugs widely prescribed include morphine 
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(analgesic, Papaver somniferum), digitoxin (cardiotonic, Digitalis purpurea), and vincristine (anti-cancer, 

Catharanthus roseus). Indeed, there is an increasing interest in drug discovery from plant origin [28,29], 

mainly due to the reduction of the costs associated with the development of new drugs [30,31]. 

Salvia officinalis (Lamiaceae family), commonly known as garden sage, Dalmatian sage, or 

common sage, is widely used in traditional medicine. An infusion of dried sage leaves with boiling water 

(sage tea) has been traditionally used to treat mouth, throat, and bronchial inflammations, as well as 

coughs and stomach pain [32,33]. Sage leaves can also be directly applied for cold sores, gum disease, 

sore mouth, throat or tongue, and swollen tonsils. Particularly in inflammatory diseases, different extracts 

of S. officinalis demonstrated the ability to reduce IL-6 and IL-8 production [34], inhibit •NO generation 

[35], increase the number of antioxidant enzymes [36], and reduce leukocyte infiltration, plasmatic 

extravasation, and edema [37]. However, the properties of tea and tinctures of S. officinalis on the 

behavior of human macrophages have not been reported in detail, in spite of its common use in 

inflammation treatment. In this work, traditional extraction, namely maceration and infusion, was 

performed to obtain aqueous (AE-T) and hydroethanolic extracts (HE-T), respectively. To increase the yield 

of extraction, aqueous (AE-S), hydroethanolic (HE-S), and ethanolic extracts (EE-S) were prepared using 

a Soxhlet. After extraction, the total phenol and flavonoid content (TPC and TFC, respectively) were 

measured, and the composition of S. officinalis extracts was analyzed by thin-layer chromatography (TLC). 

The antiradical activity of S. officinalis extracts against 2,2-diphenyl-1-picrylhydrazyl radical (DPPH•) and 

2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt radical (ABTS•+) was also 

evaluated, as well as their antioxidant activity against the most powerful ROS/RNS, namely peroxyl radical 

– ROO• –,  O2
•–, and •NO. The reducing power (RP) of the five S. officinalis extracts was also investigated. 

The cytotoxicity of S. officinalis extracts was evaluated using the L929 cell line, according to ISO 10993-

5:2009 [38]. Moreover, their capacity to stimulate or inhibit the production of two proinflammatory 

cytokines with a crucial role in the inflammatory response, IL-6 and TNF-α, was investigated using non-

stimulated or LPS-stimulated macrophages (THP-1 cell line), respectively. For all cellular studies, the 

metabolic activity, the DNA concentration, the total protein content, and the cells’ morphology were 

analyzed. 

To the best of our knowledge, this is the first study that exhaustively compares the efficiency of 

several S. officinalis extracts obtained from Soxhlet and traditional extraction regarding their 

cytocompatibility and antioxidant and anti-inflammatory activities. 
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3.2. MATERIALS AND METHODS 

3.2.1. Reagents 

An aluminum TLC plate, silica gel coated with fluorescent indicator F254 (20 × 20 cm), chloroform, 

ethyl acetate, acetic acid, ethanol, sodium carbonate (Na2CO3), Folin-Ciocalteu’s phenol reagent, gallic 

acid, aluminum chloride, rutin, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2′-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid) diammonium salt  (ABTS), potassium phosphate dibasic, potassium 

phosphate monobasic, fluorescein sodium salt, 2,2′-azobis(2-methylpropionamidine) dihydrochloride 

(AAPH), sodium nitroprusside dihydrate (SNP), sulfanilamide (SA), N-(1-Naphthyl)ethylenediamine 

dihydrochloride (NED), phosphoric acid, phosphate-buffered saline (PBS), β-Nicotinamide adenine 

dinucleotide (NADH), nitrotetrazolium blue chloride (NBT), phenazine methosulfate (PMS), sodium 

phosphate dibasic, sodium phosphate monobasic, potassium ferricyanide (III), trichloroacetic acid and 

ferric chloride (III), low-glucose Dulbecco’s modified eagle’s medium (DMEM), lipopolysaccharide (LPS) 

(Escherichia coli O26:B6), dexamethasone, diclofenac, and salicylic acid were purchased from Sigma. 

High-purity standards, including rosmarinic acid, α-terpineol, 1,8-cineole, apigenin 7-glucoside, 

salvianolic acid B, ursolic acid, cinnamic acid, quinic acid, linalyl acetate, viridiflorol, apigenin, carnosol, 

betulinic acid, oleanolic acid, α-humulene, (−)-camphor, (+)-borneol, protocatechuic acid, luteolin, 

camphene, luteolin 7-glucoside, isoquercitrin, p-coumaric acid, apigenin 7-O-glucuronide, linalool, α-

pinene, carnosic acid, eriocitrin, ferulic acid, and quercetin, were also obtained from Sigma. Celecoxib 

was obtained from abcr GmbH. CellTiter 96 AQueous One Solution Cell Proliferation Assay was obtained 

from Promega, while dimethyl sulfoxide (DMSO) was purchased from VWR. Formic acid was obtained 

from PanReac AppliChem. Fetal bovine serum (FBS) and antibiotic/antimycotic solution, TrypLE Express, 

Roswell Park Memorial Institute (RPMI) 1640 medium, Quant-iT PicoGreen dsDNA Kit, and Micro BCA 

protein assay kit were obtained from Thermo Fisher Scientific. AlamarBlue was acquired from Bio-Rad. 

Human IL-6 and TNF-α DuoSet enzyme-linked immunosorbent assay (ELISA) and DuoSet ELISA Ancillary 

Reagent Kit 2 were purchased from R&D Systems. 

 

3.2.2. Bioactive compounds extraction 

S. officinalis was purchased from Cantinho das Aromáticas (Porto, Portugal) and grown in an 

organic environment. After one year of cultivation, the leaves, collected in May before the blooming of the 

flowers, were dried in the dark at room temperature (RT). The dried leaves were then cut into small pieces 

and stored in the same conditions until the preparation of the extracts. 
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To mimic the extracts traditionally prepared by infusion (AE-T) and maceration (HE-T), 200 mL of 

boiling water or 100 mL of hydroethanolic solution (50:50) was added to 10 g of S. officinalis leaves for 

10 min or 5 days, macerating 1 time per day, at RT, respectively. A Soxhlet apparatus was also used to 

prepare AE-S, HE-S, and EE-S from 10 g of S. officinalis leaves. After each extraction, the solvent was 

replaced with a new solvent to prevent S. officinalis extracts from being exposed to high temperatures, 

which could result in the thermal decomposition of thermolabile compounds [39]. All extracts were 

filtrated through a 0.45 µm filter and frozen at −80 °C and lyophilized (LyoAlfa 10/15, Telstar 

Technologies, S-L, Terrassa, Spain). Before the freeze-drying of HE, ethanol was evaporated at RT under 

reduced pressure using a rotary evaporator (IKA VACSTAR D S099, IKA - Werke GmbH & Co.KG, Staufen 

im Breisgau, Germany). This last procedure was used to obtain dried EE-S. After that, the yield extraction 

in percentage (%) was calculated by dividing the dry weight of the extracts by the initial weight of leaves. 

The extracts were stored at −20 °C until further use. Three different batches of each extract were 

prepared. 

 

3.2.3. Determination of the TPC 

TPC of the S. officinalis extracts was measured using the Folin-Ciocalteu method, according to the 

procedure described by Kontogianni et al. with some modifications [40]. All the extracts (1 mg/mL) were 

dissolved in their solvent of extraction (water, ethanol, or their 50:50 mixture). Then, 200 µL of the extract 

was mixed with 4.8 mL of distilled water and 500 µL of Folin-Ciocalteu reagent. After 3 min, 1 mL 

saturated solution of Na2CO3 (332 g/L) was added and diluted with distilled water to 10 mL. Blank 

samples were prepared using 200 µL of the respective solvent without S. officinalis extracts. After 1 h, a 

volume of 200 µL was pipetted to a 96-well plate, and the absorbance was read at 725 nm in a microplate 

reader (Synergy HT Multi-Mode Microplate Reader, BioTek, Vermont, USA). Gallic acid (GA), in 

concentrations ranging from 25 to 500 mg/mL, was used to prepare the calibration curve to interpolate 

the content of phenols of each extract. The results are expressed as mg of GA per g of dry S. officinalis 

extract. All measurements were performed in triplicate for each batch of each extract. 

 

3.2.4. Determination of the TFC 

TFC was determined by the aluminum chloride colorimetric method, according to the procedure of 

Kontogianni et al. with some modifications [40]. One milliliter of S. officinalis extracts (10 mg/mL) 

dissolved in their solvent of extraction was mixed with 1 mL of aluminum chloride in ethanol (20 mg/mL) 

and diluted with ethanol to 25 mL. Blank samples were prepared with 1 mL of each extract mixed with 1 
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drop of acetic acid and diluted to 25 mL. After 40 min of incubation at RT, 200 µL of the resulting solution 

was pipetted to a 96-well plate, and the absorbance was read at 415 nm at 20 °C in a microplate reader 

(Synergy HT Multi-Mode Microplate Reader, BioTek, Vermont, USA). Rutin, in concentrations ranging from 

25 to 500 mg/mL, was used to prepare the calibration curve to interpolate the content of flavonoids. The 

results are expressed as mg of rutin per g of dry S. officinalis extract. All measurements were performed 

in triplicate for each batch of each extract. 

 

3.2.5. Chromatographic analyses 

Thin-layer chromatography (TLC) was conducted, in triplicate, according to the procedure 

described by Exarchou et al. [41]. After application of the samples and standards dissolved in methanol 

in the plates, they were developed with a mobile phase consisting of chloroform, ethyl acetate, and formic 

acid (5:4:1, V/V/V) in an ascending one-dimensional mode in a saturated glass chamber. After separation 

and drying the plates, the separated compounds were revealed using iodine and UV light (254 nm). The 

retention factor (RF) of each compound in the samples was calculated and compared with the RF of the 

standards. Afterwards, samples and standards were mixed at the same point of application to 

demonstrate the presence of that phytochemical compound, since small differences in the RF values are 

detected by this test. 

 

3.2.6. Preparation of S. officinalis extracts solutions and IC50 calculation for antioxidant 

activity assays 

Stock solutions of S. officinalis extracts were prepared at concentrations of 500 µg/mL in the 

respective buffer of each assay. AE, HE, and EE were dissolved in 25% of their solvent of extraction. S. 

officinalis extracts stock solutions were then serially diluted to obtain final concentrations of 5, 10, 25, 

75, 125, and 250 µg/mL. For all assays, control samples without the extracts but with an equal volume 

of buffer were also prepared. A control with 25% of the extraction solvent was also performed to 

demonstrate its noninterference in the antioxidant activity assessment. The assays were performed in 

triplicate for each batch of each extract. A microplate reader (Synergy HT Multi-Mode Microplate Reader, 

BioTek, Vermont, USA) was used to read either the absorbance or the fluorescence. In all antioxidant 

assays, the extract concentration required to inhibit 50% of the radical (half-maximal inhibitory 

concentration – IC50), in µg/mL, was calculated by linear or nonlinear regression of the plots presenting 

the extract concentration (µg/mL, in abscissa) vs. the average (%, in ordinate) of the respective radical in 
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the solution. Lower IC50 values mean the higher ability of S. officinalis extracts to neutralize the studied 

radicals. 

 

3.2.6.1. DPPH• radical scavenging activity 

The ability of the S. officinalis extracts to neutralize DPPH• was determined according to the method 

described by Cidade et al. [42]. The concentration of 1.9 mM DPPH• ethanolic solution was adjusted with 

ethanol in a microplate reader to obtain an absorbance of 0.38 ± 0.01 at 515 nm (25 °C) for 180 µL of 

the radical solution. Then, 20 µL of each S. officinalis extract at different concentrations in ethanol 

(Section 3.2.6) were added to a 96-well plate, and 180 µL of DPPH• ethanolic solution was mixed. The 

absorbance was immediately recorded at 515 nm every minute for 60 min at 25 °C. The neutralization 

of this radical is accompanied by discoloration of the solution, from deep purple to yellow [43]. Equation 

3.1 was used to calculate the percentage of the DPPH• in the solution over time: 

 

𝐷𝑃𝑃𝐻 𝑜𝑟 𝐴𝐵𝑇𝑆+ (%) =
𝑎𝑏𝑠𝑡=𝑥

𝑎𝑏𝑠𝑡=0

× 100, 

 

where abst  = x and abst = 0 is the absorbance of the mixture at a given time and initial absorbance, 

respectively. 

 

3.2.6.2. ABTS•+ radical scavenging activity 

The ability of the S. officinalis extracts to scavenge ABTS•+ was determined according to the method 

described by Re et al. with slight modifications [44]. The monocation radical ABTS•+ was generated by 

the reaction between ABTS (7 mM) with the oxidizing agent potassium persulfate (2.45 mM) in an 

aqueous solution, for 12 – 16 h, at RT protected from the light. The ABTS•+ radical concentration was 

adjusted with ethanol to an absorbance of 0.45 ± 0.01 at 734 nm for each 180 µL of a radical solution, 

in a microplate reader, at 30 °C. Then, 20 µL of each S. officinalis extracts at different concentrations in 

ethanol (Section 3.2.6) were added to a 96-well plate, and 180 µL of ABTS•+ ethanolic solution was 

mixed. The decrease in the absorbance was immediately recorded at 734 nm every minute for 30 min, 

at 30 °C. ABTS•+ neutralization is accompanied by discoloration of solution from blue to green. The 

percentage of the ABTS•+ in the solution over time was calculated using Equation 3.1. 

 

 

Equation 3.1: 
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3.2.6.3. Antioxidant activity against ROO• 

The antioxidant activity of S. officinalis extracts against ROO• was evaluated according to a method 

reported in the literature with some modifications [45]. S. officinalis extracts were prepared as described 

in Section 3.2.6, but, in this assay, the final concentrations were 0.5, 1, 2, 3, 4, 5, and 10 µg/mL. 

Then, 150 µL S. officinalis extracts at different concentrations in 75 mM potassium phosphate buffer 

(pH 7.4) were incubated with 25 µL of the fluorescent probe fluorescein (final concentration 48 nM). 

ROO• were generated by the thermodecomposition of the water-soluble initiator AAPH (25 µL, final 

concentration of 15 mM) [46]. The fluorescence was immediately recorded with an excitation wavelength 

of 485 nm and an emission wavelength of 528 nm, at 37 °C, every minute for 3 h in a microplate reader. 

A decrease in fluorescence intensity means that the fluorescein was oxidized by ROO• [46]. Data obtained 

were converted to relative fluorescence values by dividing the fluorescence intensity at a given time by 

the fluorescent intensity at 0 min. The antioxidant capacity was calculated for each S. officinalis extract 

concentration by the area under the curve (AUC), using Equation 3.2: 

 

𝐴𝑛𝑡𝑖𝑜𝑥𝑖𝑑𝑎𝑛𝑡 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (%)  =  
 𝐴𝑈𝐶𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑠 − 𝐴𝑈𝐶𝑏𝑙𝑘

𝐴𝑈𝐶𝑏𝑙𝑘

× 100, 

 

where AUCextract corresponds to the AUC obtained for a given concentration of S. officinalis extracts, whereas 

AUCblk is related to the AUC in the absence of extracts (blank, 0 µg/mL). The AUC was calculated by 

integrating the relative fluorescence curve as a function of the time using GraphPad Prism 6 software. 

 

3.2.6.4. Antioxidant activity against •NO 

The antioxidant activity of different S. officinalis extracts against •NO was measured using Griess 

reagent, according to the method of Pardau et al. [47]. In a 96-well plate, 20 µL of each S. officinalis 

extracts at different concentrations (Section 3.2.6) and 80 µL SNP (10 mM) in PBS were mixed. The 

plate was incubated for 15 min in a water bath at 37 °C under a tungsten light [48]. In these conditions 

(physiological pH and presence of light), SNP reacts spontaneously with oxygen, generating •NO [49]. 

•NO also immediately interacts with oxygen to form nitrogen dioxide (NO2), which, in turn, reacts with •NO, 

generating dinitrogen trioxide (N2O3) [50]. In the presence of water, N2O3 can generate nitrite ions (NO2
−), 

which can be quantified using the Griess reagent. The addition of 1% SA in 20% acetic acid (50 µL) led to 

its diazotization in the presence of NO2
-. After 10 min, 0.1% NED in 2.5% phosphoric acid (50 µL) was 

added to produce a stable water-soluble pink azo dye, whose absorbance was measured at 540 nm. A 

•NO scavenger competes with oxygen, donating protons to NO2
–, reducing its production, and, therefore, 

Equation 3.2: 
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the absorbance, which can be used as an indirect indicator of •NO concentration. The percentage of 

nitrite in the solution was determined according to the followed Equation 3.3: 

 

𝑁𝑂2
−𝑜𝑟 𝑂2

•−(%) =
𝑎𝑏𝑠𝑒𝑥𝑡𝑟𝑎𝑐𝑡

𝑎𝑏𝑠𝑐𝑜𝑛𝑡𝑟𝑜𝑙

× 100, 

 

where abscontrol is the absorbance of the control (0 µg/mL) and absextract is the absorbance in the 

presence of S. officinalis extracts at different concentrations. 

 

3.2.6.5. Antioxidant activity against O2
•– 

A method from Fernandes et al. was used to determine the antioxidant activity against O2
•– [48]. 

In the presence of oxygen, O2
•– were generated by the NADH/PMS system, which will reduce the NBT to 

a blue chromogen [48]. This could be prevented in the presence of an antioxidant. In a 96-well plate, 

26.1 µL of S. officinalis extracts at different concentrations in PBS (Section 3.2.6), 75 µL of NADH (final 

concentration 166 µM), 150 µL of NBT (final concentration 43 µM), and 10 µL of PMS (final concentration 

of 2.7 µM) were mixed. The absorbance was immediately recorded at 560 nm for 2 min at RT. The 

percentage of O2
•– in the solution was determined according to Equation 3.3. 

 

3.2.6.6. RP capacity 

The capacity of the S. officinalis extracts to convert Fe3+ into Fe2+ (reducing power – RP) was 

investigated according to a method described by Martins et al. with some modifications [43]. To each S. 

officinalis extract at different concentrations (500 µL) in 200 mM sodium phosphate buffer, pH 6.6, 

(Section 3.2.6) were added 500 µL sodium phosphate buffer and 500 µL ferricyanide (1% W/V). The 

mixture solution was incubated at 50 °C for 20 min. Then, 500 µL trichloroacetic acid (10% W/V) was 

added. Antioxidant species reduce the ferrocyanide reagent [K4Fe(CN)6], forming K3Fe(CN)6. From this 

solution, 114 µL were removed and added to a 96-well plate, together with 114 µL of deionized water 

and 23 µL of ferric chloride (0.1% W/V). The mixtures were homogenized and left at RT for 4 h. The 

ferrous amount could then be determined by the formation of Peal’s Prussian blue: the addition of ferric 

chloride (FeCl3) allowed the generation of a blue-colored product (KFe[Fe(CN)6]) that could be determined 

spectrophotometrically at 690 nm. An increase in the absorbance indicates an increase in the reduction 

of Fe3+ into Fe2+ by S. officinalis extracts. In this assay, the IC50 is the extract concentration that provides a 

0.5 absorbance. Higher IC50 values correspond to the higher ability of S. officinalis extracts to convert Fe3+ 

into Fe2+. 

Equation 3.3: 
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3.2.7. Preparation of S. officinalis extracts solutions for biological studies 

For cytotoxic assays, HE and EE were firstly dissolved in 0.4% and 1% DMSO, respectively. DMEM 

was then added to obtain a stock solution of 250 µg/mL. For immunomodulatory assays, aliquots of the 

stock solutions (12.8 mg/mL for AE and 60.0 mg/mL for HE and EE) of each S. officinalis extract were 

also prepared and stored at −80 °C. AE were completed dissolved in complete RPMI medium, while EE 

and DE were dissolved in DMSO. The percentage of DMSO in the well was 0.33% for the maximal 

concentration tested of HE and EE. Then, both stock solutions were sterilized with a 0.22 µm filter and 

diluted to final concentrations of 5, 10, 25, 75, 125, and 250 µg/mL in the respective medium. A DMSO 

screening was performed before, and the metabolic activity was not affected by the percentages used. 

 

3.2.8. Cytotoxicity evaluation 

3.2.8.1. Cell culture and seeding 

The cytotoxic effect of S. officinalis extracts in the presence of the mouse adipose fibroblast cell 

line (L929) was evaluated according to a procedure described by Vieira et al. with some modifications 

[51]. The L929 cell line was cultured in low-glucose DMEM supplemented with 10% FBS and 1% 

antibiotic/antimycotic solution at 37 °C in an atmosphere of 5% CO2. Before performing the seeding, the 

confluent cells, at passages 19 – 22, were detached from the culture flask by using TrypLE Express. The 

L929 cell line was seeded at a density of 1 × 104 cells/well in an adherent 24-well culture plate and 

incubated for 24 h at 37 °C in a humidified atmosphere with 5% CO2. The culture medium was removed, 

and the same volume (1 mL) of different S. officinalis extracts at different concentrations (Section 3.2.7) 

was added. The L929 cell line in culture was incubated with the extracts for 24, 48, and 72 h, and the 

metabolic activity, DNA quantification, total protein content, and morphology of cells were evaluated for 

each time point. The negative control comprised the culture of the L929 cell line in medium (0 µg/mL) 

for each respective extract. 

 

3.2.8.2. Metabolic activity 

The metabolic activity of the L929 cell line was determined by the dehydrogenase activity of cells 

using the MTS assay, according to manufacturer’s instructions. After 24, 48, and 72 h of culture, the 

culture medium was removed, and the L929 cell line was gently washed twice with sterilized PBS. Serum-

free culture medium without phenol red and MTS reagent were added to each well at a ratio of 5:1. MTS 

reagent was used as blank. Cells were incubated at 37 °C for 3 h in a humidified atmosphere containing 

5% CO2. Thereafter, the absorbance of the MTS reaction medium from each sample was recorded in 
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triplicate at 490 nm in a microplate reader. The results are expressed in percentage with respect to the 

control. 

 

3.2.8.3. DNA quantification 

Cell proliferation was determined using a fluorimetric dsDNA quantification kit, performed 

according to the manufacturer’s instructions. After 24, 48, and 72 h of culture, the culture medium was 

removed, and the L929 cell line was gently washed with sterilized PBS. Then, 1 mL of ultrapure water 

was added to each well. After 30 min, the samples were collected, transferred into Eppendorf tubes, and 

frozen at −80 °C. The thawed samples were sonicated (15 min), and 28.7 µL of the sample or standard 

(0 to 2 µg/mL) was added in triplicate to the white opaque 96-well plate, followed by PicoGreen solution 

(71.3 µL) and Tris-EDTA (TE) buffer (100 µL). The plate was incubated for 10 min in the dark, and the 

fluorescence of each sample was measured in a microplate reader (Ex/Em: 485/528 nm). The DNA 

concentration (µg/mL) of each sample was calculated using the standard curve relating to the DNA 

concentration and the fluorescence intensity. The results are expressed in relative DNA concentration of 

the control. 

 

3.2.8.4. Total protein content 

A micro bicinchoninic acid (BCA) protein assay kit was used for the quantification of total protein 

content, according to the manufacturer’s instructions. Samples were collected and prepared for assaying 

as described in DNA quantification. Then, 150 µL of samples and bovine serum albumin (BSA) standards 

(0 to 40 µg/mL), in triplicate, were mixed with the working reagent (150 µL) in a 96-well plate and 

incubated at 37 °C for 2 h in the dark. After that, the absorbance was read at 562 nm using a microplate 

reader. The total protein content (µg/mL) of each sample was calculated using the standard curve relating 

to the BSA concentration and the absorbance intensity. The results are expressed in relative total protein 

content of the control. 

 

3.2.8.5. Cell morphology 

A high-resolution field emission scanning electron microscope (HR-SEM, Auriga Compact, ZEISS) 

was used to analyze the morphology of the L929 cell line. After 24, 48, and 72 h of culture, the medium 

was removed, and the L929 cell line was rinsed with sterile PBS. To fix the cells to the bottom of the 

plate, 2.5% glutaraldehyde in PBS solution was added, and the plates were kept at 4 °C. The samples 

were dehydrated with increasing concentrations of ethanol (10, 20, 30, 40, 50, 60, 70, 80, 90, and 
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100%) and dried overnight at RT. Afterwards, the bottom of the well was melted with a soldering-iron and 

placed in the stub. The samples were then sputter-coated (EM ACE600, Leica Mikrosysteme GmbH, Wien, 

Austria) with gold–palladium, and the micrographs were recorded at 5 kV with magnifications of 200× 

and 1000×. 

 

3.2.9. Pro-inflammatory activity evaluation 

Proinflammatory activity of S. officinalis extracts was evaluated using a human peripheral blood 

monocyte cell line (THP-1), obtained from American Type Culture Collection (ATCC TIB-202), according 

to a modified procedure described elsewhere [52,53]. The THP-1 cell line, at passages 9 – 14, was 

cultured in RPMI medium supplemented with 10% FBS and 1% antibiotic/antimycotic solution at 37 °C 

in an atmosphere of 5% CO2. The cells were seeded at a density of 5 × 105 cells in an adherent 24-well 

culture plate. For the induction of THP-1 cell differentiation, the RPMI medium containing 100 nM phorbol 

12-myristate 13-acetate (PMA) was added and incubated for 24 h. After this period of time, the 

nonattached cells were removed by aspiration, and the adherent cells were washed twice with warm RPMI 

medium. To ensure the reversion of monocyte to a resting macrophage phenotype, the cells were 

incubated for an additional 48 h in RPMI without PMA. Afterwards, the medium was changed, and each 

S. officinalis extracts at different concentrations (Section 3.2.7) were added to the non-stimulated 

macrophages. After a period of incubation of 24 h, the culture medium was harvested (the triplicates 

were mixed and homogenized) and stored aliquoted at −80 °C until cytokine quantification. The cells 

were washed with warm sterile PBS, and the metabolic activity and DNA quantification were performed. 

The cell morphology was analyzed before collecting the medium under an inverted microscope (Axio 

Vert.A1, Carl Zeiss Microscopy GmbH, Göttingen, Germany). 

 

3.2.9.1. Metabolic activity 

The metabolic activity of non-stimulated macrophages incubated with S. officinalis extracts was 

determined by the reduction of the resazurin (blue) to resorufin (pink) by living macrophages using the 

alamarBlue assay. RPMI medium containing 10% alamarBlue was added to each well. A blank was also 

made (10% alamarBlue without cells). The cells were incubated at 37 °C for 4 h in a humidified 

atmosphere containing 5% CO2. Thereafter, the absorbance of the alamarBlue reduction from each 

sample was recorded in triplicate at 600 and 570 nm on a microplate reader. The results are expressed 

in percentage related to the control. 
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3.2.10. Anti-inflammatory activity evaluation 

The THP-1 cell line was seeded and cultured, as previously described (Section 3.2.9). After the 

total reversion of monocyte to macrophage phenotype, macrophages were stimulated with 100 ng/mL 

of LPS in fresh medium for 2 h to provide an inflammatory stimulus. S. officinalis extracts at different 

concentrations (Section 3.2.7) were then added to the LPS-stimulated macrophages and incubated for 

22 h. Afterwards, the culture medium was harvested and stored as previously described. The cells were 

then washed with warm sterile PBS, and the metabolic activity, DNA quantification, and morphology were 

assessed, as previously described. LPS-stimulated macrophages cultured without extracts (only with 

culture medium, 0 µg/mL) were used as a positive control to stimulate IL-6 production. Dexamethasone, 

diclofenac, salicylic acid, and celecoxib at 10 µM, dissolved in ethanol, were used as positive controls of 

cytokine production inhibition. The negative control was cells without LPS stimulation. 

 

3.2.10.1. IL-6 and TNF-α quantification 

The amount of IL-6 and TNF-α was assayed using an ELISA kit, according to the manufacturer’s 

instructions. The obtained values were normalized by the respective DNA concentration. The results are 

expressed in percentage related to the positive control. 

 

3.2.11. Statistical analysis 

The results were obtained as 3 independent experiments, with a minimum of 3 replicates for each 

condition, and are expressed as mean ± standard deviation (SD). Statistical analyses were performed 

using GraphPad Prism 6.0 software. Analysis of variance (ANOVA) and Tukey’s multiple comparisons test 

were used for yield extraction, total phenolic and flavonoid content, and antioxidant activity. Analysis of 

variance (ANOVA) and Dunnett’s multiple comparison method were used for cell assays. Differences 

between experimental groups were considered significant with a confidence interval of 99%, whenever 

p < 0.01. 

 

3.3. RESULTS 

3.3.1. Extraction yield 

The extraction yield obtained for each extraction method is illustrated in Figure 3.1A. In the 

Soxhlet extraction, similar extraction yields were obtained using a hydroethanolic solution (50:50) or 

water, 30.6 ± 2.7% and 29.9 ± 0.2%, respectively. The extraction with ethanol led to a significantly lower 
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Figure 3.1 | Extracts yield (A), total phenolic (TPC, B), and flavonoid (TFC, C) contents of S. officinalis extracts. Statistically 

significant differences are 1 (p < 0.0257), 2 (p < 0.0037), 3 (p < 0.0004), and 4 (p < 0.0001) in comparison with a (AE-S vs. 

HE-S), b (AE-S vs. EE-S), c (HE-S vs. EE-S), d (AE-S vs. AE-T), e (HE-S vs. HE-T), and f (AE-T vs. HE-T). AE: aqueous extracts; 

HE: hydroethanolic extracts; EE: ethanolic extracts; S: Soxhlet extraction; T: traditional extraction GA: gallic acid; DSOE: dry 

Salvia officinalis extract. 

 

extraction yield (12.2 ± 0.3%) in comparison with the previous solvents. In the traditional extraction, the 

extraction yield was significantly higher using the hydroethanolic solution (24.2 ± 5.3%), followed by water 

(15.3 ± 0.3%). Comparing both techniques, significant differences were observed only for AE, where AE-

S promoted a higher extraction yield than AE-T. Analyzing all the S. officinalis extracts, HE-S had a similar 

yield to AE-S, followed by HE-T, AE-T, and EE-S. 

 

3.3.2. TPC and TFC 

The TPC and TPF of S. officinalis extracts are presented in Figure 3.1B and C, respectively. The 

TPC was significantly higher in HE-S (685.2 ± 6.6 mg GA/g DSOE), followed by AE-S 

(606.3 ± 11.5 mg GA/g DSOE) and EE-S (227.2 ± 13.2 mg GA/g DSOE). In traditional extraction, HE-T 

significantly recovered a higher phenol content (528.8 ± 17.1 mg GA/g DSOE) compared with AE-T 

(464.5 ± 94.0 mg GA/g DSOE). Moreover, a significantly higher TPC was observed in AE-S and HE-S 

compared with AE-T and HE-T. Analyzing all the S. officinalis extracts, HE-S presented a higher amount 

of TPC, followed by AE-S, HE-T, AE-T, and EE-S. 

Similar amounts of flavonoids were found in Soxhlet extraction performed with HE-S 

(334.7 ± 29.3 mg R/g DSOE) and AE-S (287.9 ± 25.2 mg R/g DSOE), while EE-S extracted significantly 

lower TFC (117.0 ± 16.7 mg R/g DSOE). HE-T recovered a significantly higher flavonoid content 

(342.0 ± 57.7 mg R/g DSOE) compared with AE-T (251.6 ± 40.1 mg R/g DSOE). No statistically 

significant differences in TFC were found for both extraction techniques, being the values similar. 

Analyzing all the S. officinalis extracts, HE-S and HE-T presented a higher amount of TFC, followed by AE-

S, AE-T, and EE-S. 
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3.3.3. TLC analysis of S. officinalis extracts 

TCL analysis of the five S. officinalis extracts revealed similar chromatographic profiles (Figure 

3.2). Several standards were tested; however, at most, only three different spots appeared in the 

S. officinalis extracts. Rosmarinic acid (RF = 0.443 ± 0.007) appeared in all extracts. Carnosol 

(RF = 0.935 ± 0.012) and carnosic acid (RF = 0.948 ± 0.017), with a specific shape, could be observed 

in HE-S and EE-S. The samples and standards together corroborated these observations. 

 

 

Figure 3.2 | Thin-layer chromatography (TLC) chromatogram of S. officinalis extracts and standards. AE: aqueous extracts; 

HE: hydroethanolic extracts; EE: ethanolic extracts; S: Soxhlet extraction; T: traditional extraction; P1: rosmarinic acid; 

P2: carnosol; P3: carnosic acid; CP1: AE-S + P1; CP2: HE-S + P1; CP3: HE-S + P2; CP4: EE-S + P1; CP5: EE-S + P2; 

CP6: EE-S + P3; CP7: AE-T + P1; CP8: HE-T + P1. 

 

3.3.4. Antiradical activity of S. officinalis extracts against DPPH• and ABTS•+ 

A screening of the antiradical activity of S. officinalis extracts was firstly evaluated against the most 

common radicals, namely DPPH• and ABTS•+, due to their simple measurement. The IC50 (µg/mL) of 

each S. officinalis extract is presented in Figure 3.3. All S. officinalis extracts showed antiradical activity 

against DPPH• (Supplementary Figure S3.1) and ABTS•+ (Supplementary Figure S3.2) in a 

concentration-dependent manner. 
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Figure 3.3 | Half-maximal inhibitory concentration (IC50, µg/mL) of the different S. officinalis extracts against DPPH• (A) and 

ABTS•+ (B). Statistically significant differences are 1 (p < 0.0128), 3 (p < 0.0081), and 4 (p < 0.0001) in comparison with b 

(AE-S vs. EE-S), c (HE-S vs. EE-S), and d (AE-S vs. AE-T). AE: aqueous extracts; HE: hydroethanolic extracts; EE: ethanolic 

extracts; S: Soxhlet extraction; T: traditional extraction. 

 

In the Soxhlet extraction, the IC50 for DPPH• of AE-S (116.5 ± 7.9 µg/mL) and HE-S 

(124.7 ± 6.6 µg/mL) did not present significant differences, but both were significantly lower in 

comparison with EE-S (252.3 ± 17.0 µg/mL) (Figure 3.3A). In the traditional extraction, AE-T 

(157.0 ± 1.9 µg/mL) and HE-T (131.3 ± 4.1 µg/mL) also did not show significant differences in the IC50 

values. Comparing both techniques, significant differences were observed only for AE as AE-S showed 

higher antiradical activity than AE-T. No differences were found for HE, being the values similar. Analyzing 

all the S. officinalis extracts, AE-S presented higher DPPH• scavenging activity, followed by HE-S, HE-T, 

AE-T, and EE-S. 

AE-S (88.2 ± 2.3 µg/mL) and HE-S (99.3 ± 4.1 µg/mL) showed similar IC50 against ABTS•+, but 

significantly higher activity in comparison with EE-S (170.6 ± 12.1 µg/mL) (Figure 3.3B). In the 

traditional extraction, HE-T (114.5 ± 9.6 µg/mL) had a comparable IC50 to the AE-T (125.2 ± 16.1 µg/mL). 

Comparing both extraction techniques, only AE showed significant differences, presenting the Soxhlet 

extraction extracts the lowest IC50. Analyzing all the S. officinalis extracts, AE-S presented higher ABTS•+ 

scavenging activity, followed by HE-S, HE-T, AE-T, and EE-S. 

 

3.3.5. Antioxidant activity against ROO• 

All S. officinalis extracts showed scavenging activity for ROO• in a concentration-dependent manner 

(Supplementary Figure S3.3). The antioxidant activity against ROO• (Figure 3.4A) was similar for 

HE-S (0.52 ± 0.02 µg/mL) and AE-S (0.61 ± 0.02 µg/mL) and significantly higher compared to EE-S 

(1.35 ± 0.12 µg/mL). The same tendency occurred in the traditional extraction, where IC50 values from 
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Figure 3.4 | Half-maximal inhibitory concentration (IC50, µg/mL) of the different S. officinalis extracts against ROO• (A), •NO 

(B), and O2
•– (C), as well as their reducing power (RP) (D). Statistically significant differences are 1 (p < 0.0105), 

2 (p < 0.0032), 3 (p < 0.0002), 4 (p < 0.0001) in comparison with a (AE-S vs. HE-S), b (AE-S vs. EE-S), c (HE-S vs. EE-S), 

d (AE-S vs. AE-T), e (HE-S vs. HE-T), and f (AE-T vs. HE-T). AE: aqueous extracts; HE: hydroethanolic extracts; EE: ethanolic 

extracts; S: Soxhlet extraction; T: traditional extraction. 

 

AE-T (0.69 ± 0.12 µg/mL) and HE-T (0.52 ± 0.10 µg/mL) did not present statistical differences. Extracts 

obtained with a Soxhlet or by the traditional method presented a similar antioxidant activity against ROO•. 

Analyzing all the S. officinalis extracts, HE-S and HE-T presented higher antioxidant activity against ROO•, 

followed by AE-S, AE-T, and EE-S. 

 

3.3.6. Antioxidant activity against •NO 

The different types of S. officinalis extracts presented the ability to scavenge •NO in a concentration-

dependent manner (Supplementary Figure S3.4). In this assay, EE-S, AE-T, and HE-T did not present 

the ability to reduce 50% of the •NO amount. HE-S (234.6 ± 36.9 µg/mL) showed to have more 

antioxidant effects against •NO in comparison with AE-S (355.6 ± 35.9 µg/mL) (Figure 3.4B). At a 

concentration of 500 µg/mL, HE-S neutralized 56.26 ± 5.5% of nitrite, followed by AE-S (50.93 ± 2.7%), 

EE-S (43.23 ± 3.8%), HE-T (41.59 ± 1.0%), and AE-T (38.54 ± 3.0%). 
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3.3.7. Antioxidant activity against O2
•– 

The different S. officinalis extracts showed scavenging activity for O2
•– in a concentration-dependent 

manner (Supplementary Figure S3.5). The IC50 was significantly higher for AE-S (82.3 ± 10.0 µg/mL) 

compared to HE-S (378.4 ± 128.8 µg/mL) (Figure 3.4C) but was not possible to calculate for EE-S. 

The same behavior was observed in the traditional extraction, where the antioxidant activity against O2
•– 

was significantly higher for AE-T (216.3 ± 60.0 µg/mL) in comparison with HE-T (450.7 ± 56.8 µg/mL). 

There are no significant differences between the different extraction techniques. At a concentration of 500 

µg/mL, AE-T neutralized 70.3 ± 5.5% of O2
•–, followed by AE-S (68.9 ± 4.1%), HE-T (61.5 ± 5.9%), HE-S 

(53.3 ± 12.7%), and EE-S (25.8 ± 8.6%). 

 

3.3.8. RP scavenging activity 

All S. officinalis extracts showed RP in a concentration-dependent manner (Supplementary 

Figure S3.6). In the Soxhlet extraction, no differences were observed in the IC50 values for RP between 

HE-S (126.9 ± 3.9 µg/mL) and AE-S (142.3 ± 6.7 µg/mL) (Figure 3.4D). However, both extracts 

presented significant differences in comparison with EE-S (473.0 ± 6.1 µg/mL). Traditional extraction 

provided HE-T (167.5 ± 18.0 µg/mL) with lower reducing power in comparison with AE-T 

(197.4 ± 3.4 µg/mL). Significant differences were observed in AE and HE obtained from Soxhlet 

extraction or traditional extraction. Analyzing all the S. officinalis extracts, HE-S presented lower RP, 

followed by AE-S, HE-T, AE-T, and EE-S. 

 

3.3.9. Cytotoxicity of S. officinalis extracts 

3.3.9.1. L929 cell line 

The cytotoxicity of the different S. officinalis extracts was firstly performed with a mouse adipose 

fibroblasts cell line (L929). Figure 3.5 shows the metabolic activity, cell proliferation, and total protein 

content of the fibroblasts in the presence or absence of S. officinalis extracts for 72 h of culture. AE-S did 

not compromise the metabolic activity of fibroblasts for concentrations lower than 125 µg/mL, while HE-

S and EE-S affected the metabolic activity for concentrations higher than 75 µg/mL for 72 h of culture 

(Figure 3.5A) in comparison with control (0 µg/mL). Additionally, EE-S significantly affected the 

metabolic activity of fibroblasts for concentrations higher than 25 µg/mL in the first 24 h of culture. 

However, the cells were able to recover their metabolic activity in the next 24 h. Fibroblasts were able to 

proliferate (Figure 3.5B) and synthesize protein (Figure 3.5C) for 72 h of culture when incubated with 

the S. officinalis extracts for the above-mentioned concentrations. In the traditional extraction, AE-T in all 
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Figure 3.5 | Metabolic activity (A), relative DNA concentration (B) and relative total protein content (C) of the L929 cell line in the presence of different concentrations of the S. officinalis extracts 

over 24 h (A1, B1, and C1), 48 h (A2, B2, and C2), and 72 h (A3, C3 and B3) of culture. The dotted line represents the nontreated condition (0 µg/mL) for each assay. Statistically significant 

differences are * (p < 0.0466), ** (p < 0.0093), *** (p < 0.0010), and **** (p < 0.0001) in comparison with the negative control (0 mg/mL) for each different S. officinalis extracts, and 1 (p < 

0.0496), 2 (p < 0.0085), 3 (p < 0.0009), and 4 (p < 0.0001) in comparison with a (AE-S vs. HE-S), b (AE-S vs. EE-S), c (HE-S vs. EE-S), d (AE-S vs. AE-T), e (HE-S vs. HE-T), and f (AE-T vs. HE-

T). AE: aqueous extracts; HE: hydroethanolic extracts; EE: ethanolic extracts; S: Soxhlet extraction; T: traditional extraction.  
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tested concentrations did not affect the metabolic activity (Figure 3.5A), even the cell proliferation 

(Figure 3.5B) and protein content (Figure 3.5C), of fibroblasts in all tested concentrations for 72 h of 

cell culture. HE-T significantly influenced the metabolic activity (Figure 3.5A), as well as the cell 

proliferation (Figure 3.5B) and protein content (Figure 3.5C), for concentrations higher than 

125 µg/mL for 72 h of culture. 

Cell morphology was not affected at cytocompatible concentrations of S. officinalis extracts during 

the culture time considered, according to HR-SEM micrographs (Supplementary Figures S3.7 – 

S3.12). All the samples presented a typical elongated morphology and pronounced filopodia similar to 

the control (0 µg/mL, Supplementary Figure S3.7), and a higher number of cells was observed over 

time. Only EE-S (Supplementary Figure S3.10) and HE-T (Supplementary Figure S3.12) at 125 

and 250 µg/mL, respectively, drastically changed the fibroblast’s morphology, whereby a lower number 

of fibroblasts were observed and having a more rounded-like shape. 

AE-S were significantly more cytotoxic in comparison with AE-T. Contrarily, HE-S was more 

cytocompatible in comparison with HE-T. Analyzing all the S. officinalis extracts, the L929 cell line was 

more cytocompatible with AE-T, followed by AE-S, HE-S, HE-T, and EE-S. 

 

3.3.9.2. Non- and LPS-stimulated macrophages 

The metabolic activity and relative DNA concentration obtained for non-stimulated 

macrophages (Figure 3.6) and LPS-stimulated macrophages (Figure 3.7) in the absence or 

presence of the S. officinalis extracts at different concentrations are similar, except for the highest 

tested concentration (250 µg/mL) for EE-S. The DNA of macrophages was preserved in the presence 

of the different S. officinalis extracts (Figure 3.6B) and under an inflammatory scenario (Figure 

3.7B). Only the EE-S in the highest concentration (250 µg/mL) significantly reduced the DNA 

concentration of non-stimulated macrophages, which was even more pronounced in LPS-stimulated 

macrophages, which is in agreement with metabolic activity results. No significant differences were 

observed between extraction techniques. 

Optical micrographs of non-stimulated macrophages (Supplementary Figures S3.14 and 

S3.15) and LPS-stimulated macrophages (Supplementary Figures S3.16 and S3.17) confirmed 

that the cell morphology was not affected by the different S. officinalis extracts at different concentrations. 

All the tested conditions showed a macrophage-like-phenotype similar to the negative control (0 µg/mL, 

Figure S13) in all tested conditions. However, the morphology of macrophages was only drastically  
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Figure 3.6 | Metabolic activity (A) and relative DNA concentration (B) of non-stimulated macrophages cultured in the 

presence of different concentrations of the S. officinalis extracts for 24 h of culture at 37 °C. The dotted line represents the 

nontreated condition (0 µg/mL) for each assay. Statistically significant differences are * (p < 0.0384), *** (p < 0.00109) and 

**** (p < 0.0001) in comparison to the negative control (0 µg/mL) for each different tested extract, and 1 (p < 0.0251), 

2 (p < 0.095), 3 (p < 0.0005), and 4 (p < 0.0001) in comparison with a (AE-S vs. HE-S), b (AE-S vs. EE-S), c (HE-S vs. EE-S), 

d (AE-S vs. AE-T), e (HE-S vs. HE-T), and f (AE-T vs. HE-T). AE: aqueous extracts; HE: hydroethanolic extracts; EE: ethanolic 

extracts; S: Soxhlet extraction; T: traditional extraction. 

 

affected by the presence of EE-S for concentrations higher than 125 µg/mL (Supplementary Figures 

S3.14 and S3.16). These results are in agreement with previous assays. 

 

3.3.10. Pro- and anti-inflammatory activity of S. officinalis extracts 

3.3.10.1. Non-stimulated macrophages 

The proinflammatory activity of cytocompatible S. officinalis extracts was evaluated by assessing 

the levels of IL-6 and TNF-α produced by non-LPS-stimulated macrophages in the cell culture medium. 

Non-stimulated macrophages without treatment (0 µg/mL, negative control) did not produce measurable 

amounts of IL-6 but produced small amounts of TNF-α (2.8 ± 2.0 pg/mL). Indeed, the production of 

basal levels of proinflammatory cytokines has been reported for macrophages [54]. When macrophages 
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Figure 3.7 | Metabolic activity (A) and relative DNA concentration (B) of LPS-stimulated macrophages cultured in the 

presence of different concentrations of the S. officinalis extracts and clinically used anti-inflammatory drugs (dexamethasone, 

diclofenac, salicylic acid, and celecoxib, 10 µM) for 24 h of culture at 37 °C. The dotted line represents the nontreated 

condition (0 µg/mL) for each assay. Statistically significant differences are *** (p < 0.0006) and **** (p < 0.0001) in 

comparison to the negative control (0 µg/mL) for each different tested extract, and 1 (p < 0.0376), 2 (p < 0.0090), and 

4 (p < 0.0001) in comparison with a (AE-S vs. HE-S), b (AE-S vs. EE-S), c (HE-S vs. EE-S), d (AE-S vs. AE-T), e (HE-S vs. HE-T), 

and f (AE-T vs. HE-T). AE: aqueous extracts; HE: hydroethanolic extracts; EE: ethanolic extracts; S: Soxhlet extraction; 

T: traditional extraction; CTL: control. 

 

were incubated with S. officinalis extracts at different concentrations, a significant increase of the IL-6 and 

TNF-α levels was not observed in the culture medium. 

 

3.3.10.2. LPS-stimulated macrophages 

The stimulation of macrophages with LPS (100 ng/mL) led to a significant production of IL-6 and 

TNF-α (Figure 3.8), which is not observed in non-stimulated macrophages, as previously verified. 

Dexamethasone, diclofenac, salicylic acid, or celecoxib at 10 µM led to a statistically significant 
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Figure 3.8 | IL-6 (A) and TNF-α (B) percentages of LPS-stimulated macrophages cultured in the presence of different 

concentrations of the S. officinalis extracts and clinically used anti-inflammatory drugs (dexamethasone, diclofenac, salicylic 

acid, and celecoxib, 10 µM) for 24 h of culture at 37 °C. The dotted line represents the nontreated condition (0 µg/mL) for 

each assay. Statistically significant differences are * (p < 0.0474), ** (p < 0.0092), *** (p < 0.0008), **** (p < 0.0001) in 

comparison to the positive control (0 µg/mL) for each different tested extracted, and 1 (p < 0.0381), 2 (p < 0.0085), 

3 (p < 0.0009), and 4 (p < 0.0001) in comparison with a (AE-S vs. HE-S), b (AE-S vs. EE-S), c (HE-S vs. EE-S), d (AE-S vs. AE-

T), e (HE-S vs. HE-T), and f (AE-T vs. HE-T). AE: aqueous extracts; HE: hydroethanolic extracts; EE: ethanolic extracts; S: 

Soxhlet extraction; T: traditional extraction; CTL: control 

 

reduction of IL-6 production by 96.4 ± 0.2%, 33.1 ± 1.8%, 41.6 ± 1.2%, and 43.7 ± 3.1%, respectively, 

being the first and most efficient control. In the presence of all S. officinalis extracts, IL-6 production was 

also statistically significantly reduced. S. officinalis extracts obtained from Soxhlet extraction were more 

efficient in the reduction of IL-6 production than the extracts obtained from traditional extraction. 

Treatment with HE-S and EE-S drastically decreased the IL-6 production in a concentration-dependent 

manner. HE-S and EE-S, at a cytocompatible concentration (75 µg/mL), decreased the IL-6 production 

by 51.6 ± 10.0% and 70.0 ± 14.9%, respectively. In the case of the AE-S, AE-T, and HE-T, the influence 

of the extract concentration in the reduction of the IL-6 production was observed. A small concentration 
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(75 µg/mL) of AE-S and AE-T were required to inhibit 30.5 ± 5.0 and 44.2 ± 5.5% of IL-6 production, 

respectively. HE-T could reduce 37.7 ± 4.9% of IL-6 production with a concentration of 125 µg/mL. 

Analyzing all the S. officinalis extracts, the reduction of IL-6 production was more pronounced with EE-S, 

followed by HE-S, HE-T, AE-T, and AE-S. 

Dexamethasone (10 µM) significantly reduced TNF-α production by a percentage of 25.0 ± 3.3%. 

Under this in vitro inflammatory model, a reduction of 9.9 ± 6.3%, 12.2 ± 1.2%, and 8.9 ± 6.9% of the 

TNF-α amount was obtained for diclofenac, salicylic acid, and celecoxib at 10 µM, respectively, but no 

significant differences were observed (Figure 3.8B). Conversely, S. officinalis extracts were able to 

significantly reduce the TNF-α amount. The efficacy of extracts to reduce TNF-α production was not 

influenced by the extraction technique. AE-T were more efficient in the reduction of this proinflammatory 

cytokine in comparison with AE-S, while HE-S showed more anti-inflammatory activity than HE-T. HE-S, 

at 250 µg/mL, led to the higher reduction of the TNF-α amount (36.7 ± 3.4%), even if compared with all 

the tested controls. A similar reduction of this cytokine was observed for EE-S (32.7 ± 21.1% at 10 µg/mL) 

and HE-T (32.2 ± 10.8%, at 25 µg/mL) at lower concentrations AE-TE (75 µg/mL) and AE-S (250 µg/mL) 

also led to a significant reduction of TNF-α production by 27.8 ± 3.9% and 24.4 ± 9.3%, respectively. 

 

3.4. DISCUSSION 

Powerful benefits of S. officinalis were reported already by the Romans; its leaves were considered 

as a medicine to enhance health and treat ailments, especially in inflammatory disorders [32]. Inspired 

by this, S. officinalis leaves were used to obtain new extracts with the ability to treat inflammatory 

diseases. In the literature, the most frequently used extraction solvents for S. officinalis are water, 

methanol, ethanol, acetone, hexane, and ethyl acetate, resulting in extracts enriched in phenols (carnosic 

acid, carnosol, methyl carnosate, rosmarinic acid, rosmanol, rosmadial, epirosmanol, caffeic acid, ferulic 

acid), flavonoids (apigenin, apigenin 7-O-glucoside, luteolin, luteolin-7-O-glucoside, luteolin 7-O-

glucuronide), and essential oils (1,8-cineole, α/β-thujone, camphor, camphene, borneol, bornyl acetate, 

β-pinene, manool, viridiflorol [55–64]. In this work, the process of extraction was first and exactly carried 

as it has been traditionally performed for years. In this sense, AE-T and HE-T were obtained by infusion 

and maceration, respectively. A Soxhlet apparatus was then used to obtain these two types of extracts 

(AE-S and HE-S), as well as EE-S. Indeed, the efficiency of extraction can be affected by several 

parameters, such as the chemical nature of the bioactive compounds, extraction method, weight and size 

of the plant samples, as well as solvent, pH, time, and temperature of extraction [65]. Therefore, as 

expected, in this work, the extraction yield was strongly influenced by the extraction technique and the 
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solvent used (Figure 3.1A). Soxhlet extraction provided higher efficiency (50%) than traditional 

extraction in the recovery of hydrophilic compounds from S. officinalis, since the combination of water 

with heating for longer periods of time promoted more efficient cell disruption, increasing the extraction 

capacity [66]. In maceration, the contact between the plant sample and solvent was maintained for five 

days, which promoted a similar amount of extractable hydroethanolic compounds in comparison with the 

Soxhlet extraction. 

Regarding TPC, S. officinalis is the species of Salvia that presents the highest content of phenolic 

compounds [67]. The amount of phenolic compounds (Figure 3.1B) was significantly higher in the 

Soxhlet extraction than in the traditional extraction, whereas the amount of flavonoid compounds (Figure 

3.1C) was higher in hydroethanolic extracts compared to the other types of extracts. These results 

emphasize the important role of the temperature and polarity of the solvent in both phenol and flavonoid 

extraction, respectively. Although the extraction yield did not present statistically significant differences 

between AE-S and HE-S and between HE-S and HE-T, their TPC was statistically different. This observation 

emphasizes that other compounds behind phenols (and flavonoids), such as proteins, carbohydrates, 

and polysaccharides, have been extracted from S. officinalis leaves, contributing, therefore, to enhancing 

its extraction yield. There are different studies reporting the TPC of several S. officinalis or other plant 

species extracts, prepared with different extraction techniques [54,57,63,68–70]. The TPC and TFC of 

the S. officinalis extracts obtained in this study were significantly higher than the values obtained for 

similar ethyl acetate extracts produced by Kontogianni et al. [40]. As both extracts were prepared with a 

Soxhlet, the selection of solvents may be the main responsible for these differences in phenols and 

flavonoids amounts. 

According to TLC analysis, rosmarinic acid, carnosol, and carnosic acid are present in S. officinalis 

extracts (Figure 3.2). Rosmarinic acid was presented in all extracts, meaning that the solvent and 

technique of extraction did not affect its recovery. Rosmarinic acid was also detected by TLC in AE and 

HE obtained by the traditional method [71,72]. To extract carnosol and carnosic acid (HE-S and EE-E), 

high temperatures and the presence of ethanol in the solvent of extraction were required. 

Phenolic and flavonoid compounds, such as rosmarinic acid, carnosol, and carnosic acid present 

antioxidant activity [58,73,74]. Therefore, the antioxidant ability of S. officinalis extracts against DPPH• 

and ABTS•+ (Figure 3.3), as well as ROO•, •NO, and O2
•– and reducing power (Figure 3.4), were all 

evaluated. Overall, depending on the assayed extracts and reactive species, all S. officinalis extracts 

exhibited significant antioxidant activity (Supplementary Figures S3.1 – S3.5). They were also able 

to reduce the ferric form (Fe3+) into ferrous (Fe2+) in a concentration-dependent manner (Supplementary 
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Figure S3.6). This demonstrates the phytochemical compounds’ ability to donate a hydrogen atom and 

neutralize the radicals [42–45,47,48]. The differences in the activities among the different extracts could 

be related to the extracts’ composition and the relative amount of certain compounds. Lu et al. 

demonstrated that S. officinalis phenols are more powerful in scavenging DPPH• than flavonoids, which 

have only weak to moderate activities [74]. Rosmarinic acid was detected in all S. officinalis extracts, and 

carnosic acid is present in HE-S and EE-S. Those compounds have two catechol groups in the aromatic 

ring of the phenolic skeleton, presenting a strong antioxidant activity [57]. Other compounds, such as 

caffeoyl derivatives, with a chemical structure similar to rosmarinic acid, are also abundant in Lamiaceae 

species and can contribute to the antioxidant activity of the extracts [57]. Indeed, the antioxidant 

properties of single compounds within a group can vary remarkably so that the same levels of phenolic 

compounds do not correspond to the same antioxidant responses [75]. Moreover, some phenolic 

compounds cannot be quantified by the Folin-Ciocalteu method [75], whereby the radical scavenging 

activity of an extract cannot be deduced only by its TPC. In fact, the relationship between yield extraction, 

TPC, and its antioxidant activity is not always closely correlated [29]. For instance, methanol/water 

extracts obtained by stirring showed higher antiradical activity against DPPH• than AE (decoction). 

However, the latter presented the highest concentration in phenolic and flavonoids compounds [56]. 

Moreover, HE produced in an enamel boiler by Kozics et al. demonstrated higher antiradical activity 

against DPPH• and ABTS•+ than the S. officinalis extracts herein tested [76]  These differences can arise 

from the different extraction techniques and the experimental conditions used in the antiradical assay. A 

similar result was observed for extracts prepared in a Soxhlet apparatus, but with an IC50 two times lower 

than the values obtained for the extracts herein studied [40]. In this case, the assay was performed in 

the same way, highlighting the importance of the extraction solvents in the biological activity of the extract. 

The authors started the extraction of leaves with hexane, followed by ethyl acetate. The hexane may 

remove compounds with no biological activity, while ethyl acetate may concentrate them. Interestingly, 

there are few studies reporting the antioxidant activity of S. officinalis extracts against ROO•, •NO, and 

O2
•– . A mixture of flowers, leaves, and stems of S. officinalis was extracted by decoction and defatted with 

n-hexane [77]. These extracts presented around two times more antioxidant activity against O2
•–, while 

similar antioxidant activity against •NO is observed. Again, these results show the importance of the 

solvent in the extraction of the biologically active compounds, as well as the interference of the different 

parts of plants. 

Soxhlet extracts were more powerful scavengers for all the tested radicals (lower IC50) compared 

with their counterparts obtained in traditional extracts, which could be related to the higher TPC and TFC. 
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However, the most pronounced antioxidant effect was observed for AE-S, since they have the lowest IC50 

for all tested radicals. Moreover, these extracts present antioxidant activity against •NO, which is not 

observed for AE-T. The antioxidant activity against O2
•– was also higher for these extracts in comparison 

with HE-T. Conversely, EE-S exhibited the lowest antioxidant activity. Similar to our results, an ethanolic 

extract of Mentha rotundifolia exhibited the lowest TPC; however, it was the most effective in the protection 

of lipid and protein peroxidation in the cell membrane of red blood cells than Mentha pulegium extract 

with higher TPC [54]. Therefore, during an inflammatory response, AE-S can neutralize the reactive 

molecules [2,3,10], terminate free-radical chain reactions (e.g., lipid peroxidation) by converting free 

radicals to more stable products [10], and ameliorate, e.g., the vascular permeability of the inflamed 

tissues, reducing the extravasation of immune cells [3]. Consequently, a cascade of reactions that lead 

to inflammatory and degenerative diseases, could be prevented. However, as S. officinalis extracts are 

also good electron donors, excess of antioxidant compounds in the presence of free metal ions, such as 

Fe or Cu, can also initiate and promote free radicals’ reactions and, consequently, an undesired pro-

oxidative effect can be obtained [10,78]. Nonetheless, the oxidized forms of S. officinalis extracts may be 

relatively unreactive, and, consequently, do not cause cellular damage. In general, AE were more 

cytocompatible with the L929 cell line, whereas EE-S must have cytotoxic compounds for these fibroblasts 

(Figure 3.5A). Moreover, within the range of cytocompatible concentrations, fibroblasts were able to 

proliferate (Figure 3.5B) and synthesize proteins (Figure 3.5C) for 72 h of culture. Interestingly, some 

S. officinalis extracts were able to stimulate the mitogenic activity and protein synthesis, mainly AE, since 

higher amounts of DNA and protein concentration were observed in comparison with control (0 µg/mL). 

This effect can be related to the cytoprotective effect of S. officinalis extracts due to their antioxidant 

activity [54]. Furthermore, a fibroblast-like-phenotype was observed for S. officinalis extracts at 

cytocompatible concentrations (Supplementary Figures S3.7 – S3.12). These results are in 

agreement with the data of metabolic activity, relative DNA, and total protein concentrations obtained. 

The immunomodulatory activity of S. officinalis extracts was assessed using macrophages since 

they are key players of the immune system [79]. To model an inflammatory scenario, macrophages were 

activated in vitro with LPS, which triggers a cascade of inflammatory pathways, including the induction of 

the production of proinflammatory cytokines (e.g., IL-6 and TNF-α) and ROS/RNS [80]. S. officinalis 

extracts were cytocompatible with both non-stimulated (Figures 3.6 and Supplementary Figures 

S3.14 and S3.15) and LPS-stimulated macrophages (Figures 3.7 and Supplementary Figures  

S3.16 and S3.17). Only EE-S in the highest tested concentration (250 µg/mL) significantly affected the 
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macrophages’ metabolic activity, DNA concentration, and morphology, demonstrating its cytotoxicity if 

present in high amounts. 

None of the S. officinalis extracts showed the ability to induce the production by non-stimulated 

macrophages of the proinflammatory cytokines IL-6 and TNF-α, suggesting that they lack 

immunostimulatory activity over macrophages. Conversely, our results indicated that all five S. officinalis 

extracts at cytocompatible concentrations efficiently reduced IL-6 and TNF-α production by LPS-

stimulated macrophages (Figure 3.8). A comparable reduction of the IL-6 and TNF-α production was 

also observed in the oxidized low-density lipoproteins (ox-LDL) simulated macrophages (THP-1 cell line) 

in the presence of supercritical S. officinalis extracts [81]. The traditional extraction provided the AE with 

stronger anti-inflammatory activity in the reduction of IL-6 and TNF-α production. In fact, traditional 

extraction can retain the volatile components of S. officinalis, while they may be lost in a Soxhlet extraction. 

These volatile compounds, such as camphor and borneol, reportedly have anti-inflammatory activity 

[34,37]. When the extracts were prepared using HE, the Soxhlet originated stronger anti-inflammatory 

extracts, suggesting that this extraction technique recovered more compounds with the ability to reduce 

the IL-6 and TNF-α production, such as rosmarinic acid, carnosic acid, and carnosol [82–84]. 

Interestingly, EE-S was the most powerful anti-inflammatory extract that should be strongly related to the 

presence of rosmarinic acid, carnosol, and carnosic acid, followed by HE-S (presence of rosmarinic acid, 

carnosol, and carnosic acid) and AE-S (presence of rosmarinic acid). This result pointed out that solvent 

selection is extremely important to recover extracts with strong activity in reducing inflammatory cytokines 

production. Indeed, this highlights that the quality of the bioactive compounds that comprise the extract 

strongly influenced its biological activities. 

A reduction of IL-6 production in a concentration-dependent manner was observed for both HE-S 

and EE-S, whereas the reduction of TNF-α in a concentration-dependent manner was only detected when 

macrophages were cultured in the presence of HE-S. A low amount of S. officinalis extracts (AE-S, AE-T, 

and HE-T, 5 µg/mL) was able to reduce IL-6 production. Moreover, at cytocompatible concentrations 

(75 µg/mL), the S. officinalis extracts were able to attenuate the TNF-α production by LPS-stimulated 

macrophages. Indeed, S. officinalis extracts led to a similar or higher decrease of the IL-6 and TNF-α 

amount than the well-known tested NSAIDs, namely diclofenac, salicylic acid, and celecoxib. Additionally, 

EE-S and HE-S showed similar anti-inflammatory activities of dexamethasone, a potent corticosteroid, but 

with important side effects. Thus, a formulation of S. officinalis extracts can be a promising therapeutic 

strategy for the reduction of the inflammatory process. 
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3.5. CONCLUSIONS 

The present study showed that the selection of solvents and extraction techniques should be 

carefully considered since they influence the bioactivity and toxicity of the obtained extracts. AE-S obtained 

from S. officinalis leaves, enriched in phenols (e.g., rosmarinic acid) and flavonoids, showed to contain 

the best antioxidant mixture against dangerous free radicals. However, EE-S, with the lowest antioxidant 

activity, was the most promising extract in the reduction of IL-6 and TNF-α production by human 

macrophages, suggesting that rosmarinic acid, carnosol, and carnosic acid may be responsible for this 

activity. These results proved that S. officinalis leaves contain valuable substances. Therefore, a 

formulation combining, for instance, AE-S and EE-S would be a strong and promising antioxidant and anti-

inflammatory mixture to counteract chronic inflammatory pathways, probably with low side effects. 

Therefore, S. officinalis extracts can be used as an effective and safe source of new drugs to treat chronic 

inflammatory diseases. Further in-depth studies are required to specifically determine which compounds 

present in S. officinalis extracts may really contribute to antioxidant and anti-inflammatory activities. 
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3.8. SUPPLEMENTARY MATERIAL 

 

 

Supplementary Figure S3.1 | Representative curves of the antiradical activity of AE-S (A), HE-S (B), EE-S (C), AE-T (D), 

and HE-T (E) obtained from S. officinalis leaves against DPPH•. AE: aqueous extracts; HE: hydroethanolic extracts; 

EE: ethanolic extracts; S: Soxhlet extraction; T: traditional extraction. 
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Supplementary Figure S3.2 | Representative curves of the antiradical activity of AE-S (A), HE-S (B), EE-S (C), AE-T (D), 

and HE-T (E) obtained from S. officinalis leaves against ABTS•+. AE: aqueous extracts; HE: hydroethanolic extracts; 

EE: ethanolic extracts; S: Soxhlet extraction; T: traditional extraction. 
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Supplementary Figure S3.3 | Representative curves of the antioxidant activity of AE-S (A), HE-S (B), EE-S (C), AE-T (D), 

and HE-T (E) obtained from S. officinalis leaves against ROO•. AE: aqueous extracts; HE: hydroethanolic extracts; EE: 

ethanolic extracts; S: Soxhlet extraction; T: traditional extraction. 
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Supplementary Figure S3.4 | Antioxidant activity of AE-S, HE-S, EE-S (A), AE-T and HE-T (B) obtained from S. officinalis 

leaves against •NO. AE: aqueous extracts; HE: hydroethanolic extracts; EE: ethanolic extracts; S: Soxhlet extraction; 

T: traditional extraction. 

 

 

Supplementary Figure S3.5 | Antioxidant activity of AE-S, HE-S, EE-S (A), AE-T and HE-T (B) obtained from S. officinalis 

leaves against O2
•–. AE: aqueous extracts; HE: hydroethanolic extracts; EE: ethanolic extracts; S: Soxhlet extraction; 

T: traditional extraction. 

 

 

Supplementary Figure S3.6 | Reducing power of AE-S, HE-S, EE-S (A), AE-T and HE-T (B) obtained from S. officinalis 

leaves. AE: aqueous extracts; HE: hydroethanolic extracts; EE: ethanolic extracts; S: Soxhlet extraction; T: traditional 

extraction. 
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Supplementary Figure S3.7 | HR-SEM micrographs of fibroblasts incubated only with medium (negative control) for 24, 

48 and 72 h of culture. 
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Supplementary Figure S3.8 | HR-SEM micrographs of fibroblasts incubated in the presence of S. officinalis aqueous 

extracts obtained from Soxhlet extraction (AE-S) at different concentrations and culture time. 
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Supplementary Figure S3.9 | HR-SEM micrographs of fibroblasts incubated in the presence of S. officinalis hydroethanolic 

extracts obtained from Soxhlet extraction (HE-S) at different concentrations and culture time. 
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Supplementary Figure S3.10 | HR-SEM micrographs of fibroblasts incubated in the presence of S. officinalis ethanolic 

extracts obtained from Soxhlet extraction (EE-S) at different concentrations and culture time. 
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Supplementary Figure S3.11 | HR-SEM micrographs of fibroblasts incubated in the presence of S. officinalis aqueous 

extracts obtained from traditional extraction (AE-T) at different concentrations and culture time. 
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Supplementary Figure S3.12 | HR-SEM micrographs of fibroblasts incubated in the presence of S. officinalis 

hydroethanolic extracts obtained from traditional extraction (HE-T) at different concentrations and culture time. 



CHAPTER 3| Antioxidant and anti-Inflammatory activities of Salvia officinalis extracts 

316 

 

Supplementary Figure S3.13 |  Optical microphages of non-stimulated macrophages (negative control), LPS-stimulated 

macrophages (positive control) and LPS-stimulated macrophages cultured in the presence of clinically used anti-inflammatory 

drugs (dexamethasone, diclofenac, salicylic acid, and celecoxib, 10 µM) cultured for 24 h. 
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Supplementary Figure S3.14 | Optical microphages of non-stimulated macrophages cultured in the presence of AE-S, 

HE-S, and EE-S obtained from S. officinalis leaves at different concentrations cultured for 24 h. AE: aqueous extracts; HE: 

hydroethanolic extracts; EE: ethanolic extracts; S: Soxhlet extraction. 
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Supplementary Figure S3.15 | Optical microphages of non-stimulated macrophages cultured in the presence of AE-T and 

HE-T obtained from S. officinalis leaves at different concentrations cultured for 24 h. AE: aqueous extracts; HE: hydroethanolic 

extracts; T: traditional extraction. 
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Supplementary Figure S3.16 | Optical microphages of LPS-stimulated macrophages cultured in the presence of AE-S, 

HE-S, and EE-S obtained from S. officinalis leaves at different concentrations cultured for 24 h. AE: aqueous extracts; HE: 

hydroethanolic extracts; EE: ethanolic extracts; S: Soxhlet extraction. 
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Supplementary Figure S3.17 | Optical microphages of non-stimulated macrophages cultured in the presence of AE-T and 

HE-T obtained from S. officinalis leaves at different concentrations cultured for 24 h. AE: aqueous extracts; HE: hydroethanolic 

extracts; T: traditional extraction.



 

321 

 

 

 

 

CHAPTER 4 

On the bioactivity of Echinacea purpurea 

extracts to modulate the production of 
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On the bioactivity of Echinacea purpurea extracts to modulate the production of inflammatory mediators, 
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ABSTRACT 

Inflammatory diseases are the focus of several clinical studies, due to limitations and serious side 

effects of available therapies. Plant-based drugs (e.g., salicylic acid, morphine) have become landmarks 

in the pharmaceutical field. Therefore, we investigated the immunomodulatory effects of flowers, leaves, 

and roots from Echinacea purpurea. Ethanolic (EE) and dichloromethanolic extracts (DE) were obtained 

using the Accelerated Solvent Extractor and aqueous extracts (AE) were prepared under stirring. Their 

chemical fingerprint was evaluated by liquid chromatography-high resolution mass spectrometry (LC-

HRMS). The pro- and anti-inflammatory effects, as well as the reduction in intracellular reactive oxygen 

and nitrogen species (ROS/RNS), of the different extracts were evaluated using non-stimulated and 

lipopolysaccharide-stimulated macrophages. Interestingly, AE were able to stimulate macrophages to 

produce pro-inflammatory cytokines (tumor necrosis factor – TNF – α, interleukin – IL – 1β, and IL-6), 

and to generate ROS/RNS. Conversely, under an inflammatory scenario, all extracts reduced the amount 

of pro-inflammatory mediators. DE, alkylamides-enriched extracts, showed the strongest anti-

inflammatory activity. Moreover, E. purpurea extracts demonstrated generally a more robust anti-

inflammatory activity than clinically used anti-inflammatory drugs (dexamethasone, diclofenac, salicylic 

acid, and celecoxib). Therefore, E. purpurea extracts may be used to develop new effective therapeutic 

formulations for disorders in which the immune system is either overactive or impaired. 

 

 

 

 

 

Keywords: Echinacea purpurea extracts, inflammation, pro-inflammatory cytokines, reactive oxygen and 

nitrogen species, macrophages, alkylamides, phenolic/carboxylic acids. 
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4.1. INTRODUCTION 

Inflammation is a natural and essential defense process of the organism against noxious stimuli 

and trauma [1]. Macrophages, a key immune cell of the first line of the host defense, are activated in the 

presence of several signals, for example, lipopolysaccharide (LPS), a major constituent of the outer wall 

of gram-negative bacteria [2]. When activated, intracellular signaling inflammatory pathways are triggered, 

which in turn stimulates the production and release of several inflammatory mediators to eliminate the 

harmful stimulus and restore the homeostasis of the body [1]. Tumor necrosis factor (TNF)‐α, interleukin 

(IL)-1β, and IL-6 are the main pro-inflammatory cytokines released during an inflammatory process [3]. 

TNF-α is a pleiotropic cytokine that induces the proliferation of immune cell clones and stimulates the 

differentiation and recruitment of naïve immune cells [4]. IL-1β promotes the recruitment of inflammatory 

cells at the site of inflammation and induces the production of cyclooxygenase-2 (COX-2) and inducible 

nitric oxide synthase (iNOS) [5]. IL-6, being a pleiotropic cytokine, promotes the expansion and activation 

of T cells, the differentiation of B cells, and the regulation of the acute-phase response [6]. Besides pro-

inflammatory cytokines, reactive oxygen and nitrogen species (ROS/RNS) are also rapidly produced in 

large amounts to effectively kill the pathogens [7,8]. Furthermore, the organism has mechanisms to 

control overexuberant immune responses, avoiding the damage of the own cells and tissues [9,10]. 

However, if a disturbance in the homeostasis of the immune response occurs, a persistent inflammatory 

process can be observed. Chronic inflammation can lead to serious pathological conditions, such as 

autoimmune, cardiovascular, and neurodegenerative diseases [11,12]. Nowadays, the control of the 

chronic inflammatory process is essentially regulated by non-steroidal anti-inflammatory drugs (NSAIDs; 

e.g. diclofenac, celecoxib, salicylic acid) [13], corticosteroids drugs (e.g. dexamethasone and 

betamethasone) [14], and conventional or biological disease-modifying antirheumatic drugs (DMARDs; 

e.g. methotrexate or anti-TNF-α and anti-IL-6 antibodies, respectively) [15]. However, these drugs have 

been related to severe side effects, mainly if their administration lasts for long periods [16–18]. Therefore, 

more effective and safer anti-inflammatory drugs are urgently needed.  

Nature is a vast source of bioactive compounds. Particularly, plants produce several chemical 

compounds, known as secondary metabolites, to protect them against the surrounding environment, such 

as possible herbivores and pathogens or even to mitigate the effects of radiation [19]. Interestingly, many 

of those chemicals, such as morphine, salicylic acid, paclitaxel, and artemisinin, have been widely used 

to successfully treat different human diseases. 

Echinacea purpurea is an indigenous North American purple coneflower, belonging to the 

Asteraceae family. Traditional preparations of Echinacea were used to prevent and relieve a variety of 
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different inflammatory conditions, including swollen gums, sore throats, skin inflammation, and 

gastrointestinal disorders [20]. Being also considered an immune booster, nowadays, E. purpurea 

preparations are used to prevent cold and flu and to heal sore throats and respiratory infections [21]. In 

fact, a dual effect of E. purpurea extracts on immune cells has been reported. Due to their strong 

immunomodulatory activity, they could stimulate or suppress the immune system. For instance, E. 

purpurea extracts can promote both phenotypic and functional maturation of dendritic cells [22], and 

activate and polarize M1 macrophages [23]. Moreover, E. purpurea extracts can inhibit IL-2 production 

by T cells [24] and TNF-α by macrophages [25]. The immunomodulatory effects were associated with 

the presence of a different class of bioactive molecules, including caffeic acid derivatives, alkylamides, 

and polysaccharides [22,26–29]. 

Various extraction techniques were already employed to extract bioactive compounds from E. 

purpurea. Classical extraction, such as solvent extraction with or without stirring, infusions, decoctions, 

maceration, and soxhlet [30–35], uses high temperatures to obtain high yields of the bioactive 

compounds [36]. However, it is well known that temperature can denature several compounds, reducing 

their biological activity. Despite the use of ultrasounds [37] and microwaves [30] present many 

advantages in comparison with the classical methods (e.g. less extraction time and solvent consumption 

and higher yield), they are also associated with degradation and loss of integrity of bioactive compounds, 

due to the production of radicals [37]. Besides the technique, the solvent used in the extraction also 

affects drastically the amount and type of bioactive compounds extracted. Ethanol, hydroethanol, 

methanol, and chloroform have been reported for the extraction of bioactive compounds for E. purpurea 

[30–33,35,38]. Moreover, to the best of our knowledge, only two reports used dichloromethane in the 

extraction process, but do not refer in vitro studies with immune cells [34,39]. 

Considering the importance of the combination of the extraction technique and the solvent to obtain 

the desired bioactive compounds, herein, the Accelerated Solvent Extraction (ASE) technique was selected 

to prepare ethanolic extracts (EE) and dichloromethanolic extracts (DE) obtained from flowers (F), leaves 

(L), and roots (R). The innovative ASE does not compromise the extract bioactivity since it allows to 

increase the extraction yield and to reduce the time of extraction at low temperatures. The aqueous 

extracts (AE) were produced by stirring at room temperature (RT). The extraction yield was calculated and 

the nine E. purpurea extracts were characterized based on their fingerprint of bioactive compounds by 

liquid chromatography-high resolution mass spectrometry (LC-HRMS). Two different approaches were 

designed to evaluate their immunostimulatory and immunosuppressive activities. Their capacity to 

increase or decrease, respectively, the concentration of a panel of pro-inflammatory cytokines, namely IL-
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6, IL-1β, and TNF-α, as well as the intracellular ROS/RNS generation were investigated, using non-

stimulated or LPS-stimulated macrophages. In order to mimic in a simple way the sequence of events 

developing in an inflammatory clinical condition, in this experimental model, a pro-inflammatory state 

(macrophages exposed to LPS) was firstly induced, and then the plant extracts were added. Indeed, the 

plant extracts may, for instance, detrimentally affect the LPS/TLR4 signalling if added as a pretreatment 

[40,41]. The metabolic activity, DNA concentration, and total protein content were analyzed. The 

biological activities were related to the presence of different compounds. To the best of our knowledge, 

this is the first study that exhaustively demonstrates the efficiency of several E. purpurea extracts to 

increase or reduce free radical generation and inflammation. Additionally, it presents the most 

comprehensive list of phenolic/carboxylic acids and alkylamides of several E. purpurea extracts ever 

reported to date. 

 

4.2. MATERIALS AND METHODS 

4.2.1. Materials 

Purple coneflower (E. purpurea) was purchased from Cantinho das Aromáticas (Vila Nova de Gaia, 

Portugal), in May 2017. The plants were immediately transferred to the soil and were let to grow following 

a sustainable agriculture procedure (41°37'04.5"N, 7°16'14.4"W). After one year of cultivation, the 

flowers and leaves were collected in a full bloom phase (June and July 2018), while the roots, including 

rhizomes, were harvested in the autumn (October 2018). The plants were dried in the dark and stored at 

room temperature (RT) protected from the light. A voucher specimen of roots (DB-15-EPR) and aerial 

parts (DB-16-EPT) was deposited at the Department of Biology, University of Minho, Portugal. Ethanol 

(EtOH) and dichloromethane (DCM) were obtained from Fisher Scientific, Portugal. Ultra-pure water was 

obtained from a Milli-Q Direct Water Purification System (Milli-Q Direct 16, Millipore). Acetonitrile (ACN, 

HPLC grade), methanol (HPLC grade), formic acid (99%, analytical grade), phorbol 12-myristate 13-

acetate (PMA), LPS (Escherichia coli O26:B6), and high-purity standards of echinacoside, chicoric acid, 

caftaric acid, caffeic acid, chlorogenic acid, and cynarin were obtained from Sigma-Aldrich, Portugal. 

Echinacea isobutylamide standards kit, composed of undeca-2E/Z-ene-8,10-diynoic acid isobutylamide, 

dodeca-2E-ene-8,10-diynoic acid isobutylamide, and dodeca-2E,4E-dienoic acid isobutylamide, was 

acquired from ChromaDex, USA, California. Highly-purity standard dodeca-2E,4E,8Z,10E/Z-tetraenoic 

acid isobutylamide was obtained from Biosynth Carbosynth. Roswell Park Memorial Institute (RPMI)-1640 

medium, fetal bovine serum (FBS), antibiotic/antimycotic solution, Dulbecco's phosphate-buffered saline 

(DPBS), formalin 10% (V/V), Quant-iT PicoGreen dsDNA Kit and Micro BCA protein assay kit were 
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purchased from Thermo Fisher Scientific, Portugal. Dimethyl sulfoxide (DMSO) was obtained from VWR. 

AlamarBlue was purchased from Bio-Rad. Human IL-6, IL-1β, and TNF-α DuoSet Enzyme-linked 

immunosorbent assay (ELISA) kits and DuoSet ELISA Ancillary Reagent Kit 2 were purchased from R&D 

Systems, USA, Minneapolis. Cellular ROS/Superoxide detection assay kit was obtained from Abcam, USA, 

Boston. DAPI (4′,6-diamidino-2-phenylindole) was purchased from Biotium, USA, California. Coffee filter 

paper N4 was acquired in a local market. 

 

4.2.2. Bioactive compounds extraction 

Dried E. purpurea flowers (F), leaves (L), and roots (R) were ground using a blender (Picadora 

Clássica 123 A320R1, Moulinex, Lisbon, Portugal) before bioactive compounds extraction.  EE and DE 

were obtained using an ASE 200 (Dionex Corp., Vigo, Spain). About 2 – 5 g of each sample was weighed 

and mixed with diatomaceous earth, a dispersant and drying agent. Then, they were loaded into stainless-

steel extraction cells and held down to remove any residual free space. Cellulose filters were inserted into 

the bottom of those extraction cells before loading the sample to prevent the presence of suspended 

particles in the extract. All extractions were performed using two cycles, at constant pressure (1500 psi) 

for 30 min, at the minimum temperature allowed by the equipment (40 °C). The EE and DE solutions 

were collected into vials and then the organic solvent was evaporated using gas nitrogen. 

AE were prepared by stirring 20 g of sample in 150 mL of ultra-pure water at RT for 24 h. The 

water was changed after 12 h of the extraction process. After extraction, AE was filtrated using a coffee 

filter paper N4. Both solutions were mixed, frozen at –80 °C and then freeze-dried (Lyoquest –85 °C 

Plus Eco, Telstar, Terrassa, Spain).  

Once dried, the extraction yield for all the extracts was calculated based on the dry extract weight 

obtained compared to the initial mass of dry plant material used for extraction. The extraction yield of 

each E. purpurea extract is expressed in percentage (%). The extracts were stored at –80 °C until further 

assays. 

 

4.2.3. Characterization of E. purpurea extracts composition 

4.2.3.1. Preparation of E. purpurea extracts and standards 

A stock solution of 5 mg/mL of each E. purpurea extract was prepared. AE were dissolved in ultra-

pure water, while EE and DE were prepared in methanol. The E. purpurea extracts solutions were 

centrifuged at 10 000 × g for 5 min (ScanSpeed Mini, Labogene, Lynge, Denmark) and the supernatant 

was collected. 
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A stock solution of 1 mg/mL of all standards was prepared and stored in amber bottles at –80 °C. 

All the standards were prepared in methanol, except caffeic acid, which was prepared in ethanol. A 

mixture solution of all standards was prepared at a final concentration of 5 µg/mL each. 

 

4.2.3.2. LC-HRMS analysis 

The LC-HRMS analysis was performed on UltiMate 3000 Dionex ultra-high-performance liquid 

chromatography (UHPLC, Thermo Scientific, Lisbon, Portugal), coupled to an ultrahigh-resolution 

quadrupole-quadrupole time-of-flight (UHR-QqTOF) mass spectrometer (Impact II, Bruker). The 

chromatographic separation was performed on an Acclaim RSLC 120 C18 analytical column 

(100 mm × 2.1 mm i.d.; 2.2 µm, Dionex, Lisbon, Portugal). The mobile phase was composed by (A) 

water containing 0.1% formic acid and (B) ACN containing 0.1% formic acid. The gradient program was 

as follows: 0 min, 95% A; 10 min, 79% A; 14 min, 73% A; 18.3 min, 42% A; 20 min, 0% A; 24 min, 0% A; 

26 min, 96% A. The flow rate was of 0.25 mL/min, and the column was kept at 35 °C. The injection 

volume was 2 µL. The MS analysis of the phenolic/carboxylic acids compounds was set using 

electrospray ionization (ESI) in negative ionization mode due to their acidic character [42]. As the 

alkylamides are slightly basic, they were detected in the positive ion mode [42]. Spectra was acquired 

over a range from m/z 20 to 1000 in an Auto MS scan mode. The selected parameters were as follows: 

capillary voltage, 2500 V (negative mode, phenolic/carboxylic acids) and 4500 V (positive mode, 

alkylamides); drying gas temperature, 200 °C; drying gas flow, 8.0 L/min; nebulizing gas pressure, 2 

bar; collision cell energy, 5.0 eV; collision radio frequency (RF), 300 Vpp; transfer time, 70 µs; and 

prepulse storage, 5 µs. Post-acquisition internal mass calibration used sodium formate clusters, being 

sodium formate delivered by a syringe pump at the start of each chromatographic analysis. The LC-HRMS 

acquired data were processed using Bruker Compass DataAnalysis 5.1 software (Bruker) to extract the 

mass spectral features from the sample raw data. Standards were commercially available for 

echinacoside, chicoric acid, caftaric acid, caffeic acid, chlorogenic acid, cynarin, undeca-2E/Z-ene-8,10-

diynoic acid isobutylamide, dodeca-2E-ene-8,10-diynoic acid isobutylamide, dodeca-2E,4E-dienoic acid 

isobutylamide, and dodeca-2E,4E,8Z,10E/Z-tetraenoic acid isobutylamide. Therefore, the identification of 

these compounds in the E. purpurea extracts was confirmed by their retention times (tR, min), mass-to-

charge ratio (m/z) of the molecular ion, and MS/MS fragmentation patterns. Supplementary Table 

S4.1 summarizes the mass spectra information for all the standards obtained by LC-HRMS. For 

phenolic/carboxylic acids and alkylamides for which standards were not available, the potential 

candidates to a specific molecule were assigned by comparing the theoretical and published MS/MS 
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fragments pattern with the obtained MS/MS spectra pattern, and by analyzing the elution order of 

alkylamides present in the literature [42–48]. 

 

4.2.4. E. purpurea extracts solutions 

AE was dissolved in complete RPMI 1640 medium (cRPMI, RPMI medium supplemented with 10% 

FBS and 1% antibiotic/antimycotic solution), and EE and DE were dissolved in DMSO. Due to the different 

extract solubility, the stock solutions, sterilized with a 0.22 µm filter, were 12.8 mg/mL for AE (F, L, and 

R), 60.0 mg/mL for EE (F, L, and R), DE-F, and DE-R and 23.5 mg/mL for DE-L. Then, serial dilutions 

were made with RPMI. The final concentrations tested were of 25.0, 50.0, 100.0, 200.0, and 

250.0 µg/mL for AE (F, L and R); 12.5, 25.0, 50.0, 100.0, and 200.0 µg/mL for EE (F, L and R) and 

DE-F and DE-R; and 4.9, 9.8, 19.5, 39.0, and 78.0 µg/mL for DE-L. The percentage of DMSO in the well 

for the maximum concentration of extracts was 0% for AE, 0.33% for EE (F, L, and R), DE-L and DE-F, and 

0.53% for DE-R. 

 

4.2.5. Pro-inflammatory activity evaluation 

The pro-inflammatory activity of the E. purpurea extracts was evaluated using a human peripheral 

blood monocyte cell line (THP-1), obtained from American Type Culture Collection (ATCC TIB-202), 

according to the procedure described by Vieira et al. [49]. Briefly, THP-1 cell line, at passages 

10 – 13, was cultured in cRPMI, at 37 °C in a humidified atmosphere of 5% CO2. THP-1 cell line was 

seeded at a density of 1 × 106 cells/mL in adherent 24-wells culture plates. For the induction of THP-1 

cell differentiation, RPMI medium containing 100 nM PMA was added and incubated for 24 h [50]. After 

this period, the medium containing non-attached cells was removed by aspiration, and the adherent cells 

were washed twice with warm cRPMI medium. To ensure the reversion of monocyte to a resting 

macrophage phenotype, the cells were incubated for an additional period of 48 h in cRPMI without PMA. 

Afterward, the medium was changed and each E. purpurea extract at different concentrations (Section 

4.4.4) were added to the non-stimulated macrophages. After 24 h, the culture medium was harvested 

(the triplicates were mixed and homogenized) and stored aliquoted at –80 °C until 

cytokines quantification. The cells were washed with warm sterile DPBS and the metabolic activity, DNA 

quantification and total protein content were determined as described below (Section 4.4.7). Cell 

morphology was analyzed before collecting medium under an inverted microscope (AxioVert A1 FL LED, 

Zeiss, Göttingen, Germany). Controls containing the same percentage of DMSO in the maximal 

concentration of extracts were also tested and did not affect the cell viability. 
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4.2.6. Anti-inflammatory activity evaluation 

THP-1 cells were seeded and cultured as previously described (Section 4.4.5). After the total 

reversion of monocyte to macrophage phenotype, macrophages were stimulated with 100 ng/mL of LPS 

in a fresh medium. After 2 h, each E. purpurea extract at different concentrations (Section 4.4.4) was 

added to the LPS-stimulated macrophages and incubated for 22 h. Afterward, the culture medium 

was harvested and stored as previously described. Then, the cells were washed with warm sterile DPBS 

and the cell morphology, metabolic activity, DNA quantification, total protein content, and cytokine 

quantification were determined, as described below (Section 4.4.7). LPS-stimulated 

macrophages cultured without extracts (no treatment, 0 µg/mL) were used as a positive control of 

cytokine production.  Dexamethasone (10 µM), diclofenac (10 µM), salicylic acid (10 µM), and celecoxib 

(10 µM), dissolved in ethanol, were used as positive controls for inhibition of cytokine 

production. Negative controls of cells without LPS (no stimulation) were also tested. Controls containing 

the same percentage of DMSO (Section 4.4.5) in the maximal concentration of extracts were also tested 

and showed not to affect the cell viability. 

 

4.2.7. Metabolic activity, DNA quantification, and total protein content 

The metabolic activity, DNA concentration, and total protein content of non-stimulated and LPS-

stimulated macrophages incubated with E. purpurea extracts were determined using the alamarBlue 

assay, fluorimetric dsDNA quantification kit, and Micro BCA protein assay kit, as previously described by 

us [50–52]. The results of metabolic activity are expressed in percentage related to the control. DNA and 

total protein contents are expressed in relative concentrations to the control. 

 

4.2.8. Cytokine quantification 

The amount of different cytokines produced by macrophages, namely IL-1β, IL-6, and TNF-α, in 

the culture medium was assessed using different ELISA kits, according to the manufacturer’s instructions. 

The values obtained were normalized by the respective DNA concentration. The results obtained for the 

determination of the anti-inflammatory activity are expressed in percentage related to the control [53]. 

 

4.2.9. Cellular ROS/RNS/O2
•– detection assay 

Oxidative stress in the presence or absence of E. purpurea extracts was investigated using Cellular 

ROS/Superoxide detection assay kit. Briefly, the THP-1 cell line was seeded (1 × 105 cells/mL) in an 

adherent 24-wells culture as previously described for pro- and anti-inflammatory assays (Sections 4.4.5 
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and 4.4.6). After incubation with E. purpurea extracts (50 and 200 µg/mL for AE – F/L/R –, 

EE – F/L/R –, and DE-F; 50 and 100 µg/mL for DE-R; and 19.5 and 78 µg/mL for DE-L), the supernatant 

was removed and the cells were labeled with oxidative stress detection reagent (green, 

Ex/Em: 490/525 nm) for detection of total ROS/RNS and O2
•– detection reagent (orange, 

Ex/Em: 550/620 nm) for 1 h, at 37 °C in the dark. These nonfluorescent detection reagents diffuse into 

cells, where they can be oxidized by ROS/RNS and O2
•–, converting to fluorescent probes. Then, the cells 

were fixed with 10% of formalin for 10 min and DAPI in a ratio of 1:1000 in DPBS was added for more 

10 min. Between each step, the cells were carefully washed twice with 300 µL of DPBS. The fluorescent 

samples were analyzed using a Fluorescence Inverted Microscope with Incubation (Axio Observer, Zeiss, 

Göttingen, Germany). The fluorescence intensity was analyzed using ImageJ software. Changes in the 

fluorescence intensity relative to the control with or without LPS (0 µg/mL) were related to an increase 

or decrease in the generation of intracellular ROS/RNS and/or O2
•–. 

 

4.2.10. Statistical analysis 

Results are expressed as mean ± standard deviation (SD) of 3 independent experiments, with a 

minimum of 3 replicates for each condition. Statistical analyses were performed using GraphPad Prism 

8.0.1 software. Analysis of variance (ANOVA) and Tukey’s multiple comparisons test were used for 

extraction yield. ANOVA and Dunnett’s multiple comparison method were used for cell assays. Differences 

between experimental groups were considered significant with a confidence interval of 99%, whenever 

p < 0.01. 

 

4.3. RESULTS 

4.3.1. Extraction yield 

The extraction yield of each E. purpurea extract is presented in Figure 4.1. The extraction 

performed with water provided significantly higher extraction yields than the extraction with EtOH and 

DCM, for all the plant organs studied. Using water as a solvent, the leaves (L) were the organ of the plant 

that significantly provided a higher amount of extract (28.5 ± 2.1%), followed by flowers (F, 24.7 ± 1.1%) 

and roots (R, 18.8 ± 1.8%). When the extraction was performed with EtOH, the flowers significantly gave 

a higher extraction yield (20.5 ± 1.0%), followed by roots (6.0 ± 0.3%) and leaves (5.9 ± 0.3%). However, 

no significant differences were observed in the yield obtained between flowers (2.2 ± 0.1%), leaves 

(2.1 ± 0.1%), or roots (0.7 ± 0.1%) when DCM was used. Comparing all the E. purpurea extracts, AE-L 

gave the highest extraction yield, followed by AE-F, EE-F, AE-R, EE-R ≈ EE-L, DE-F ≈ DE-L, and DE-R. 
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Figure 4.1 | Extraction yield (%) of the different E. purpurea extracts. Statistically significant differences are 1 (p < 0.0155), 

2 (p < 0.0088), 3 (p < 0.0010), and 4 (p < 0.0001) in comparison with a (Flowers vs. Leaves), b (Flowers vs. Roots), 

c (Leaves vs. Roots), σ (AE vs. EE), β (AE vs. DE), and γ (EE vs. DE). F: flowers; L: leaves; R: roots; AE: aqueous extracts; 

EE: ethanolic extracts; DE: dichloromethanolic extracts. 

 

4.3.2. Composition of the E. purpurea extracts 

The LC-HRMS technique allowed unequivocal identification of the bioactive com-pounds present in 

E. purpurea extracts. Table 4.1 presents the identified phenolic/carboxylic acids compounds and 

alkylamides in each E. purpurea extract. Both product ion and relative in-tensities for fragments of the 

standards perfectly matched those obtained for the com-pounds present in E. purpurea extracts 

(represented by smooth grey shaded in Table 4.1 and Supplementary Tables S4.1 and S4.2). The 

tR, the precursor ions, and the ion products are listed in Supplementary Table S4.2 for 

phenolic/carboxylic acids and Supplementary Table S4.3 for alkylamides. Thirteen different 

phenolic/carboxylic acids and thirty different alkylamides were identified in the E. purpurea extracts. Each 

extract exhibited different patterns of phenolic/carboxylic acids and alkylamides. 

EtOH extracted phenolic/carboxylic acids compounds more efficiently than water and DCM. For 

EE, the flowers presented the highest number of identified phenolic/carboxylic acids (11 compounds), 

followed by roots (8 compounds) and leaves (7 compounds). For AE, the same number of 

phenolic/carboxylic acids (7 compounds) was identified in flowers and leaves, while in the roots, only 3 

phenolic/carboxylic acids were identified. In DE, 5 phenolic/carboxylic acids were identified in leaves, 

followed by roots (4 compounds) and flowers (3 compounds). 

DCM and EtOH had an increased capability to extract alkylamides, compared to water. In the three 

tested solvents, the alkylamides were more pronounced in roots and flowers than leaves. For DE, 24 and 

20 alkylamides were identified in roots and flowers, respectively. A similar result was observed for EE (23 

and 19 compounds identified in roots and flowers, respectively). In AE, 16 and 14 alkylamides were 
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Table 4.1 | Overview of the identified compounds (phenolic/carboxylic acids and alkylamides) in E. purpurea extracts by LC-

HRMS. 

Compound 
AE EE DE 

F L R F L R F L R 

Phenolic/carboxylic acids          

Malic Acid + + + + + + - + + 

Vanillic acid + + - + - - - - - 

Protocatechuic acid + + - + + - - - - 

Caftaric acid + + - + + + - + - 

Chlorogenic acid - - - + - + - - - 

Quinic acid - - - - - + - - - 

Vanillin - - - - + - - - - 

Caffeic acid - - - + + + + + + 

Benzoic acid + + + + + + + + + 

Cynarin - - - - - - - - - 

Echinacoside - - - - - - - - - 

p-coumaric acid + + - + - + - - + 

Chicoric acid + + + + + + + + - 

Rutin - - - + - - - - - 

Quercetin - - - + - - - - - 

Alkylamides          

Dodeca-2E,4Z,10E-triene-8-ynoic acid isobutylamide + - + + - + + - + 

Dodeca-2E,4Z,10Z-triene-8-ynoic acid isobutylamide + - + + - + + - + 

Dodeca-2,4,10-triene-8-ynoic acid isobutylamide (isomer 1) - - - - - - + - + 

Dodeca-2E,4E,10Z-triene-8-ynoic acid isobutylamide - - + + - + + - + 

Dodeca-2Z,4E,10Z-triene-8-ynoic acid isobutylamide - - + - - + - - + 

Dodeca-2E,4E,10E-triene-8-ynoic acid isobutylamide + - - + + + + + + 

Undeca-2E,4Z-diene-8,10-diynoic acid isobutylamide + - + + + + + + + 

Undeca-2E/Z-ene-8,10-diynoic acid isobutylamide + - - + - - + - - 

Undeca-2Z,4E-diene-8,10-diynoic acid isobutylamide - - + - - + - - + 

Undeca-2E/Z,4Z/E-diene-8,10-diynoic acid 2-

methylbutylamide 
- - - - - - - - - 

Pentadeca-2E,9Z-diene-12,14-diynoic acid 2-

hydroxyisobutylamide 
- - - + + - + + - 

Dodeca-2E,4Z-diene-8,10-diynoic acid isobutylamide + - + + - + + + + 

Undeca-2E,4E-diene-8,10-diynoic acid isobutylamide - - - - - + - - + 

Dodeca-2Z,4E-diene-8,10-diynoic acid isobutylamide - - + - - + - - - 

Dodeca-2E-ene-8,10-diynoic acid isobutylamide + - - + + + + + + 

Trideca-2E,7Z-diene-10,12-diynoic acid isobutylamide + - + + - + + - + 

Dodeca-2,4-diene-8,10-diynoic acid 2-methylbutylamide - - + + - + + - + 

Dodeca-2Z,4Z,10Z-triene-8-ynoic acid isobutylamide 1 - - + - - + - - + 

Trideca-2E,7Z-diene-10,12-diynoic acid 2-methylbutylamide + - - + - + + - + 

Dodeca-2E,4E,8Z,10E/Z-tetraenoic acid isobutylamide + - + + + + + + + 

Dodeca-2E,4Z,10E-triene-8-ynoic acid 2-methylbutylamide 

OR 

Dodeca-2E-ene-8,10-diynoic acid 2-methylbutylamide 

+ - + + - + + - + 

Dodeca-2E,4E,8Z-trienoic acid isobutylamide (isomer 1) - - - + - - + - - 

Dodeca-2E,4E-dienoic acid isobutylamide (isomer 1) - - - - + - - - - 
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Pentadeca-2E,9Z-diene-12,14-diynoic acid isobutylamide - - + + + + + + + 

Dodeca-2E,4E,8Z-trienoic acid isobutylamide + - + + - + + - + 

Trideca-2Z,7Z-diene-10,12-diynoic acid 2-methylbutylamide - - - - - + - - + 

Dodeca-2E,4E,8Z,10E/Z-tetraenoic acid 2-methylbutylamide + - - + - + + - + 

Hexadeca-2E,9Z-diene-12,14-diynoic acid isobutylamide - - - - - + - - + 

Dodeca-2E,4E,8Z-trienoic acid isobutylamide (isomer 2) - - - - - - - - + 

Dodeca-2E,4E-dienoic acid isobutylamide + - + + + + + + + 
1 This compound was not found in the literature. Smooth grey shaded corresponds to studied standards. Symbol “+” represents 

the presence of compound; symbol “-” represents the absence of compound. E/Z stereochemistry is indicated here in 

accordance with the literature [42–48], but it should be highlighted that without NMR spectra, it is not possible to conclusively 

distinguish between E and Z isomers. F: flowers; L: leaves; R: roots; AE: aqueous extracts; EE: ethanolic extracts; 

DE: dichloromethanolic extracts. 

 

identified in roots and flowers, respectively. The leaves showed a minimum amount of alkylamides, being 

identified with 8 alkylamides in EE and DE and none in AE. 

Analyzing all the E. purpurea extracts, EE-F exhibited the highest number of phenolic/carboxylic 

acids (11), followed by EE-R (8); EE-L (7), AE-F (7) and AE-L (7); DE-L (5); DE-R (4); and DE-F (3), and AE-

R (3). Regarding the alkylamides, DE-R presented the highest amount of alkylamides (24), followed by 

EE-R (23); DE-F (20); EE-F (19); AE-R (16); AE-F (14); DE-L (8) and EE-L (8); and AE-L (0). 

 

4.3.3. Cytotoxicity of the E. purpurea extracts 

4.3.3.1. Non-stimulated macrophages 

The metabolic activity, the relative DNA, and the total protein concentrations of non-stimulated 

macrophages in the absence or presence of the E. purpurea extracts at different concentrations are shown 

in Figure 4.2. As can be observed in Figure 4.2A, the cell metabolic activity was only significantly 

affected in the presence of the highest tested concentration (200 µg/mL) of DE-R. Similar behavior was 

observed for the DNA content (Figure 4.2B) and protein production (Figure 4.2C), where a significant 

decrease was noticed only in the presence of DE-R in the highest concentration (200 µg/mL). Optical 

micrographs of non-stimulated macrophages also confirmed that the morphology was not affected by the 

different E. purpurea extracts or the anti-inflammatory drugs used in this work, except in the presence of 

DE-R in the highest tested concentration (200 µg/mL) (Supplementary Figures S4.1 – S4.4). 

Samples presented a macrophage phenotype similar to the negative control (0 µg/mL), but it was 

drastically affected in the presence of DE-R in the highest concentration (200 µg/mL) (Supplementary 
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Figure 4.2 | Metabolic activity (A), relative DNA concentration (B), and relative total protein content (C) of non-stimulated 

macrophages cultured in the presence of different concentrations of the E. purpurea extracts for 24 h of culture. The dotted 

line represents the metabolic activity, DNA concentration, and total protein content of negative control (non-stimulated 

macrophages without treatment). Statistically significant differences are * (p < 0.0476), ** (p < 0.0096), *** (p < 0.0010), 

and **** (p < 0.0001) in comparison to the negative control (non-stimulated macrophages without treatment) for each different 

tested extract. F: flowers; L: leaves; R: roots; AE: aqueous extracts; EE: ethanolic extracts; DE: dichloromethanolic extracts. 
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Figure S4.4). Indeed, after 24 h, a lower number of macrophages were attached to the bottom of the 

plate and their morphology became more rounded. 

 

4.3.3.2. LPS-stimulated macrophages 

Figure 4.3 illustrates the metabolic activity, as well as the relative DNA and the protein 

concentration, obtained for LPS-stimulated macrophages in the absence or presence of the E. purpurea 

extracts at different concentrations. As observed for non-stimulated macrophages, the cell metabolic 

activity, the DNA concentration, and the total protein content were not negatively affected by E. purpurea 

extracts at different concentrations, in comparison with the positive control (LPS-stimulated macrophages 

without treatment), except for DE-R in the highest tested concentration (200 µg/mL) (Figure 4.3A–C). 

Optical micrographs of LPS-stimulated macrophages also confirmed the cytocompatibility of the extracts 

(Supplementary Figures S4.5 – S4.7). Except for DE-R in the highest concentration (200 µg/mL), 

the tested conditions showed a macrophage like-phenotype similar to the negative control (without 

stimulation and extracts addition). 

 

4.3.4. Effect of E. purpurea extracts on cytokine production 

4.3.4.1. Non-stimulated macrophages 

The pro-inflammatory activity of E. purpurea extracts was evaluated by assessing the levels of pro-

inflammatory cytokines (IL-6, IL-1β, and TNF-α) produced by non-LPS stimulated macrophages in the cell 

culture medium. Non-stimulated macrophages (negative control) produced basal amounts of IL-1β 

(5.3 ± 1.6 arb. unit) and TNF-α (1.4 ± 1.1 arb. unit), but they did not produce measurable amounts of 

IL-6. When macrophages were incubated with the AE, an increase in those cytokines in the culture 

medium was observed (Figure 4.4), demonstrating its potential to stimulate naïve macrophages. All 

tested concentrations of AE-F efficiently stimulated the production of IL-1β (Figure 4.4A), IL-6 (Figure 

4.4B), and TNF-α (Figure 4.4C). AE-L and AE-R were also able to significantly stimulate these cytokines 

production, although at concentrations higher than 100 µg/mL. In general, AE-F showed the greatest pro-

inflammatory activity, followed by AE-R and AE-L, which presented an equivalent stimulatory activity. 

The production of those pro-inflammatory cytokines by non-stimulated macrophages incubated in the 

presence of EE and DE were generally similar to the basal levels (Supplementary Figure S4.8). Only 

EE-R in the highest tested concentration (200 µg/mL) stimulated macrophages to produce a significant 

amount of of TNF-α (Supplementary Figure S4.8C). At the same concentration, its efficacy was two 

times lower than those obtained for AE-F, reaching the bioactivity of the AE-L. 
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Figure 4.3 | Metabolic activity (A), relative DNA concentration (B), and relative total protein content (C) of LPS-stimulated 

macrophages cultured in the presence of different concentrations of the E. purpurea extracts and clinically used anti-

inflammatory drugs (dexamethasone, diclofenac, salicylic acid, and celecoxib) for 24 h of culture. The dotted line represents 

the metabolic activity, DNA concentration, and total protein content of positive control (LPS-stimulated macrophages without 

treatment). Statistically significant differences are * (p < 0.0481), ** (p < 0.0079), **** (p < 0.0001) in comparison to the 

positive control (LPS-stimulated macrophages without treatment) for each different tested extract. CTL: control; F: flowers; L: 

leaves; R: roots; AE: aqueous extracts; EE: ethanolic extracts; DE: dichloromethanolic extracts. 
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Figure 4.4 | IL-1β (A), IL-6 (B), and TNF-α (C) production by non-stimulated macrophages cultured in the presence of 

different concentrations of the aqueous extracts (AE) obtained from E. purpurea for 24 h of culture. Statistically significant 

differences are * (p < 0.0376), ** (p < 0.0075), *** (p < 0.0006), and **** (p < 0.0001) in comparison to the negative control 

(non-stimulated macrophages without treatment) for each different tested extract. F: flowers; L: leaves; R: roots. 
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4.3.4.2. LPS-stimulated macrophages 

The anti-inflammatory activity of E. purpurea extracts was evaluated by assessing the amount of 

pro-inflammatory cytokines produced by LPS-stimulated macrophages in the culture medium. The 

stimulation of macrophages with LPS led to a significant production of the studied pro-inflammatory 

cytokines, namely IL-6, IL-1β, and TNF-α (Figure 4.5). 

Diclofenac (10 µM), celecoxib (10 µM), and salicylic acid (10 µM) led to a statistically significant 

reduction in the IL-6 production in 37.0 ± 3.8%, 40.3 ± 6.3%, and 43.7 ± 1.1%, respectively. 

Dexamethasone (10 µM) decreased the IL-6 production by 93.5 ± 1.4%, being the most efficient positive 

control (Figure 4.5A). In the presence of all E. purpurea extracts, IL-6 production was also drastically 

reduced in a concentration-dependent manner (Figure 4.5A). The extraction performed with DCM led 

to E. purpurea extracts with an excellent ability to reduce the IL-6 production under an inflammatory 

scenario, followed by EtOH and water. EE showed an activity approximated 1.3 times lower than DE. 

Likewise, AE exhibited an activity approximated 2 times lower than EE and approximated 2.7 times lower 

than DE. In all studied solvents, the extracts obtained from leaves and roots demonstrated an improved 

reduction in the IL-6 production, followed by flowers. LPS-stimulated macrophages treated with DE-R 

(100 µg/mL) and DE-F (200 µg/mL), drastically decreased the IL-6 production in 87.6 ± 0.9% and 

83.2 ± 6.8%, reaching similar values obtained for dexamethasone. It is important to notice that DE-L 

(78 µg/mL), studied at lower concentrations, also reduced the IL-6 production in 81.1 ± 6.7%. EE-L (100 

µg/mL), EE-R (200 µg/mL) and EE-F (200 µg/mL) demonstrated a similar activity to reduce the IL-6 

production (77.8 ± 3.4%, 77.4 ± 3.4%, and 80.1 ± 5.3%, respectively). The same behavior was observed 

for AE-L (200 µg/mL, 51.2 ± 9.1%), AE-R (200 µg/mL, 54.6 ± 4.3%), and AE-F (250 µg/mL, 

61.8 ± 12.3%). Analyzing all the E. purpurea extracts, the reduction in IL-6 production was more 

pronounced with DE-L, followed by DE-R, DE-F, EE-L ≈ EE-R, EE-F, AE-R ≈ AE-L, and AE-F. 

Diclofenac (10 µM), celecoxib (10 µM), salicylic acid (10 µM), and dexamethasone (10 µM) 

presented a statistically significant capability to reduce the IL-1β production in 32.9 ± 2.8%, 36.3 ± 10.2%, 

39.1 ± 3.8%,49.2 ± 5.9%, respectively (Figure 4.5B). E. purpurea extracts showed a capacity to reduce 

the IL-1β production by LPS-stimulated macrophages, although a concentration-dependent reduction was 

not observed in all extracts (Figure 4.5B). DCM and EtOH originated the strongest E. purpurea extracts 

for the reduction in IL-1β production. Extracts prepared with water presented the lowest bioactivity to 

reduce this pro-inflammatory cytokine (around 1.3 times lower). Flowers exhibited a higher capacity to 

decrease the IL-1β production, followed by roots and leaves, throughout the three solvents. AE-F 

(250 µg/mL), EE-F (100 µg/mL), EE-R (200 µg/mL), DE-F (100 µg/mL), and DE-R (50 µg/mL) showed  
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Figure 4.5 | IL-6 (A), IL-1β (B), and TNF-α (C) percentages obtained in the presence of LPS-stimulated macrophages 

cultured in the presence of different concentrations of the E. purpurea extracts and clinically used anti-inflammatory drugs 

(dexamethasone, diclofenac, salicylic acid, and celecoxib, 10 µM) for 24 h of culture. The dotted line represents the maximum 

levels of cytokines’ production for the positive control (LPS-stimulated macrophages without treatment). Statistically significant 

differences are * (p < 0.0492), ** (p < 0.0090), *** (p < 0.0010), **** (p < 0.0001) in comparison to the positive control 

(LPS-stimulated macrophages without treatment) for each different tested extracted. CTL: control; F: flowers; L: leaves; R: 

roots; AE: aqueous extracts; EE: ethanolic extracts; DE: dichloromethanolic extracts. 
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a significant reduction in IL-1β production (54.9 ± 5.6%, 58.3 ± 3.5%, 63.3 ± 4.2%, 72.7 ± 15.0%, and 

55.2 ± 1.7%, respectively), having a stronger anti-inflammatory activity than the anti-inflammatory drugs 

used as controls. EE-L (25 µg/mL) exhibited similar bioactivity in comparison with controls. With a similar 

or lower bioactivity than the clinical controls, AE-L (250 µg/mL), AE-R (250 µg/mL), EE-L (25 µg/mL), 

DE-L (39 µg/mL) reduced the IL-1β production, respectively, in 23.7 ± 4.5%, 26.4 ± 8.4%, 31.8 ± 2.0% 

and 30.0 ± 14.6%. Analyzing all the E. purpurea extracts, the reduction in IL-1β production was more 

pronounced with DE-F, followed by EE-R, EE-F, DE-R ≈ AE-F, EE-L ≈ DE-L, and AE-R ≈ AE-L. Surprisingly, 

the levels of IL-1β were considerably enhanced in the presence of EE-L in the highest tested concentration 

(200 µg/mL, 157.4 ± 21.5%, data not presented in Figure 4.5B). An increase in IL-1β amount with 

extract concentration was also observed in the EE-F (200 µg/mL, 33.6 ± 1.5%) and DE-R (100 µg/mL, 

62.7 ± 0.6%). 

Dexamethasone (10 µM) was the most efficient control in the reduction in TNF-α production 

(48.1 ± 2.2%; Figure 4.5C). However, in this study, diclofenac (10 µM), salicylic acid (10 µM), and 

celecoxib (10 µM) did not show significant ability to reduce the TNF-α concentration in the culture 

medium, presenting a reduction in the TNF-α production of 15.9 ± 10.6%, 22.2 ± 5.1% and 19.9 ± 6.7%, 

respectively. Conversely, the majority of E. purpurea extracts were able to significantly reduce TNF-α 

production. Only EE-R and DE-L were not significantly capable of reducing this pro-inflammatory cytokine 

at any tested concentration. In this case, water produced more powerful E. purpurea extracts. Their 

bioactivity was approximately 1.3 times better than EtOH and DCM, which exhibited a comparable 

reduction in TNF-α. There is no tendency for the highest reduction in TNF-α production related to the 

organ of the plant. AE-F (250 µg/mL) was the most powerful extract in the reduction in TNF-α (55.3 ± 

4.5%), being the activity of this extract comparable with dexamethasone. At the same concentration, AE-

R and AE-L also demonstrated the ability to significantly reduce TNF-α amount in 35.3 ± 11.6% and 

22.7 ± 4.0%, respectively. EE-L (100 µg/mL) and EE-F (100 µg/mL) had the ability to decrease the TNF-

α production in 34.9 ± 12.0% and 29.2 ± 9.9%, respectively. DE-R (100 µg/mL) and DE-F (100 µg/mL) 

led to a reduction in TNF-α production in 28.8 ± 2.9% and 23.5 ± 4.0%, respectively. Analyzing all the E. 

purpurea extracts, the reduction in IL-1β production was more pronounced with AE-F, followed by AE-R ≈ 

EE-L, EE-F ≈ DE-R, DE-F ≈ AE-L, EE-R, and DE-L. The levels of TNF-α were considerably enhanced in the 

presence of DE-F in the highest tested concentration (200 µg/mL, 153.4 ± 20.3%, data not presented in 

Figure 4.5C). An increase in TNF-α amount with extracts concentration was also observed in EE-L 

(200 µg/mL, 102.1 ± 13.8%) and EE-F (200 µg/mL, 79.4 ± 7.7%). 
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4.3.5. Effect of E. purpurea extracts on ROS/RNS generation 

4.3.5.1. Non-stimulated macrophages 

As AE were the only extracts able to stimulate macrophages to produce pro-inflammatory cytokines, 

the intracellular levels of ROS/RNS and O2
•– production in the presence of these extracts were investigated 

(Figure 4.6 and Supplementary Figure S4.9). Non-stimulated macrophages (0 µg/mL, negative 

control) produced basal quantities of ROS and superoxide (Figure 4.6A). Intracellular levels of ROS/RNS 

were not significantly increased with the incubation of non-stimulated macrophages with AE at 50 or 

200 µg/mL (Figure 4.6B). On the other hand, intracellular O2
•– levels were significantly increased in 

the presence of AE. AE-L (200 µg/mL) demonstrated a higher pro-inflammatory activity in the generation 

of O2
•–, achieving the values obtained for the inflammatory state of LPS-stimulated macrophages (Figure 

4.6C). AE-R at the lowest concentration (50 µg/mL) showed similar pro-inflammatory activity to AE-F at 

200 µg/mL. Conversely to AE-R, AE-F and AE-L presented a concentration-dependent pro-inflammatory 

activity. 

 

4.3.5.2. LPS-stimulated macrophages 

The reduction in intracellular levels of ROS/RNS and O2
•– in LPS-stimulated macrophages 

incubated with E. purpurea extracts at two different concentrations were evaluated (Figure 4.7 and 

Supplementary Figures S4.10 – S4.12). As we previously mentioned, non-stimulated macrophages 

produced a basal amount of intracellular ROS and O2
•– (Figure 4.6), which was significantly increased 

by LPS-stimulation of the cells (Figure 4.7A). 

The intracellular levels of ROS/RNS were only drastically reduced by DE at all tested 

concentrations, and the EE-F at 200 µg/mL, reaching similar or inferior levels to the non-stimulated 

macrophages (Figure 4.7B). All AE, EE-L, and EE-R did not have the capacity to decrease the ROS/RNS 

generation. Within the DE, flowers were more powerful in the ROS/RNS reduction, followed by roots and 

leaves. Analyzing all the E. purpurea extracts, DE-F demonstrated the most potent bioactivity, followed by 

DE-R, DE-L, EE-F, EE-L, AE-F ≈ AE-R, EE-R, and AE-L. 

The intracellular levels of O2
•– were drastically decreased in the presence of all E. purpurea extracts, 

reaching similar or inferior levels to non-stimulated macrophages, except EE-R (Figure 4.7C). DCM 

produced stronger extracts to prevent the O2
•– generation, followed by water and EtOH. No tendency 

regarding the organ of the plant was noticed between the different solvents. DE-F presented a comparable 

reduction in O2
•– generation to DE-R, followed by DE-L, at the two tested concentrations. EE-L, at 

50 µg/mL, showed to be more promising extracts for this bioactivity than EE-F (200 µg/mL). AE-R, AE-L, 
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Figure 4.6 | Intracellular ROS/RNS (green) and O2
•– (red) production in non-stimulated macrophages (nucleus in blue) in 

the absence (0 µg/mL) and in the presence of aqueous extracts (AE, 200 µg/mL) obtained from E. purpurea flowers (F), 

leaves (L) and roots (R) cultured for 24 h (A). Fluorescence intensity of ROS/RNS (B) and O2
•– (C) was measured using ImageJ 

software. Non-stimulated macrophages produced a basal amount of ROS/RNS and O2
•– (grey dashed line, negative control) 

and LPS-stimulated macrophages produced a higher amount of ROS/RNS and O2
•– (red dotted line, positive control). 

Statistically significant differences are * (p < 0.0232), *** (p < 0.0010), and **** (p < 0.0001) in comparison with the negative 

control (non-stimulated macrophages without treatment) for each different tested extract. 
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Figure 4.7 | Intracellular ROS/RNS (green) and O2
•– (red) production in LPS-stimulated macrophages (nucleus in blue) in 

the absence (0 µg/mL) or in the presence of dichloromethanolic extracts (DE) obtained from E. purpurea flowers (F), leaves 

(L) and roots (R) cultured for 24 h (A). Fluorescence intensity for ROS/RNS (B) and O2
•– (C) was measured using ImageJ 

software. Non-stimulated macrophages produced a small amount of ROS/RNS and O2
•– (grey dashed line, negative control) 

and LPS-stimulated macrophages produced a higher amount of ROS/RNS and O2
•– (red dotted line, positive control). 

Statistically significant differences are β (p < 0.0047), and α (p < 0.0001) in comparison to the positive control (LPS-stimulated 

control without treatment) for each different tested extract. 
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and AE-F were more efficient in the reduction in O2
•– generation at 50 µg/mL than at higher 

concentrations. Comparing all E. purpurea extracts, DE-F, DE-R, and DE-L were the most robust extracts, 

followed by AE-R, EE-L, AE-L, AE-F, EE-F, and EE-R. 

 

4.4. DISCUSSION 

Plants produce a large amount of secondary metabolites with different bioactivities and therapeutic 

value in the clinic [54]. Particularly, E. purpurea is traditionally known due to its immunomodulatory 

properties. Its extracts have been prepared using mainly hydroethanolic solutions [24,28,29,55–60] or 

water [29,32,61]. Few studies reported the isolation of compounds where the starting solvent was 

methanol [62,63] or n-hexane [64,65]. Moreover, most of the studies used maceration to extract the 

bioactive compounds [24,29,56,60]. Soxhlet apparatus [55,64,65], stirring [32], and reflux [27,28] were 

also reported. As E. purpurea presents several compounds at different concentrations in the different 

organs of the plant [66], it was hypothesized that the organic solvent DCM could recover more 

hydrophobic compounds, which could also exhibit stronger bioactivity. Water, EtOH, and DCM were used 

as solvents to obtain extracts with different compositions for the immunomodulatory activity assays.  

The major disadvantages of the classical extraction methods are (i) the huge time consumption, 

(ii) the need for large volumes of solvent, and (iii) the use of high temperatures [67]. The ASE is an 

excellent extraction technique that overcomes the previous issues, working as a classical soxhlet 

apparatus. The fast extraction time (12 – 30 min), the reduced solvent consumption (15 – 50 mL), the 

low sample amount (2 – 20 g), the controlled extraction temperature and pressure, and the high 

extraction yields, make it a new and innovative green extraction technique that ensures excellent 

reproducibility [67]. Moreover, as the solvent volume is significantly lower compared to the classical 

extraction techniques, the time, energy, and water consumption required to evaporate the solvent, is 

considerably reduced. Hence, six E. purpurea extracts from the different organs of the plant – flowers, 

leaves, and roots – were prepared using ASE with EtOH or DCM as an extraction solvent. As water has 

low volatility, the AE obtained from flowers, leaves, or roots were prepared under stirring at RT. High 

temperatures were avoided, to prevent possible degradation of the bioactive compounds present in the 

extracts. 

Water, being a polar solvent, had the highest extraction yield, and its extracts were mainly 

composed of phenolic/carboxylic acids (Figure 4.1 and Table 4.1). Some alkylamides were also 

present in the AE. EtOH also promoted high extraction yields, with rich content of phenolic/carboxylic 

acids and some alkylamides. DCM, being less polar than water and EtOH, recovered a higher amount of 
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alkylamides and a low amount of phenolic/carboxylic acids. In fact, phenolic/carboxylic acids are 

hydrophilic compounds, while alkylamides presented in this kind of extracts are described as lipophilic 

compounds [42,44,68]. Therefore, these results are in agreement with the literature. Phenolic/carboxylic 

acids are predominantly located in aerial parts (flowers and leaves) [66,69]. Alkylamides are concentrated 

in roots [48], but, in this study, we detected that a comparable number was found in roots and flowers 

of E. purpurea. Binns et al. also obtained a similar number of alkylamides in roots (14) and aerial parts 

(15) for young E. purpurea (≤ 1 year) [66]. Nevertheless, we are aware that different levels and/or types 

of these compounds should be observed for each different E. purpurea extract. Overall, this study shows 

the most extensive and comprehensive list of phenolic/carboxylic acids and alkylamides present in 

various E. purpurea extracts. 

The extraction yield and the number of phenolic/carboxylic acids and alkylamides identified were 

significantly influenced by the polarity of the solvent, as well as the plant’s organ used. Therefore, the 

nine E. purpurea extracts presented different bioactive compounds (Table 4.1). Similar to the previous 

literature, the LC-HRMS results indicate that the phenolic/carboxylic acids, due to their high polarity, 

eluted first under reversed-phase conditions, while alkylamides, which are less polar, eluted later [42,44]. 

The MS/MS spectra of the [M – H]- precursor ions of phenolic/carboxylic acids exhibited two main peaks, 

one for the deprotonated molecular ion and another for a proton-bound dimer of this compound [42,44]. 

The four phenolic/carboxylic acids compounds described in E. purpurea preparations, including caftaric 

acid, chlorogenic acid, caffeic acid, and chicoric acid, were found in the nine E. purpurea extracts herein 

prepared [44,45,70]. None of the extracts presented echinacoside and cynarin, being consistent with 

results obtained by Binns et al. for young E. purpurea (≤ 1 year) [66]. Other acids and phenolic/carboxylic 

acids, such as malic acid, vanillic acid, protocatechuic acid, quinic acid, vanillin, benzoic acid, p-coumaric 

acid, rutin, and quercetin were identified in the different E. purpurea extracts, according to the literature 

[31,62,71–75]. The MS/MS spectra of the [M + H]+  precursor ions of alkylamides showed that the major 

sites of fragmentation in alkylamides are the C – N bounds of the amide functional group. This generates 

fragments corresponding to the loss of the alkyl group attached to the nitrogen and the loss of the entire 

amine portion of the molecule [42,44]. Herein, based on MS/MS spectra, it is possible to distinguish 

between the two types of alkylamides – isobutylamides and 2-methylbutylamides – present in E. purpurea 

extracts [42]. In the case of isobutylamides, the fragments observed in the MS/MS spectrum correspond 

to a loss of the isobutyl group (–56 u), the isobutylamide group (–73 u), and the amide portion (– 101 u) 

[42,44]. In the case of 2-methylbutylamides, the fragments corresponding to a loss of the 2-methylbutyl 

group (–70 u), the 2-methylbutyl amine (–87 u), and the amide portion (– 115 u) are detected in the 
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MS/MS spectrum [42,44]. The fragments obtained from the cleavage of the C – C bonds of the main 

carbon chain, composed of many sites of unsaturation, are also frequently recognized in the MS/MS 

spectrum of alkylamides [42,44]. Many of the alkylamides are isomeric, and, consequently, coelution of 

structurally similar alkylamides is common. Therefore, its identification could be a challenge, since mass 

data does not indicate the stereochemistry or bond position. However, it has been established previously 

that the E isomer elutes first than the Z isomer [47]. For instance, undeca-2E,4Z-diene-8,10-diynoic acid 

isobutylamide eluted at 20.2 min, and undeca-2Z,4E-diene-8,10-diynoic acid isobutylamide appeared at 

20.5 min. Another alkylamide isomer, dodeca-2E,4Z-diene-8,10-diynoic acid isobutylamide (tR = 20.7 min) 

and dodeca-2Z,4E-diene-8,10-diynoic acid isobutylamide (tR = 20.9 min) showed similar behavior 

(Supplementary Table S4.3). Nevertheless, the unequivocal identification of phenolic/carboxylic acids 

and alkylamides requires isolation of the individual compounds, followed by several purification steps, 

and elucidation of its structure by NMR analysis. The assignment of the configuration of the double bounds 

is not possible with the present techniques, and the reported stereochemistry of the identified alkylamides 

is, therefore, only tentative. The elution sequence of the alkylamides is predominantly influenced by the 

chain length and the number of double and triple bonds [48]. For example, undeca-2E,4Z-diene-8,10-

diynoic acid isobutylamide elutes first (tR = 20.2 min, C15H19NO) than dodeca-2E,4Z-diene-8,10-diynoic 

acid isobutylamide (tR = 20.7 min, C16H21NO) (Supplementary Table S4.3). On the other hand, undeca-

2E/Z-ene-8,10-diynoic acid isobutylamide (tR = 20.4 min, 1 double bound and 2 triple bounds) elutes 

before than dodeca-2E,4E,8Z,10E/Z-tetraenoic acid isobutylamide (tR = 21.5 min, 4 double bound), 

followed by dodeca-2E,4E-dienoic acid isobutylamide (tR = 21.9 min, 2 double bound) (Supplementary 

Table S4.3). Polyacetylenic alkylamides (undeca-2E,4Z-diene-8,10-diynoic acid isobutylamide, undeca-

2Z,4E-diene-8,10-diynoic acid isobutylamide, undeca-2E-ene-8,10-diynoic acid isobutylamide, dodeca-

2Z,4E-diene-8,10-diynoic acid isobutylamide, dodeca-2E,4Z-diene-8,10-diynoic acid isobutylamide, 

dodeca-2Z,4E-diene-8, 10-diynoic acid isobutylamide, dodeca-2E,4Z-diene-8,10-diynoic acid 2-

methylbutylamide, dodeca-2E-ene-8,10-diynoic acid isobutylamide, dodeca-2E,4E,10E-triene-8-ynoic acid 

isobutylamide, trideca-2E,7Z-diene-10,12-diynoic acid isobutylamide, trideca-2E,7Z-diene-8,10-diynoic 

acid isobutylamide) eluted first, followed by the polyenic tetraenes and dienes alkylamides (dodeca-

2E,4E,8Z,10E/Z-tetraenoic acid isobutylamide, dodeca-2E,4E,8Z-trienoic acid isobutylamide, and 

dodeca-2E,4E-dienoic acid isobutylamide), which is in agreement with previous data from the literature 

[43,44]. 

Macrophages were used to evaluate the immunomodulatory activity of the different extracts [76]. 

These cells have a crucial role in the inflammatory process and the defense against infectious pathogens, 
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regulating the secretion of pro-inflammatory cytokines and the production of ROS/RNS. However, a 

prolonged overproduction of these inflammatory mediators is observed in a chronic inflammatory 

response, leading to compromised tissue functions [77,78]. In contrast, in immunodeficiency diseases, 

the activation of the immune system is required to eliminate infectious pathogens [79]. 

In the first approach of this study, it was evaluated the effect of the different E. purpurea extracts 

on the enhancement of the production of inflammatory cytokines and ROS/RNS by non-stimulated 

macrophages. In the second approach, it was investigated the potential of the E. purpurea extracts to 

reduce cytokines and ROS/RNS generation under an inflammatory scenario. As in the clinic, usually, an 

anti-inflammatory drug is only prescribed if patients have an inflammatory condition established, a 

pretreatment with the extracts was not performed. Indeed, the main goal of this study was not to evaluate 

their protective role in e.g., avoiding an inflammatory cellular response, but to confirm that the developed 

extracts can be used as effective anti-inflammatory formulations. Additionally, plant extracts may affect 

the LPS/TLR4 signalling if added as a pretreatment [40,41]. Consequently, the results obtained from 

assays based on the pretreatment regimen cannot be directly related to the anti-inflammatory activity of 

the extracts. Therefore, this experimental design leads to more reliable and accurate results about the 

anti-inflammatory activity of the extracts. For both studies, cytocompatibility assays were performed to 

investigate the cytotoxicity of the E. purpurea extracts at different concentrations. Generally, the E. 

purpurea extracts were cytocompatible with non-stimulated (Figure 4.2) and LPS-stimulated 

macrophages (Figure 4.3). Moreover, a macrophage like-phenotype was observed when the cells were 

cultured with the E. purpurea extracts for both non-stimulated (Supplementary Figures S4.1 – S4.4) 

and LPS-stimulated macrophages (Supplementary Figures S4.1 and S4.5 – S4.7). Indeed, only DE-

R in the highest tested concentration significantly affected the macrophages’ metabolic activity, DNA 

concentration, protein synthesis, and morphology, demonstrating its cytotoxicity when present in high 

amounts.  

AE showed the ability to induce the production of the pro-inflammatory cytokines IL-1β, IL-6, and 

TNF-α by non-stimulated macrophages (Figure 4.4). Furthermore, AE also promoted the intracellular 

generation of O2
•– (Figure 4.6 and Supplementary Figure S4.9), evidencing their immunostimulatory 

capacity of macrophages. AE-F was the most effective immunostimulatory extract. In fact, AE-F comprises 

more phenolic/carboxylic acids and alkylamides (7 phenolic/carboxylic acids and 14 alkylamides) than 

AE-R (3 phenolic/carboxylic acids and 16 alkylamides) or AE-L (only composed of phenolic/carboxylic 

acids). Therefore, it is possible to hypothesize that a synergistic effect between bioactive compounds is 

at the origin of this strong immunostimulatory activity, since lower immunostimulatory activity was 
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observed in AE-L. This is also corroborated by the absence of immunostimulatory activity of DE-R, the 

richest alkylamide extract in this study (Supplementary Figure S4.9). Moreover, water promoted the 

recovery of other compounds besides the studied ones, such as polysaccharides, which can also have 

an influence in the immunostimulatory activity here demonstrated [80]. Consequently, these promising 

results suggest the application of AE, mainly AE-F, as a potential formulation to use in immunodeficiency 

disorders, where the stimulation of the immune system is insufficient. 

Our results also indicate that all nine E. purpurea extracts drastically reduced IL-6 production by 

LPS-stimulated macrophages (Figure 4.5A). The DE extracts enriched in alkylamides as described by 

LC-HRMS were the most effective in the reduction in IL-6 production. Despite DE-R and DE-F containing 

a higher number of alkylamides, DE-L with only 8 alkylamides presented a stronger anti-inflammatory 

activity. Consequently, the set of alkylamides presented in this extract, including dodeca-2E,4Z-diene-

8,10-diynoic acid isobutylamide, dodeca-2E,4E,8Z,10E/Z-tetraenoic acid isobutylamide, and dodeca-

2E,4E-dienoic acid isobutylamide, with recognized  anti-inflammatory activity [81], can be responsible for 

the highest effect of this extract. IL-1β production was also significantly reduced in the presence of all E. 

purpurea extracts (Figure 4.5B). In this case, DE-F and EE-R were the most potent extracts in decreasing 

IL-1β production. These extracts showed having similar composition, being EE-R enhanced with 

phenolic/carboxylic acids. Interestingly, DE-R, with a similar number of identified alkylamides and 

phenols/acids to the DE-F, showed 1.3 times lower activity. Thus, a specific alkylamide or 

phenolic/carboxylic acids in specific amounts should be directly related to the reduction in the IL-1β 

production. Finally, TNF-α production was efficiently inhibited by seven E. purpurea extracts (Figure 5C). 

AE-F and AE-R were the most effective, while DE showed an intermediate bioactivity. Therefore, a 

synergetic effect between alkylamides and phenolic/carboxylic acids may also be the reason for the 

reduction in TNF-α production. 

There are several studies reporting the time-dependent gene expression and cytokine secretion 

after LPS stimulation (e.g., 0–30 h) on immune cells (e.g., monocytes and macrophages) [82–85]. 

Particularly, Chanput et al. reported that the exposure of THP-1 macrophages to LPS strongly induces IL-

6, IL-1β, and TNF-α gene expression and protein secretion over time [82]. Moreover, they also 

demonstrate that the onset of up-regulation of cytokine genes is within 2 h of LPS-stimulation and the 

cytokine secretion is approximately 1 h after [82]. In addition, the relative order in abundance of cytokines 

is deeply correlated with the order of their responsive genes, being TNF-α production induced faster, 

followed by IL-1β and then IL-6 [82]. Indeed, although IL-6, IL-1β, and TNF-α are triggered by the same 

transcription factor [3], the kinetics of gene transcription and transduction does not occur at the same 
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time, being the induction of TNF-α mRNA faster than the IL-6 mRNA [83]. Similar to in vitro studies, in a 

human experimental systemic inflammatory model, where a standard reference of Escherichia coli 

endotoxin was injected, TNF-α levels showed a peak in plasma within 90 min after LPS administration 

[84,85], whereas IL-6 peak appeared after 120 min [85]. In another study, IL-1β concentration peak was 

observed after TNF-α, but before IL-6 [86]. These observations are correlated  with the pattern of cytokine 

levels found in here in this study after the addition of E. purpurea extracts. The LPS-stimulated 

macrophages produced and released TNF-α and IL-1β within 2 h. At the moment that the E. purpurea 

extracts were added (2 h after LPS addition), macrophages started the production of IL-6. Therefore, the 

inhibition of this cytokine was more pronounced than the others, since its cascade was immediately 

inhibited. Indeed, as TNF-α and IL-1β inflammatory cascades initiated earlier, E. purpurea extracts will 

present a minor effect on their inhibition. Nevertheless, E. purpurea extracts were able to significantly 

decrease the production of these pro-inflammatory cytokines, reaching similar or lower amounts than the 

well-known tested NSAIDs (diclofenac, salicylic acid, and/or celecoxib) and the strong corticosteroid 

(dexamethasone). Thus, formulations of E. purpurea extracts can be a promising therapeutic strategy for 

the reduction in key cytokines in the inflammatory process. Unexpectedly, the secretion of IL-1β was 

significantly enhanced in the presence of EE-L (200 μg/mL). An equivalent behavior was observed for 

DE-F (200 μg/mL) for TNF-α. These results suggest that there is a specific amount of extract that could, 

in fact, exert its anti-inflammatory activity. Upon a threshold of concentration, the extracts are no longer 

effective, since EE-L and DE-F did not promote cytokine production in non-stimulated macrophages 

(Supplementary Figure S4.8). Moreover, EE-F, EE-L, and DE-R showed an increase in IL-1β and TNF-

α amounts with the increase in concentration, corroborating this hypothesis (Figure 4.5). 

E. purpurea extracts showed to be strong and promising antioxidant formulations, able to protect 

DNA and cell membranes since the intracellular generation of ROS/RNS, and specifically O2
•–, was 

suppressed under oxidative stress conditions (Figure 4.7 and Supplementary Figures S4.10 – 

S4.12). Moreover, DE were able to strongly reduce both ROS/RNS and O2
•– generation in LPS-stimulated 

macrophages, reaching considerably inferior levels than non-stimulated macrophages. As previously 

mentioned, DE are alkylamide-enriched extracts, which may be in the origin of the observed bioactivity. 

Furthermore, all the E. purpurea extracts demonstrated a capacity to strongly reduce the intracellular O2
•– 

generation. This is a very promising result, because O2
•– can rapidly combine with NO to form RNS, such 

as peroxynitrite. The RNS, in turn, induces nitrosative stress, which accelerates the pro-inflammatory 

burden of ROS [87]. Therefore, the initial neutralization of the O2
•–, will mitigate the ROS production, and, 

consequently, the protection of DNA, lipids, and other biomolecules can be observed. 



CHAPTER 4| Echinacea purpurea extracts modulate the production of inflammatory mediators 

350 

As expected, DCM, with the lowest extraction yield, showed to be an excellent solvent to obtain 

potent extracts against the inflammatory process. Moreover, DE was enriched in alkylamides which may 

be the main active principle of E. purpurea extracts in the anti-inflammatory activity. Taking all the results 

together, EE-F, DE-F, and DE-R demonstrated to be promising high-quality anti-inflammatory extracts. 

 

4.5. CONCLUSIONS 

In this work, we demonstrated that E. purpurea extracts can modulate macrophage behavior. AE 

presented a dual activity, being capable of a pro- and anti-inflammatory/oxidant extract. The synergistic 

effect between bioactive compounds was proposed for immunostimulatory activity. AE-F, composed of 

phenolic/carboxylic acids and alkylamides, presented the highest bioactivity than AE-L, only containing 

phenolic/carboxylic acids, which suggests that different interactions between the compounds are 

responsible for the immunostimulatory activity. In addition, DE, alkylamide-enriched extracts, drastically 

reduced the main pro-inflammatory cytokines and ROS/RNS production, allowing for the suppression of 

the inflammatory response. Moreover, the E. purpurea extracts showed generally more robust anti-

inflammatory activity than the conventional NSAIDs and corticosteroid used in the clinic. Therefore, E. 

purpurea extracts can be used to isolate new drugs to treat diseases related to an overproduction of 

inflammatory mediators, such as auto-immune diseases, as well as diseases where a boost of the immune 

system and inflammatory response is required, such as immunodeficiency diseases and cancer. Further 

fractionation of E. purpurea extracts is required to specifically determine which class of compounds 

present in the extracts may really exert the pro- and anti-inflammatory activity, as well as to prove the 

synergistic effect proposed here. Additionally, the determination of the levels of specific compounds 

should be calculated for the E. purpurea extracts that exhibited the highest bioactivity. 
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4.8. SUPPLEMENTARY MATERIAL 

 

Supplementary Table S4.1 | Characterization of caftaric acid, chlorogenic acid, caffeic acid, cynarin, echinacoside, chicoric acid, undeca-2E/Z-ene-8,10-diynoic acid isobutylamide, dodeca-

2E-ene-8,10-diynoic acid isobutylamide, dodeca-2E,4E-dienoic acid isobutylamide, and dodeca-2E,4E,8Z,10E/Z-tetraenoic acid isobutylamide by LC-HRMS. 

Standard compound Chemical structure Formula Exact mass 

Theoretical 

precursor 

ion (m/z) 

Precursor 

ion (m/z) 

tR 

(min) 
Product ions (m/z) 

Phenolic/carboxylic acids 

Caftaric acid 

 

C13H12O9 312.04813196 311.0403 
311.0417 

[M–H]– 
4.8 

179.0361 (100), 149.0100 (63), 

135.0458 (35) 

Chlorogenic acid 

 

C16H18O9 354.09508215 353.0873 
353.0880 

[M–H]– 
6.4 

191.0565 (100), 192.0599 (11), 

353.0859 (5), 161.0240 (2), 179.0348 (1) 

Caffeic acid 

 

C9H8O4 180.04225873 179.0345 
179.0352 

[M–H]– 
7.3 

135.0453 (100), 179.0354 (25), 

136.0487 (13), 134.0372(9), 180.0384 

(5), 107.0510 (2) 

Cynarin 

 

C25H24O12 516.12677620 515.1190 
515.1181 

[M–H]– 
8.6 

353.0871 (100), 191.0561 (54), 

179.0350 (53), 515.1170 (41), 

354.0903 (20), 335.0753 (17), 516.1212 

(10), 135.0452 (5), 161.0252 (5), 

192.0598 (5), 173.0441 (5) 
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Echinacoside 

 

C35H46O20 786.25824385 785.2504 
785.2493 

[M–H]– 
9.3 

785.2508 (100), 786.2537 (38), 

161.0246 (22), 623.2174 (22), 787.2566 

(11), 624.2247 (8), 132.0218 (1), 

135.0458 (1) 

Chicoric acid 

 

C22H18O12 474.07982601 473.0720 
473.0717 

[M–H]– 
10.6 

149.0091 (100), 179.0343 (84), 

311.0396 (64), 293.0295 (22), 135.0448 

(8), 112.9864 (6) 

Alkylamides 

Undeca-2E/Z-ene-8,10-

diynoic acid 

isobutylamide 

 
 

 

C15H21NO 231.16231 232.1701 
232.1698 

[M+H]+ 
20.4 

57.0696 (100), 91.0541 (84), 79.0538 

(46), 41.0382 (45), 65.0383 (32), 

105.0698 (31), 115.0537 (23), 176.1068 

(3) 

Dodeca-2E-ene-8,10-

diynoic acid 

isobutylamide 
 

C16H23NO 245.17796 246.1858 
246.1855 

[M+H]+ 
20.8 

57.0696 (100), 79.0536 (57), 91.0541 

(39), 41.0381 (31), 105.0698

 (28), 67.0537 (26), 77.038 (21), 

81.0693 (20) 

Dodeca-

2E,4E,8Z,10E/Z-

tetraenoic acid 

isobutylamide 

 

 

C16H25NO 247.19361 248.2014 
248.2014 

[M+H]+ 
21.2 

57.0695 (100), 67.054 (44), 68.062 (34), 

81.0692 (12), 41.0382 (12), 

152.1065 (11), 79.0541 (9), 66.0463 (9), 

167.1297 (4), 100.0763 (3) 

Dodeca-2E,4E-dienoic 

acid isobutylamide 
 

C16H29NO 251.22491 252.2327 
252.2317 

[M+H]+ 
21.9 

57.0695 (100), 55.0538 (77), 81.0328 

(52), 67.0539 (47), 69.0697 (45), 

81.0691 (37), 95.0851 (22), 196.1692 

(10) 
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Supplementary Table S4.2 | Phenolic/carboxylic acids compounds tentatively identified in E. purpurea extracts by LC-HRMS (negative mode). 

Proposed phenolic/acid 

compound 

Precursor ion 

[M–H]– (m/z) 

tR 

(min) 
Product ions (m/z) 1 

Aqueous Extracts obtained from Flowers 

Malic acid 133.0154 1.4 115.0040 (100), 71.0141 (72), 133.0149 (69), 72.9931 (27), 89.0241 (19), 43.0195 (7) 

Vanillic acid 167.0357 3.6 152.0131 (100), 167.0350 (84), 123.0467 (36), 108.0241 (28) 

Protocatechuic acid 153.0197 4.2 109.0298 (100), 153.0207 (26), 110.0322 (9), 81.0346 (7), 154.0885 (5), 108.0225 (3) 

Caftaric acid 311.0407 4.8 179.0363 (100), 149.0102 (53), 135.0463 (27) 

p-coumaric acid derivative 163.0410 6.4 119.0504 (100), 163.0401 (14), 120.0551 (8), 107.0134 (3), 146.0282 (2), 121.0298 (2) 

Benzoic acid 121.0297 7.7 121.0296 (100), 122.0331 (14), 92.0258 (2), 120.0225 (2), 93.0349 (1) 

p-coumaric acid 163.0409 9.6 119.0507 (100), 163.0400 (14), 120.0538 (7), 164.0437 (2), 164.0729 (2), 117.0342 (1), 93.0354 (1) 

Chicoric acid 473.0729 10.6 149.0106 (100), 179.0357 (89), 311.0419 (46), 293.0321 (23), 135.0454 (10) 

Aqueous Extracts obtained from Leaves 

Malic acid 133.0145 1.4 115.0038 (100), 71.0140 (69), 133.0143 (50), 72.9931 (25), 89.0241 (17) 

Vanillic acid 167.0355 3.6 167.0361 (100), 123.0458 (78), 108.0214 (9), 152.0133 (4) 

Protocatechuic acid 153.0203 4.2 109.0298 (100), 153.0192 (19), 108.0226 (19), 96.9610 (9), 110.0317 (9), 152.0298 (5), 123.0454 (5), 81.0346(4) 

Caftaric acid 311.0414 4.9 179.0361 (100), 149.0100 (63), 135.0457 (47) 

p-coumaric acid derivative 163.0407 6.4 119.0505 (100), 163.0407 (17), 120.0532 (9), 119.45 (2), 93.0360 (2) 

Benzoic acid 121.0294 7.7 121.0297 (100), 122.0343 (22), 81.0363 (4), 108.0233 (2), 120.5480 (2) 

p-coumaric acid 163.0407 9.6 119.0505 (100), 163.0410 (14), 120.0537 (12), 147.0462 (3), 164.0444 (3) 

Chicoric acid 473.0731 10.6 149.0101 (100), 179.036 (85), 311.042 (68), 293.0307 (32), 135.0461 (12), 112.9881 (12) 

Aqueous Extracts obtained from Roots 

Malic acid 133.0149 1.4 115.0036 (100), 71.0139 (73), 133.0146 (40), 72.9930 (25), 89.0244 (17) 

p-coumaric acid derivative 163.0410 6.4 119.0504 (100), 120.0523 (13), 163.0436 (9) 

Benzoic acid 121.0292 7.8 121.0306 (100), 108.0224 (16), 122.0352 (10), 93.0341 (7) 

Chicoric acid 473.0725 10.6 149.0094 (100), 311.0415 (84), 179.0357 (80), 293.0312 (26), 135.0453 (15), 112.9883 (10) 

Ethanolic Extracts obtained from Flowers 

Malic acid 133.0143 1.3 115.0039 (100), 71.0139 (85), 133.0149 (53), 72.9929 (28), 43.0188 (11), 89.0238 (10) 

Vanillic acid 167.0350 3.6 167.0355 (100), 123.0444 (60), 108.0203 (15), 152.0124 (9) 
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Protocatechuic acid 153.0199 4.2 109.0297 (100), 153.0202 (44), 108.0219 (12), 110.0333 (11), 154.0229 (3) 

Caftaric acid 311.0409 4.8 179.0354 (100), 149.0094 (53), 135.0452 (40) 

Chlorogenic acid 353.0868 6.4 191.0564 (100), 192.0595 (9), 161.0243 (3), 193.0612 (2), 353.0861 (1), 179.0335 (1) 

Caffeic acid 179.0352 7.3 135.0453 (100), 179.0353 (28), 136.0485 (12), 134.0374 (9), 180.0394 (5), 107.0503 (1) 

Benzoic acid 121.0289 7.7 121.0290 (100), 122.0318 (9), 120.0202 (2), 92.0245 (1) 

p-coumaric acid 163.0404 9.6 119.0504 (100), 163.0407 (17), 120.0544 (14), 162.8385 (7), 117.0362 (3) 

Chicoric acid 473.0731 10.6 149.0092 (100), 179.0352 (71), 311.0402 (43), 293.0292 (21), 112.9875 (13), 135.0452 (11) 

Rutin 609.1451 10.8 609.1450 (100), 610.1469 (34), 300.0273 (25), 301.0343 (17), 611.1503 (7) 

Rutin derivative 609.1446 11.0 609.1445 (100), 610.1480 (33), 300.0272 (23), 301.0345 (20), 611.1494 (8) 

Quercetin 301.0349 16.8 301.0340 (100), 151.0036 (36), 178.9980 (28), 302.0386 (16), 121.0291 (7) 

Ethanolic Extracts obtained from Leaves 

Malic acid 133.0143 1.4 115.0044 (100), 71.0138 (90), 72.9934 (40), 133.0130 (24), 89.0239 (8) 

Protocatechuic acid 153.0195 4.2 109.0299 (100), 123.0453 (74), 153.0189 (35), 153.0543 (20), 108.0187 (14), 110.032 (13) 

Caftaric acid 311.0400 4.9 179.0354 (100), 149.0094 (50), 135.0454 (31) 

Vanillin 151.0397 6.9 151.0414 (100), 109.0275 (21), 107.0502 (10), 108.4068 (8) 

Caffeic acid 179.0349 7.3 135.0453 (100), 179.0355 (36), 136.0483 (10), 134.0369 (6), 180.0384 (5), 107.0501 (1) 

Benzoic acid 121.0293 7.7 121.0287 (100), 122.0334 (8), 120.0232(5), 108.0246 (3) 

Chicoric acid 473.0706 10.6 179.0349 (100), 149.0089 (96), 311.0389 (84), 293.0294 (30), 112.9874 (9), 135.0447 (7) 

Rutin derivative 609.1458 11.0 609.1453 (100), 610.1492 (26) 300.0291 (21), 301.0344 (18), 611.1486 (9) 

Ethanolic Extracts obtained from Roots 

Malic acid 133.0146 1.3 115.0042 (100), 71.0139 (62), 133.0156 (35), 72.9928 (22), 89.0246 (10), 43.0195 (8) 

Caftaric acid 311.0419 4.9 179.0363 (100), 149.0105 (63), 135.0460 (23) 

Chlorogenic acid 353.0882 6.4 191.0568 (100), 192.0589 (9), 353.0877 (4), 161.0243 (3), 179.0363 (1) 

Quinic acid 191.0565 6.4 191.0566 (100), 102.9488 (16), 93.0336 (6) 

Caffeic acid 179.0356 7.3 135.0456 (100), 179.0355 (48), 136.0493 (12), 134.0377 (9), 180.0397 (2), 107.0514 (1) 

Benzoic acid 121.0296 7.7 121.0295 (100), 122.0330 (16), 108.0202 (6) 

p-coumaric acid 163.0399 9.6 119.0506 (100), 163.0416 (22), 162.8389 (18), 120.0542 (9) 

Chicoric acid 473.0716 10.6 149.0094 (100), 179.0351 (80), 311.0401 (57), 293.0300 (26), 135.0450 (10), 112.988 (8) 
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Dichloromethanolic Extracts obtained from Flowers 

Caffeic acid 179.0358 7.3 135.0447 (100), 179.0352 (68), 134.0397 (53), 180.9211 (24), 136.0509 (23) 

Benzoic acid 121.0295 7.7 121.0295 (100), 122.0323 (15), 108.0234 (5), 120.0219 (4), 93.0358 (3) 

Chicoric acid 473.0745 10.5 149.0106 (76), 179.0362 (58), 311.0409 (53) 

Dichloromethanolic Extracts obtained from Leaves 

Malic acid 133.0145 1.3 115.0038 (100), 133.0151 (76), 71.0134 (73), 43.0191 (30), 89.0219 (29), 72.9927 (21) 

Caftaric acid 311.0407 4.8 179.0350 (100), 149.0098 (80), 135.0442 (21) 

Caffeic acid 179.0358 7.3 135.0449 (100), 179.0357 (26), 134.0381 (9), 136.8699 (8) 

Benzoic acid 121.0292 7.7 121.0295 (100), 122.0330 (8), 108.0216 (5), 120.0237 (2), 121.2224 (2), 93.0341 (1) 

Chicoric acid 473.0714 10.6 179.0356 (100), 149.0097 (94), 311.0410 (41), 293.0328 (13), 135.045 (5) 

Dichloromethanolic Extracts obtained from Roots 

Malic acid 133.0140 1.3 115.0035 (100), 71.0139 (51), 133.014 (27), 72.9941(19), 89.0261 (15), 132.8685 (10) 

Vanillic acid derivative 167.0347 6.6 152.0117 (100), 167.0356 (27), 152.2865 (2), 152.1520 (2), 108.0218 (2) 

Caffeic acid 179.0351 7.3 135.0458 (100), 179.0352 (40), 134.0366 (5), 180.0359 (5), 107.0526 (4), 136.0465 (2) 

Benzoic acid 121.0290 7.7 121.0296 (100), 122.0325 (9), 93.0334 (3), 108.0223 (3), 120.0218 (2) 

p-coumaric acid 163.0403 9.5 119.0509 (100), 163.0405 (30), 162.8403 (18), 120.0524 (6) 

1 The MS2 data were obtained from the fragmentation of the [M–H]– precursor ion of phenolic/carboxylic acids compounds. Relative intensities of product ions are in parentheses. Smooth grey 

shaded corresponds to studied standards. 
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Supplementary Table S4.3 | Alkylamides compounds tentatively identified in E. purpurea extracts by LC-HRMS (positive mode). 

Proposed alkylamide compound 
Precursor ion 

[M+H]+  (m/z) 

tR 

(min) 
Product ions (m/z) 1 

Aqueous Extracts obtained from Flowers 

Dodeca-2E,4Z,10E-triene-8-ynoic acid 

isobutylamide 
246.1872 15.4 

57.0702 (100), 128.0627 (27), 93.0712 (4), 145.1034 (3), 74.0963 (3), 173.0890 (2), 119.0876 (1), 

190.5467 (0.1) 

Dodeca-2E,4Z,10Z-triene-8-ynoic acid 

isobutylamide 
246.1870 15.8 57.0702 (100), 128.0623 (26), 93.0710 (5), 173.0962 (2), 102.0913 (2), 119.0857 (1), 74.0384 (1) 

Dodeca-2E,4E,10E-triene-8-ynoic acid 

isobutylamide 
246.1860 20.1 57.0696 (100), 128.0618 (6), 119.0845 (2), 145.1025 (1), 74.0954 (1) 

Undeca-2E,4Z-diene-8,10-diynoic acid 

isobutylamide 
230.1551 20.2 

57.0697 (100), 128.0622 (29), 91.0544 (23), 116.0618 (10), 129.0687 (8), 103.0539 (4), 117.0674 (2), 

102.0910 (1), 74.0961 (1), 157.0652 (0.2), 174.0929 (0.1), 43.0541 (0.1) 

Undeca-2E/Z-ene-8,10-diynoic acid 

isobutylamide 
232.1705 20.4 

57.0698 (100), 91.0543 (58), 41.0383 (38), 79.0538 (31), 65.0382 (20), 115.0541 (19), 105.0701 (17), 

131.0843 (4), 74.0966 (0.8), 159.0816 (0.3), 176.1021 (0.3) 

Dodeca-2E,4Z-diene-8,10-diynoic acid 

isobutylamide 
244.1703 20.7 

57.0695 (100), 43.0538 (31), 128.0623 (28), 105.0695 (6), 117.0686 (5), 143.0827 (2), 102.0930 (1), 

39.0222 (1), 74.0944 (0.3) 

Dodeca-2E-ene-8,10-diynoic acid 

isobutylamide 
246.1857 20.9 

81.0697 (1), 145.1011 (1), 105.0689 (1), 57.0693 (1), 74.0961 (1), 91.0549 (1), 173.0961 (1), 79.0542 

(0.4), 67.0542 (0.3), 102.0553 (0.1), 190.1246 (0.2), 41.0365 (0), 77.0060 (0) 

Trideca-2E,7Z-diene-10,12-diynoic 

acid isobutylamide 
258.1861 20.9 

57.0697 (100), 117.0699 (43), 128.0618 (32), 103.0540 (12), 131.0846 (4), 43.0541 (3), 157.1002 (2), 

74.0969 (2), 202.1241 (0.4), 185.0984 (0.2) 

Trideca-2E,7Z-diene-10,12-diynoic 

acid 2-methylbutylamide 
272.2015 21.2 71.0846 (9), 157.1020 (9), 202.1231 (5) 

Dodeca-2E,4E,8Z,10E/Z-tetraenoic 

acid isobutylamide 
248.2031 21.2 

57.0696 (100), 67.0539 (72), 68.0616 (52), 152.1072 (33), 81.0692 (26), 79.0536 (20), 41.038 (18), 

66.0461 (17), 167.1307 (8), 100.0757 (6), 74.0967 (1), 147.1177 (1), 102.0909 (1), 168.1345 (1), 

121.1010 (0.3), 109.1007 (0.3), 175.1121 (0.2), 142.1233 (0.2), 128.1077 (0.2), 192.4037 (0) 

Dodeca-2E,4E,8Z-trienoic acid 

isobutylamide 
250.2169 21.5 57.0696 (100), 168.1361 (1), 102.0909 (1), 194.1562 (0.4), 74.0962 (0.3), 177.1294 (0.1) 

Dodeca-2E,4E,8Z,10E/Z-tetraenoic 

acid 2-methylbutylamide 
262.2170 21.5 71.0858 (100), 147.1124 (3), 116.1099 (3) 
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Dodeca-2E,4E-dienoic acid 

isobutylamide 
252.2323 22.0 

57.0694 (100), 67.0540 (50), 55.0538 (50), 81.0688 (36), 69.0696 (31), 81.032 (23), 43.0541 (15), 

95.0845 (11), 196.1707 (8), 154.1237 (2), 179.1433 (2), 168.1324 (2), 99.0653 (2), 74.0961 (1), 85.0643 

(1), 151.1499 (1), 139.0968 (1) 

Aqueous Extracts obtained from Roots 

Dodeca-2E,4Z,10E-triene-8-ynoic acid 

isobutylamide 
246.1857 15.3 57.0690 (100), 128.0614 (6), 119.0854 (2), 102.0923 (2), 93.0696 (1) 

Dodeca-2E,4Z,10Z-triene-8-ynoic acid 

isobutylamide 
246.1859 15.8 57.0693 (100), 128.0608 (9), 145.1005 (4), 93.0697 (3), 154.1243 (1) 

Dodeca-2E,4E,10Z-triene-8-ynoic acid 

isobutylamide 
246.1853 19.0 

57.0694 (100), 128.0618 (7), 119.0843 (2), 93.0700 (2), 190.1226 (1), 154.0629 (1), 145.1028 (1), 

102.0465 (1), 74.0936 (1) 

Dodeca-2Z,4E,10Z-triene-8-ynoic acid 

isobutylamide 
246.1857 19.4 

57.0697 (100), 128.0618 (15), 145.1013 (7), 173.0946 (2), 119.0884 (2), 102.0902 (2), 93.0610 (1), 

74.0978 (1) 

Undeca-2E,4Z-diene-8,10-diynoic acid 

isobutylamide 
230.1548 20.2 

57.0696 (100), 128.0619 (26), 91.054 (25), 116.0617 (10), 129.0687 (6), 103.0541 (3), 117.0650 (1), 

102.0896 (1), 74.0961 (1), 174.0910 (0.3), 157.0669 (0.3), 43.0536 (0.3) 

Undeca-2Z,4E-diene-8,10-diynoic acid 

isobutylamide 
230.1561 20.5 

57.0698 (100), 128.0623 (72), 91.0544 (49), 129.0691 (23), 103.0543 (7), 174.0909 (1), 157.0653 (1), 

74.0968 (1), 102.0905 (0.4), 202.1197 (0.1) 

Dodeca-2E,4Z-diene-8,10-diynoic acid 

isobutylamide 
244.1712 20.6 

57.0697 (100), 128.0621 (75), 91.0542 (20), 117.0701 (19), 105.0697 (17), 143.0857 (7), 39.0225 (4), 

154.0657 (2), 43.0536 (2), 188.1083 (1), 171.0819 (1), 102.0914 (1), 74.0963 (1), 216.1393 (0.1) 

Dodeca-2Z,4E-diene-8,10-diynoic acid 

isobutylamide 
244.1708 20.9 

57.0697 (100), 128.0621 (77), 105.0700 (33), 91.0542 (30), 117.0701 (26), 143.0859 (7), 39.0223 (5), 

43.054 (5), 188.1076 (1), 171.0812 (1), 74.0967 (1), 216.137 (0.2), 102.0906 (0.2), 202.1635 (0.1), 

154.1228 (0.1) 

Trideca-2E,7Z-diene-10,12-diynoic 

acid isobutylamide 
258.1856 21.0 43.0539 (100), 128.0621 (66), 117.0697 (21), 103.0539 (7), 57.0693 (7), 131.0800 (1), 74.0975 (0.4) 

Dodeca-2,4-diene-8,10-diynoic acid 2-

methylbutylamide 
258.1856 21.0 

71.0856 (64), 91.0540 (25),117.0697 (21), 105.0699 (20), 143.0857 (7), 57.0693 (7), 171.0806 (2), 

188.1071 (1), 116.1053 (1), 88.1117 (0.4), 29.0374 (0.2), 230.1451 (0.1), 168.1363 (0.1) 

Dodeca-2Z,4Z,10Z-triene-8-ynoic acid 

isobutylamide* 
246.1858 21.1 

57.0697 (100), 128.0621 (23), 145.1013 (6), 173.0953 (2), 119.0862 (2), 93.0690 (2), 102.0904 (1), 

74.0967 (1), 190.1215 (0.3) 

Dodeca-2E,4E,8Z,10E/Z-tetraenoic 

acid isobutylamide 
248.2023 21.2 

57.0698 (100), 67.0541 (66), 68.0619 (44), 81.0694 (22), 152.1072 (21), 41.0383 (16), 79.0537 (15), 

66.0462 (14), 167.1306 (5), 100.0756 (5), 102.091 (1), 74.0968 (1), 168.1348 (1), 147.1168 (0.3), 

121.1018 (0.1), 128.1082 (0.1), 175.1107 (0), 192.1384 (0) 
    

Dodeca-2E,4Z,10E-triene-8-ynoic acid 

2-methylbutylamide 
260.2018 21.2 

71.0856 (40), 131.0867 (6), 145.1005 (5), 119.0852 (5), 190.1241 (1), 173.0948 (0.4), 88.1121 (0.4), 

116.1222 (0.3) 
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OR 

Dodeca-2E-ene-8,10-diynoic acid 2-

methylbutylamide 
    

Pentadeca-2E,9Z-diene-12,14-diynoic 

acid isobutylamide 
286.2179 21.4 57.0699 (100), 74.0967 (16), 230.8572 (6), 213.1114 (6) 

Dodeca-2E,4E,8Z-trienoic acid 

isobutylamide 
250.2167 21.5 

57.0697 (100), 194.1552 (1), 168.1350 (1), 149.1320 (1), 83.0840 (1), 74.0964 (1), 177.1256 (0.4), 

97.1028 (0.4) 

Dodeca-2E,4E-dienoic acid 

isobutylamide 
252.2325 21.9 

57.0697 (100), 55.0540 (57), 67.0541 (44), 69.0696 (31), 81.0334 (31), 81.0694 (25), 95.049 (13), 

43.0538 (11), 196.1693 (5), 168.1348 (3), 74.0948 (3), 154.1229 (2), 179.1475 (1), 210.1826 (0.4), 

139.1165 (0.4), 151.1470 (0.3), 102.0896 (0.3) 

Ethanolic Extracts obtained from Flowers 

Dodeca-2E,4Z,10E-triene-8-ynoic acid 

isobutylamide 
246.1853 15.4 

57.0695 (100), 128.0617 (20), 145.1002 (13), 119.0864 (4), 74.0973 (4), 173.0958 (2), 93.0677 (2), 

154.1263 (1), 190.0642 (0.4), 102.0782 (0.1) 

Dodeca-2E,4Z,10Z-triene-8-ynoic acid 

isobutylamide 
246.1851 15.8 

57.0692 (100), 128.0615 (16), 145.1014 (4),119.0863 (3), 93.0674 (2), 173.0975 (1), 102.0908 (1), 

74.0970 (1) 

Dodeca-2E,4E,10Z-triene-8-ynoic acid 

isobutylamide 
246.1857 19.0 

57.0695 (100), 145.1013 (11), 128.0617 (9), 74.0969 (2), 119.0851 (1), 93.0697 (1), 190.1204 (0.4), 

173.0881 (0.4) 

Dodeca-2E,4E,10E-triene-8-ynoic acid 

isobutylamide 
246.1854 20.1 57.0696 (41), 128.0618 (6), 119.0848 (3), 93.0691 (2), 145.1021 (1), 173.0958 (0.3), 74.0965 (0.3) 

Undeca-2E,4Z-diene-8,10-diynoic acid 

isobutylamide 
230.1571 20.2 

57.0694 (100), 128.0618 (69), 91.0538 (33), 116.0614 (21), 129.0684 (15), 103.0536 (6), 117.0642 (3), 

157.0653 (1), 102.0912 (1), 74.0967 (1), 174.0915 (0.3), 43.0534 (0.2) 

Undeca-2E/Z-ene-8,10-diynoic acid 

isobutylamide 
232.1698 20.4 

57.0696 (100), 91.0541 (81), 41.0382 (49), 79.0537 (41), 105.0696 (32), 65.0383 (29), 115.0540 (28), 

131.0851 (9), 176.1067 (1), 159.0802 (1), 102.0902 (0.3), 74.0966 (0.3) 

Pentadeca-2E,9Z-diene-12,14-diynoic 

acid 2-hydroxyisobutylamide 
302.2118 20.6 118.0746 (6), 73.0851 (4), 230.065 (1), 213.2401 (1), 185.1340 (1), 90.0554 (1) 

Dodeca-2E,4Z-diene-8,10-diynoic acid 

isobutylamide 
244.1704 20.7 

57.0697 (83), 43.0539 (64), 128.062 (56), 91.0543 (30), 105.0701 (8), 117.0693 (7), 39.0226 (4), 

143.0858 (2), 74.0970 (1), 171.0803 (0.2), 202.1285 (0.1), 188.1057 (0.1), 216.1477 (0), 142.1229 (0) 

Dodeca-2E-ene-8,10-diynoic acid 

isobutylamide 
246.1852 20.8 

57.0696 (100), 67.0541 (63), 79.0538 (23), 91.0540 (21), 41.0383 (20), 105.0697 (13), 77.0385 (8), 

81.0692 (5), 145.1015 (2), 190.1228 (1), 102.0914 (1), 74.0969 (1), 173.0962 (0.3) 

Trideca-2E,7Z-diene-10,12-diynoic 

acid isobutylamide 
258.1898 20.9 

117.0698 (100), 57.0697 (61), 128.0617 (34), 131.0856 (32),157.1016 (16), 103.0538 (9), 202.1231 (6), 

185.0966 (5), 74.0968 (2), 142.1198 (1), 43.0540 (1), 230.1522 (0.3), 216.1379 (0.3), 102.0916 (0) 
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Dodeca-2,4-diene-8,10-diynoic acid 2-

methylbutylamide 
258.1898 20.9 

117.0698 (100), 57.0697 (61), 91.0540 (37), 143.0852 (17), 116.0599 (12), 202.1231 (6), 142.1198 (1), 

171.0774 (0.4), 230.1522 (0.3), 188.1074 (0.1), 71.0858 (0.1), 29.0371 (0.1), 

Dodeca-2E,4Z,10E-triene-8-ynoic acid 

2-methylbutylamide 

OR 

Dodeca-2E-ene-8,10-diynoic acid 2-

methylbutylamide 

260.2001 21.0 116.0604 (20), 145.1016 (7), 71.0857 (7), 119.0853 (5), 142.1229 (0.3), 173.0810 (0.1) 

Trideca-2E,7Z-diene-10,12-diynoic 

acid 2-methylbutylamide 
272.2009 21.1 71.0859 (28), 157.1015 (2), 202.1229 (1), 185.0991 (1), 88.1128 (1) 

Dodeca-2E,4E,8Z,10E/Z-tetraenoic 

acid isobutylamide 
248.2041 21.3 

57.0699 (100), 67.0541 (92), 152.108 (90), 68.0617 (74), 81.0692 (45), 79.0534 (36), 41.0379 (35), 

66.0457 (33), 167.1318 (26), 100.0762 (9), 168.1352 (3), 102.0918 (3), 74.0968 (2), 147.1178 (2), 

109.1012 (1), 128.1079 (1), 121.1014 (1), 175.113 (1), 142.1238 (0.2), 

Dodeca-2E,4E,8Z-trienoic acid 

isobutylamide (isomer 1) 
250.2146 21.4 

57.0697 (100), 83.0357 (3), 169.1346 (2), 102.0908 (2), 154.1196 (1), 74.0959 (1), 149.1336 (0.4), 

194.1543 (0.1), 177.1261 (0.1), 97.1015 (0.1) 

Pentadeca-2E,9Z-diene-12,14-diynoic 

acid isobutylamide 
286.2160 21.4 57.0697 (99), 74.097 (2), 230.1521 (1), 185.1325 (1) 

Dodeca-2E,4E,8Z-trienoic acid 

isobutylamide 
250.2173 21.5 

57.0696 (100), 168.135 (2), 102.0911 (2), 83.0358 (2), 74.0970 (2), 194.1540 (1), 177.1272 (1), 

154.1219 (1), 149.1336 (1) 

Dodeca-2E,4E,8Z,10E/Z-tetraenoic 

acid 2-methylbutylamide 
262.2165 21.5 71.0855 (100), 116.1071 (2), 147.1175 (1), 88.1122 (1), 192.1400 (0.3), 175.1121 (0.2) 

Dodeca-2E,4E-dienoic acid 

isobutylamide 
252.2361 21.9 

57.0696 (100), 55.0539 (86), 81.0328 (77), 67.0539 (54), 69.0697 (53), 81.0695 (46), 95.0855 (31), 

196.1706 (21), 43.0537 (15), 154.1234 (7), 179.1437 (3), 168.1387 (3), 74.0971 (3), 151.1492 (2), 

85.1013 (0.4), 210.1858 (0.3), 116.1071 (0.2), 102.0909 (0.2) 

Ethanolic Extracts obtained from Leaves 

Dodeca-2E,4E,10E-triene-8-ynoic acid 

isobutylamide 
246.1860 20.0 

57.0695 (100), 128.0615 (12), 119.0855 (3), 93.0695 (3), 173.0814 (1), 145.1023 (2), 102.0878 (1), 

74.0967 (1) 

Undeca-2E,4Z-diene-8,10-diynoic acid 

isobutylamide 
230.1540 20.2 

57.0699 (100), 91.0538 (28), 128.0617 (25), 129.0690 (7), 116.0626 (7), 43.0539 (6), 103.0536 (4), 

117.0683 (2), 202.0911 (1), 157.0989 (1), 102.0906 (1), 188.1023 (0.3) 

Pentadeca-2E,9Z-diene-12,14-diynoic 

acid 2-hydroxyisobutylamide 
302.2113 20.6 118.0742 (5), 185.1314 (3), 213.1242 (1), 73.0647 (1), 90.0923 (0.2) 

Dodeca-2E-ene-8,10-diynoic acid 

isobutylamide 
246.1850 20.9 

57.0694 (100), 67.0538 (52), 41.0380 (19), 79.0535 (13), 81.0689 (11), 105.0694 (6), 91.0535 (5), 

77.0394 (3), 173.0918 (1), 145.0989 (1), 102.0913 (1), 74.0975 (1) 
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Dodeca-2E,4E,8Z,10E/Z-tetraenoic 

acid isobutylamide 
248.2010 21.2 

57.0696 (100), 67.0539 (51), 68.0617 (32), 152.1066 (16), 41.0382 (13), 81.0691 (13), 79.0536 (12), 

66.0463 (10), 109.1012 (1), 102.0911 (1), 175.1108 (0.3), 168.1313 (0.3), 192.1359 (0.2), 147.1214 (0.2), 

142.1261 (0.2), 74.0955 (0.2), 

Dodeca-2E,4E-dienoic acid 

isobutylamide (isomer 1) 
252.2321 21.4 

57.0694 (30), 168.1338 (1), 85.1011 (1), 194.1705 (0.4), 139.1418 (0.4), 116.0625 (0.4), 74.0969 (0.4), 

102.0912 (0.3) 

Pentadeca-2E,9Z-diene-12,14-diynoic 

acid isobutylamide 
286.2165 21.4 57.0695 (99), 74.0947 (5), 185.1301 (3), 230.1547 (1), 

Dodeca-2E,4E-dienoic acid 

isobutylamide 
252.2317 21.9 

57.0694 (100), 55.0538 (53), 67.0537 (52), 69.0696 (30), 81.0687 (28), 81.0328 (25), 95.0848 (9), 

196.1683 (8), 43.0535 (8), 154.1222 (2), 179.1426 (1), 151.151 (1), 102.0928 (1), 74.0979 (1) 

Ethanolic Extracts obtained from Roots 

Dodeca-2E,4Z,10E-triene-8-ynoic acid 

isobutylamide 
246.1881 15.3 57.0707 (100), 128.0629 (14), 93.0723 (3), 145.1034 (2), 119.0879 (1) 

Dodeca-2E,4Z,10Z-triene-8-ynoic acid 

isobutylamide 
246.1872 15.8 57.0704 (100), 128.0636 (14), 119.0856 (2), 154.1251 (1), 74.0973 (1) 

Dodeca-2E,4E,10Z-triene-8-ynoic acid 

isobutylamide 
246.1869 19.0 

57.0702 (100), 128.0633 (9), 145.1023 (4), 119.0849 (3), 102.0928 (3), 93.0694 (3), 173.0944 (1), 

74.0960 (1), 190.1292 (0.3) 

Dodeca-2Z,4E,10Z-triene-8-ynoic acid 

isobutylamide 
246.1869 19.4 

57.0699 (100), 145.1016 (11), 128.0613 (10), 93.0695 (3), 173.0976 (2), 119.0861 (2), 190.1227 (1), 

74.0888 (1) 

Dodeca-2E,4E,10E-triene-8-ynoic acid 

isobutylamide 
246.1863 20.1 

57.0698 (100), 128.0624 (15), 93.0703 (2), 173.0286 (1), 154.1231 (1), 119.0867 (1), 102.0906 (1), 

145.0977 (0.3) 

Undeca-2E,4Z-diene-8,10-diynoic acid 

isobutylamide 
230.1586 20.2 

57.0703 (100), 128.0628 (64), 91.0549 (34), 129.0695 (16), 103.0548 (6), 102.0921 (1), 74.0977 (1), 

174.0920 (0.4), 157.0667 (0.4), 43.0541 (0.2) 

Undeca-2Z,4E-diene-8,10-diynoic acid 

isobutylamide 
230.1580 20.5 

129.0702 (100), 128.0625 (88), 57.0701 (85), 91.0545 (64), 116.0624 (51), 157.0661 (15), 174.0928 

(13), 103.0544 (10), 117.0656 (7), 202.1241 (1), 102.0915 (1), 74.0972 (1), 188.1078 (0.2), 43.0546 (0.2) 

Dodeca-2E,4Z-diene-8,10-diynoic acid 

isobutylamide 
244.1737 20.7 

128.0626 (100), 57.0700 (66), 117.0704 (22), 91.0543 (22), 105.0702 (18), 143.0865 (10), 43.0541 (5), 

39.0227 (5), 171.0816 (2), 188.1089 (1), 102.0915 (1), 74.0970 (1), 216.1401 (0.1), 154.1200 (0.1), 

202.1225 (0), 142.1286 (0) 

Undeca-2E,4E-diene-8,10-diynoic acid 

isobutylamide 
230.1552 20.8 

57.0701 (100), 128.0628 (52), 91.0547 (29), 129.0696 (15), 116.0620 (13), 103.0544 (5), 117.0603 (4), 

174.0927 (1), 157.0661 (1), 102.0927 (0.3), 74.0980 (0.2), 43.0551 (0.1) 

Dodeca-2Z,4E-diene-8,10-diynoic acid 

isobutylamide 
244.1729 20.9 

128.0623 (100), 117.0701 (86), 57.0699 (84), 105.0700 (67), 143.0860 (47), 91.0541 (25), 171.0811 

(17), 188.1077 (7), 43.0540 (7), 74.0966 (2), 39.0228 (2), 102.0907 (0.4), 154.1219 (0.2), 142.1228 (0.2), 

202.1238 (0.1), 206.1501 (0) 
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Dodeca-2E-ene-8,10-diynoic acid 

isobutylamide 
246.1857 20.9 

57.0699 (78), 67.0542 (43), 105.0701 (35), 41.0384 (34), 91.0542 (33), 79.0540 (30), 77.0385 (19), 

145.1016 (6), 81.0696 (4), 173.0960 (1), 74.0969 (1), 102.0912 (0.3), 190.1233 (0.2) 

Trideca-2E,7Z-diene-10,12-diynoic 

acid isobutylamide 
258.1900 21.0 

117.0702 (100), 128.0624 (96), 43.0542 (61), 131.0838 (9), 57.0698 (8), 103.0545 (7), 157.1016 (2), 

230.1553 (2), 216.1752 (1), 202.1235 (1), 142.1236 (1), 74.0969 (1), 185.0962 (0.4), 156.1364 (0.1) 

Dodeca-2,4-diene-8,10-diynoic acid 2-

methylbutylamide 
258.1900 21.0 

117.0702 (100), 143.0861 (75), 71.0859 (66), 105.0701 (42), 91.0544 (24), 171.0814 (23), 188.1079 

(22), 116.0608 (8), 57.0698 (8), 230.1553 (2), 88.1124 (2), 202.1235 (1), 142.1236 (1), 168.1379 (0.2), 

156.1364 (0.1), 29.0390 (0.1) 

Dodeca-2Z,4Z,10Z-triene-8-ynoic acid 

isobutylamide 2 
246.1862 21.1 

57.0701 (100), 128.0626 (50), 145.1021 (15), 119.0864 (12), 173.0969 (4), 93.0704 (4), 74.0969 (2), 

190.1238 (1), 102.0915 (1), 154.122 (0.2) 

Trideca-2E,7Z-diene-10,12-diynoic 

acid 2-methylbutylamide 
272.2018 21.1 71.0858 (21), 157.1012 (3), 202.1228 (1), 185.0954 (1), 88.1118 (1), 116.1077 (0.2) 

Dodeca-2E,4E,8Z,10E/Z-tetraenoic 

acid isobutylamide 
248.2048 21.2 

57.0702 (100), 67.0544 (91), 152.1085 (85), 68.0621 (75), 81.0697 (44), 79.0538 (36), 41.0383 (32), 

66.0462 (31), 167.1324 (23), 100.0769 (10), 168.1360 (3), 102.0922 (3), 74.0974 (2), 147.1186 (1), 

128.1086 (1), 121.1019 (1), 109.1021 (1), 192.1407 (0.3), 175.1132 (0.3), 142.1253 (0.2) 

Dodeca-2E,4Z,10E-triene-8-ynoic acid 

2-methylbutylamide 

OR 

Dodeca-2E-ene-8,10-diynoic acid 2-

methylbutylamide 

260.2017 21.2 
71.086 (48), 131.0861 (14), 145.1019 (13), 119.0862 (13), 173.0960 (2), 116.1079 (1), 88.1123 (1), 

190.1243 (0.4), 232.2067 (0.2) 

Pentadeca-2E,9Z-diene-12,14-diynoic 

acid isobutylamide 
286.2170 21.4 57.0701 (80), 74.0969 (2), 185.1354 (1), 230.1573 (0.2), 213.1271 (0.2) 

Dodeca-2E,4E,8Z,10E/Z-tetraenoic 

acid 2-methylbutylamide 
262.2177 21.5 71.0859 (100), 116.1073 (3), 147.1178 (1), 145.1019 (1), 88.1117 (1), 175.1126 (0.3), 192.1368 (0.1) 

Trideca-2Z,7Z-diene-10,12-diynoic 

acid 2-methylbutylamide 
272.2011 21.5 71.0862 (2), 157.1012 (2), 185.0929 (0.4), 202.1644 (0.3) 

Dodeca-2E,4E,8Z-trienoic acid 

isobutylamide 
250.2180 21.6 

57.0700 (100), 83.0856 (3), 168.1353 (2), 102.092 (2), 74.0973 (2), 194.1547 (1), 177.1283 (1), 

154.1233 (1), 149.1336 (0.4), 97.1017 (0.2) 

Hexadeca-2E,9Z-diene-12,14-diynoic 

acid isobutylamide 
300.2323 21.6 57.0699 (74), 74.0959 (6), 227.1462 (1), 199.1527 (1) 

Dodeca-2E,4E-dienoic acid 

isobutylamide 
252.2359 21.9 

57.0698 (100), 55.0541 (85), 81.0331 (77), 67.0542 (53), 69.0700 (50), 81.0698 (44), 95.0858 (31), 

196.1711 (17), 43.0541 (16), 154.1235 (6), 179.1443 (3), 74.0972 (3), 168.1392 (2), 151.1491 (1), 

85.1014 (1), 116.1084 (0.4), 210.1864 (0.2), 102.0909 (0.1) 
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Dichloromethanolic Extracts obtained from Flowers 

Dodeca-2E,4Z,10E-triene-8-ynoic acid 

isobutylamide 
246.1857 15.3 

57.0694 (100), 128.0603 (11), 146.0957 (3), 119.0840 (2), 173.0132 (2), 154.1240 (2), 93.0551 (2), 

102.0267 (1), 74.0526 (1) 

Dodeca-2E,4Z,10Z-triene-8-ynoic acid 

isobutylamide2 
246.1854 15.9 

57.0692 (100), 145.1012 (8), 128.0607 (8), 93.0689 (4), 119.0840 (3), 74.0976 (3), 173.0775 (1), 

102.0902 (1) 

Dodeca-2,4,10-triene-8-ynoic acid 

isobutylamide (isomer 1) 
246.1856 18.2 

57.0694 (100), 128.0614 (19), 119.0852 (9), 145.1013 (6), 93.0700 (3), 102.0919 (2), 173.0952 (1), 

154.1236 (1), 74.0967 (1), 

Dodeca-2E,4E,10Z-triene-8-ynoic acid 

isobutylamide 
246.1856 19.0 

57.0695 (100), 145.1014 (17), 128.0616 (9), 119.0851 (4), 94.0695 (3), 74.0967 (3), 190.1229 (2), 

173.0601 (1), 102.0922 (1) 

Dodeca-2E,4E,10E-triene-8-ynoic acid 

isobutylamide 
246.1854 20.1 57.0699 (9), 119.0851 (3), 128.0632 (2), 93.0694 (2), 145.0997 (1), 173.0977 (0.3) 

Undeca-2E,4Z-diene-8,10-diynoic acid 

isobutylamide 
230.1573 20.2 

57.0696 (100), 128.0622 (85), 91.0540 (37), 116.0619 (26), 129.0687 (20), 103.054 (7), 117.0643 (3), 

174.0919 (1), 157.0657 (1), 102.0914 (1), 74.0964 (1), 43.0536 (0.3) 

Undeca-2E/Z-ene-8,10-diynoic acid 

isobutylamide 
232.1700 20.4 

57.0697 (100), 91.0542 (84), 41.0382 (47), 79.0539 (41), 115.0543 (34), 105.0700 (32), 65.0384 (27), 

131.0857 (9), 176.1077 (2), 159.0806 (1), 74.0964 (1), 102.0916 (0.4) 

Pentadeca-2E,9Z-diene-12,14-diynoic 

acid 2-hydroxyisobutylamide 
302.2118 20.6 213.1258 (2), 185.0949 (2), 118.0728 (2), 230.1468 (1), 90.0898 (1) 

Dodeca-2E,4Z-diene-8,10-diynoic acid 

isobutylamide 
244.1714 20.7 

128.062 (71), 57.0696 (80), 43.0538 (68), 91.0539 (30), 117.0695 (10), 105.0697 (8), 39.0224 (4), 

143.0853 (3), 102.0911 (1), 74.0969 (1), 188.1061 (0.3), 171.0809 (0.3) 

Dodeca-2E-ene-8,10-diynoic acid 

isobutylamide 
246.1852 20.8 

57.0698 (100), 67.0541 (66), 79.0538 (24), 91.0541 (23), 41.0382 (20), 105.0697 (14), 77.0385 (9), 

81.0696 (6), 145.1012 (2), 190.1219 (1), 102.0909 (1), 74.0966 (1), 173.0938 (0.3) 

Trideca-2E,7Z-diene-10,12-diynoic 

acid isobutylamide 
258.1893 20.9 

117.0698 (59), 128.0619 (57), 57.0695 (54), 103.0539 (16), 131.0857 (7), 157.1016 (2), 43.0538 (2), 

202.1241 (1), 185.0973 (1), 74.0971 (1), 142.1203 (0.1), 230.1516 (0), 216.1391 (0), 102.0908 (0) 

Dodeca-2,4-diene-8,10-diynoic acid 2-

methylbutylamide 
258.1893 20.9 

117.0698 (59), 91.0538 (56), 57.0695 (54), 105.0697 (21), 143.0844 (5), 202.1241 (1), 29.0380 (0.3), 

171.0726 (0.1), 142.1203 (0.1), 230.1516 (0), 188.1025 (0), 156.1364 (0), 88.1078 (0) 

Dodeca-2E,4E,8Z,10E/Z-tetraenoic 

acid isobutylamide 
248.2041 21.2 

57.0699 (100), 67.0541 (92), 152.1077 (91), 68.0618 (74), 81.0691 (44), 41.0380 (37), 79.0534 (36), 

66.0457 (33), 167.1315 (27), 100.0761 (10), 168.1350 (3), 102.0914 (3), 74.0967 (2), 175.1131 (1), 

147.1176 (1), 128.1079 (1), 121.1020 (1), 109.1009 (1), 192.1382 (0.3), 142.1229 (0.3) 
    

Dodeca-2E,4Z,10E-triene-8-ynoic acid 

2-methylbutylamide 

OR 

260.2006 21.0 
116.0602 (21), 119.0853 (5), 71.0857 (5), 145.1015 (8), 142.1219 (0.4), 190.1213 (0.1), 173.0857 (0.1), 

88.1141 (0) 
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Dodeca-2E-ene-8,10-diynoic acid 2-

methylbutylamide 
    

Trideca-2E,7Z-diene-10,12-diynoic 

acid 2-methylbutylamide 
272.2009 21.1 71.0858 (27), 157.1022 (2), 202.1235 (1), 185.0945 (1), 88.1120 (1), 116.1024 (0.1) 

Dodeca-2E,4E,8Z-trienoic acid 

isobutylamide (isomer 1) 
250.2140 21.4 

57.0697 (100), 158.1348 (2), 102.0915 (2), 74.0967 (2), 177.1283 (1), 154.1205 (1), 149.1328 (1), 

83.0857 (0.4), 194.1552 (0.3), 97.0996 (0.1) 

Pentadeca-2E,9Z-diene-12,14-diynoic 

acid isobutylamide 
286.2154 21.4 57.0696 (93), 185.1319 (2), 230.1569 (1), 213.1262 (1), 74.0976 (1) 

Dodeca-2E,4E,8Z-trienoic acid 

isobutylamide 
250.2184 21.5 

57.0697 (100), 168.1356 (3), 102.0917 (3), 83.0358 (3), 154.1223 (2), 74.0964 (2), 194.1550 (1), 

177.1275 (1), 149.1338 (1) 

Dodeca-2E,4E,8Z,10E/Z-tetraenoic 

acid 2-methylbutylamide 
262.2168 21.5 71.0856 (100), 116.1075 (3), 147.1171 (1), 88.1124 (1), 175.1130 (0.4), 192.1386 (0.3) 

Dodeca-2E,4E-dienoic acid 

isobutylamide 
252.2366 21.9 

57.0695 (100), 55.0538 (86), 81.0328 (81), 67.0538 (57), 69.0697 (52), 81.0694 (47), 95.0853 (32), 

196.1708 (20), 43.0537 (15), 154.1234 (8), 179.1442 (4), 74.0968 (3), 168.1394 (2), 151.1489 (2), 

85.1012 (1), 210.1865 (0.4), 116.1069 (0.2), 102.0913 (0.1), 

Dichloromethanolic Extracts obtained from Leaves 

Dodeca-2E,4E,10E-triene-8-ynoic acid 

isobutylamide 
246.1851 20.1 57.0694 (100), 119.0863 (6), 102.0900 (2), 190.1682 (1), 145.1028 (1) 

Undeca-2E,4Z-diene-8,10-diynoic acid 

isobutylamide 
230.1542 20.2 

57.0696 (100), 91.0544 (23), 128.0618 (17), 129.0679 (5), 43.0539 (4), 103.0524 (2), 157.0626 (1), 

102.0889 (1), 74.0966 (1) 

Pentadeca-2E,9Z-diene-12,14-diynoic 

acid 2-hydroxyisobutylamide 
302.2116 20.6 118.0730 (3), 185.1330 (2), 90.0924 (1), 213.1278 (0.4), 73.0659 (0.1) 

Dodeca-2E,4Z-diene-8,10-diynoic acid 

isobutylamide 
244.1695 20.7 

57.0696 (100), 43.0539 (57), 128.0624 (32), 91.0539 (21), 105.0696 (8), 117.0667 (6), 143.0854 (2), 

74.0963 (2), 39.0209 (2), 188.1373 (1), 171.0779 (1), 154.1102 (1), 

Dodeca-2E-ene-8,10-diynoic acid 

isobutylamide 
246.1853 20.9 

57.0695 (100), 67.0542 (73), 41.0383 (17), 91.0538 (13), 79.0534 (12), 81.0685 (8), 105.0694 (6), 

145.0991 (1), 102.0940 (1) 

Dodeca-2E,4E,8Z,10E/Z-tetraenoic 

acid isobutylamide 
248.2009 21.3 

57.0699 (100), 67.0543 (48), 68.0620 (35), 81.0697 (15), 79.0541 (13), 152.1068 (12), 41.0382 (10), 

66.0464 (8), 167.1307 (5), 100.0762 (3), 168.1346 (1), 102.0920 (1), 74.0971 (1), 175. (0.2), 147.1186 

(0.2), 192.1339 (0.1), 128.1075 (0.1) 

Pentadeca-2E,9Z-diene-12,14-diynoic 

acid isobutylamide 
286.2159 21.4 57.0694 (100), 185.133 (2), 230.1276 (1), 213.1644 (1), 74.0967 (1) 
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Dodeca-2E,4E-dienoic acid 

isobutylamide 
252.2320 22.0 

57.0696 (100), 55.0539 (70), 67.0540 (56), 81.0329 (38), 81.0695 (32), 69.0696 (32), 43.0539 (19), 

95.0494 (17), 196.1698 (6), 154.1221 (3), 74.0982 (2), 179.1463 (1), 168.1379 (1), 151.1449 (1) 

Dichloromethanolic Extracts obtained from Roots 

Dodeca-2E,4Z,10E-triene-8-ynoic acid 

isobutylamide 
246.1855 15.4 

57.0693 (100), 119.0855 (16), 128.062 (11), 145.0994 (10), 173.0957 (4), 93.0673 (3), 190.1252 (2), 

154.1219 (1), 74.0933 (1) 

Dodeca-2E,4Z,10Z-triene-8-ynoic acid 

isobutylamide 
246.1856 15.8 

57.0693 (100), 119.0866 (15), 145.1014 (12), 128.062 (8), 93.0697 (4), 74.1008 (2), 190.1167 (2), 

173.0994 (1) 

Dodeca-2,4,10-triene-8-ynoic acid 

isobutylamide (isomer 1) 
246.1849 18.2 

57.0694 (100), 128.0610 (20), 145.1003 (9), 119.0842 (9), 93.0689 (4), 173.0964 (3), 74.0964 (3), 

190.1222 (1), 

Dodeca-2E,4E,10Z-triene-8-ynoic acid 

isobutylamide 
246.1849 19.0 

57.0694 (100), 128.0612 (22), 145.1005 (12), 119.0849 (8), 93.0691 (5), 74.0958 (3), 173.0941 (1), 

154.1244 (1), 190.1216 (0.4), 102.0913 (0.3) 

Dodeca-2Z,4E,10Z-triene-8-ynoic acid 

isobutylamide 
246.1845 19.4 

57.0693 (100), 145.1005 (19), 119.0851 (16), 128.0617 (14), 173.0959 (4), 93.0692 (4), 74.0955 (2), 

190.1211 (1) 

Dodeca-2E,4E,10E-triene-8-ynoic acid 

isobutylamide 
246.1850 20.1 57.0693 (48), 128.0601 (4), 119.0847 (3), 93.0701 (3), 190.1251 (1), 145.1013 (1), 74.0952 (1) 

Undeca-2E,4Z-diene-8,10-diynoic acid 

isobutylamide 
230.1566 20.2 

128.0616 (100), 57.0693 (80), 91.0535 (42), 116.0612 (28), 129.0682 (26), 103.0533 (7), 117.0645 (4), 

174.0921 (1), 157.0649 (1), 102.0909 (1), 74.0961 (1), 188.1425 (0.1), 43.0527 (0.1) 

Undeca-2Z,4E-diene-8,10-diynoic acid 

isobutylamide 
230.1560 20.6 

129.0691 (100), 128.0614 (88), 91.0536 (54), 174.0913 (14), 57.0694 (62), 157.0647 (17), 103.0533 

(10), 117.0645 (8), 202.1223 (1), 102.0901 (1), 74.0959 (1), 43.0529 (0.2), 188.1054 (0.1) 

Dodeca-2E,4Z-diene-8,10-diynoic acid 

isobutylamide 
244.1719 20.6 

128.0616 (100), 57.0693 (57), 117.0692 (24), 91.0532 (22), 105.0691 (20), 143.0850 (12), 39.0220 (5), 

188.1074 (2), 171.0802 (2), 43.0535 (2), 102.0910 (1), 74.0966 (1), 216.1396 (0.2), 142.1233 (0), 

202.1253 (0) 

Undeca-2E,4E-diene-8,10-diynoic acid 

isobutylamide 
230.1535 20.8 

57.0696 (100), 128.0618 (72), 91.0543 (45), 116.0617 (21), 129.0684 (20), 103.0540 (7), 117.0614 (3), 

174.0904 (1), 157.0660 (1), 74.0966 (1), 102.0921 (0.4), 43.0535 (0.3), 202.1225 (0.2) 

Dodeca-2E-ene-8,10-diynoic acid 

isobutylamide 
246.1848 20.9 

57.0692 (65), 67.0534 (39), 105.0691 (39), 91.0533 (35), 41.0378 (33), 79.0531 (28), 77.0376 (19), 

145.1007 (7), 81.0687 (4), 173.0944 (1), 74.0959 (1), 190.1224 (0.3), 102.0903 (0.4) 

Trideca-2E,7Z-diene-10,12-diynoic 

acid isobutylamide 
258.1886 21.0 

117.0693 (100), 128.0614 (95), 43.0537 (57), 131.0822 (8), 103.0533 (8), 57.0693 (5), 230.1542 (2), 

157.0999 (1), 142.1220 (1), 74.0962 (1), 202.1230 (0.4), 185.0950 (0.2), 216.1385 (0.1), 156.1356 (0.1) 

Dodeca-2,4-diene-8,10-diynoic acid 2-

methylbutylamide 
258.1886 21.0 

117.0693 (100), 143.0851 (77), 71.0852 (60), 105.0691 (42), 188.1068 (24), 171.0801 (24), 91.0536 

(22), 57.0699 (5), 230.1542 (2), 88.1116 (2), 142.1220 (1), 116.1062 (1), 202.1230 (0.4), 168.1360 (0.3), 

156.1356 (0.1), 29.0383 (0) 
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Dodeca-2Z,4Z,10Z-triene-8-ynoic acid 

isobutylamide* 
246.1850 21.1 

57.0692 (100), 128.0613 (67), 145.1008 (21), 119.0847 (13), 173.0958 (4), 93.0688 (4), 74.0962 (2), 

190.1218 (1), 154.1216 (0.3), 102.0900 (0.3) 

Dodeca-2E,4E,8Z,10E/Z-tetraenoic 

acid isobutylamide 
248.2036 21.2 

57.0695 (100), 67.0537 (93), 152.1072 (84), 68.0614 (76), 81.0688 (45), 79.0530 (37), 41.0377 (34), 

66.0454 (32), 167.1310 (25), 100.0755 (9), 55.0533 (6), 168.1346 (3), 102.0911 (3), 81.0324 (2), 

147.1174 (1), 128.1070 (1), 121.1003 (1), 109.1011 (1), 175.1122 (0.4), 142.1222 (0.3), 192.1383 (0.2) 

Trideca-2E,7Z-diene-10,12-diynoic 

acid 2-methylbutylamide 
272.1998 21.1 71.0852 (22), 157.1000 (2), 202.1211 (1), 185.0960 (1), 88.1101 (0.4), 116.1055  (0.1) 

Dodeca-2E,4Z,10E-triene-8-ynoic acid 

2-methylbutylamide 

OR 

Dodeca-2E-ene-8,10-diynoic acid 2-

methylbutylamide 

260.2005 21.2 
71.0856 (48), 145.1011 (18), 131.0850 (18), 119.0852 (17), 57.0696 (3), 173.0960 (2), 190.1225 (1), 

116.1080 (1), 88.1121 (1), 232.2059 (0.3) 

Pentadeca-2E,9Z-diene-12,14-diynoic 

acid isobutylamide 
286.2154 21.4 57.0695 (85), 74.0962 (2), 230.1546 (1), 185.1326 (1), 213.1272 (0.3), 102.0924 (0.1) 

Dodeca-2E,4E,8Z-trienoic acid 

isobutylamide 
250.2179 21.5 

57.0694 (100), 168.1351 (3), 102.0908 (3), 83.0848 (3), 154.1221 (2), 74.0960 (2), 194.1546 (1), 

177.1277 (1), 149.1330 (1), 97.1008 (0.2) 

Dodeca-2E,4E,8Z,10E/Z-tetraenoic 

acid 2-methylbutylamide 
262.2171 21.5 71.0855 (100), 116.1071 (3), 175.1113 (1), 147.1176 (1), 88.1118 (1), 192.1395 (0.3) 

Trideca-2Z,7Z-diene-10,12-diynoic 

acid 2-methylbutylamide 
272.1997 21.5 116.0610 (8), 157.0644 (4), 202.1258 (0.5), 71.0873 (0.4), 185.0925 (0.3) 

Hexadeca-2E,9Z-diene-12,14-diynoic 

acid isobutylamide 
300.2310 21.6 57.0695 (58), 74.0962 (5), 199.1484 (3), 227.1580 (1), 102.0417 (1) 

Dodeca-2E,4E,8Z-trienoic acid 

isobutylamide (isómer 2) 
250.2160 21.8 

57.0696 (100), 83.0852 (2), 74.0964 (2), 194.1545 (1), 177.1274 (1), 168.1356 (1), 154.1225 (1), 

102.0906 (1), 149.1323 (0.3) 

Dodeca-2E,4E-dienoic acid 

isobutylamide 
252.2360 21.9 

57.0695 (100), 55.0538 (87), 81.0328 (76), 67.0538 (56), 69.0697 (53), 81.0695 (44), 95.0856 (31), 

196.1704 (19), 43.0537 (15), 154.1234 (7), 179.1443 (3), 74.0971 (3), 168.1388 (2), 151.1486 (2), 

85.1013 (1), 210.1854 (0.3), 116.1085 (0.2), 102.0907 (0.2) 
1 The MS2 data were obtained from the fragmentation of the [M+H]+  precursor ion of alkylamides compounds. Relative intensities of product ions are in parentheses. 2 This compound was not 

found in literature. E/Z stereochemistry is indicated here in accordance with the literature, but it should be highlighted that without conformational NMR spectra, it is not possible to conclusively 

distinguish between E and Z isomers. Smooth grey shaded corresponds to studied standards.
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Supplementary Figure S4.1 | Optical micrographs of non-stimulated macrophages (negative control), LPS-stimulated 

macrophages (positive control) and LPS-stimulated macrophages cultured in the presence of clinically used anti-inflammatory 

drugs (dexamethasone, diclofenac, salicylic acid, and celecoxib, 10 µM) cultured for 24 h. Scale bar = 100 µm. 
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Supplementary Figure S4.2 | Optical micrographs of non-stimulated macrophages cultured in the presence of aqueous 

extracts (AE; 25 – 250 µg/mL) obtained from E. purpurea flowers (F), leaves (L), and roots (R) cultured for 24 h. 

Scale bar = 100 µm. 
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Supplementary Figure S4.3 | Optical micrographs of non-stimulated macrophages cultured in the presence of ethanolic 

extracts (EE; 12.5 – 200 µg/mL) obtained from E. purpurea flowers (F), leaves (L), and roots (R) cultured for 24 h. 

Scale bar = 100 µm. 
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Supplementary Figure S4.4 | Optical micrographs of non-stimulated macrophages cultured in the presence of 

dichloromethanolic extracts (DE; 12.5 – 200 µg/mL) obtained from E. purpurea flowers (F), leaves (L), and roots (R) cultured 

for 24 h. Scale bar = 100 µm. 
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Supplementary Figure S4.5 | Optical micrographs of LPS-stimulated macrophages cultured in the presence of aqueous 

extracts (AE; 25 – 250 µg/mL) obtained from E. purpurea flowers (F), leaves (L), and roots (R) cultured for 24 h. 

Scale bar = 100 µm. 
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Supplementary Figure S4.6 | Optical micrographs of LPS-stimulated macrophages cultured in the presence of ethanolic 

extracts (EE; 12.5 – 200 µg/mL) obtained from E. purpurea flowers (F), leaves (L), and roots (R) cultured for 24 h. 

Scale bar = 100 µm. 
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Supplementary Figure S4.7 | Optical micrographs of LPS-stimulated macrophages cultured in the presence of 

dichloromethanolic extracts (DE; 4.9 – 200 µg/mL) obtained from E. purpurea flowers (F), leaves (L), and roots (R) cultured 

for 24 h. Scale bar = 100 µm. 
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Supplementary Figure S4.8 |  IL-1β (A), IL-6 (B), and TNF-α (C) production by non-stimulated macrophages cultured in 

the presence of different concentrations of the ethanolic (EE) and dichloromethanolic extract (DE) obtained from E. purpurea 

flowers (F), leaves (L), and roots (R) cultured for 24 h. Statistically significant differences are ** (p < 0.0075), *** (p < 0.0006), 

and **** (p < 0.0001) in comparison to the negative control (non-stimulated macrophages without treatment) for each different 

tested extract. 
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Supplementary Figure S4.9 | Intracellular ROS/RNS (green) and O2
•– (red) production by non-stimulated macrophages 

(nucleus in blue) in the presence of aqueous extracts (AE; 50 or 200 µg/mL) obtained from flowers (F), leaves (L), and roots (R) 

of E. purpurea cultured for 24 h. Scale bar = 200 µm. 
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Supplementary Figure S4.10 | Intracellular ROS/RNS (green) and O2
•– (red) production by LPS-stimulated macrophages in presence of aqueous extracts (AE; 50 and 200 µg/mL) 

obtained from flowers (F), leaves (L), and roots (R) of E. purpurea cultured for 24 h. Scale bar = 200 µm. 
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Supplementary Figure S4.11 | Intracellular ROS/RNS (green) and O2
•– (red) production by LPS-stimulated macrophages in presence of ethanolic extracts (EE; 50 and 200 µg/mL) 

obtained from flowers (F), leaves (L), and roots (R) of E. purpurea cultured for 24 h. Scale bar = 200 µm. 
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Supplementary Figure S4.12 | Intracellular ROS/RNS (green) and O2
•– (red) production by LPS-stimulated macrophages 

in presence of dichloromethanolic extracts (DE; 50 and 200 µg/mL) obtained from flowers (F), leaves (L), and roots (R) of E. 

purpurea cultured for 24 h. Scale bar = 200 µm. 
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CHAPTER 5 

Echinacea purpurea extracts stimulate 

macrophage activity via modulation of the 

p38/ERK pathway 

 

 

 

 

 

 

 

 

 

This chapter was adapted from the following publication: 

S. F. Vieira, S. M. Gonçalves, V. M. F. Gonçalves, M. E. Tiritan, C. Cunha, A. Carvalho, R. L. Reis, H. 

Ferreira, N. M. Neves, Echinacea purpurea extracts stimulate macrophage activity via modulation of the 

p38/ERK pathway. Submitted (2023).
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ABSTRACT 

Echinacea purpurea has been traditionally used to strengthen the immune system. Therefore, 

herein, we investigated the potential of E. purpurea aqueous extracts (AE) obtained from flowers (F), 

leaves (L), or roots (R) as an immune booster. For that, human primary monocyte‐derived macrophages 

(hMDM) were used. Additionally, to identify the main class of compounds (phenolic/carboxylic acids vs. 

alkylamides) responsible for the bioactivity, the three AE were fractioned by semi-preparative high 

performance liquid chromatography (HPLC). The AE and the isolated phenolic/carboxylic acidic fractions 

were not cytotoxic for hMDM for all tested concentrations, as confirmed by the metabolic activity and DNA 

content assays. Moreover, AE drastically induced the production of the interleukin (IL)-6 and tumor 

necrosis factor (TNF)-α, with a minimal effect on IL-1β and prostaglandin E2 (PGE2), supporting their 

potential for macrophage activation. Interestingly, in the presence of the phenolic/carboxylic acidic 

fractions, this efficacy considerably decreased, suggesting a complementary effect between compounds. 

AE also triggered the phosphorylation of the extracellular signal-regulated kinase (ERK) 1/2 and p38 

signaling pathways and upregulated the cyclooxygenase (COX)-2 expression in hMDM. Overall, AE-F was 

demonstrated to be the most powerful immunostimulant extract that can be related to their higher number 

in identified bioactive compounds compared to AE-L and AE-R. These results highlight the efficiency of E. 

purpurea AE to enhance the function of a key cell type of the immune system and their potential as 

immunostimulant formulations for patients with a compromised immune system due to certain diseases 

(e.g., acquired immunodeficiencies) and treatments (e.g., chemotherapy). 
 

 

 

Keywords: Echinacea purpurea extracts, phenolic/carboxylic acids, inflammation, signaling pathways, 

human primary macrophages. 
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5.1. INTRODUCTION 

Echinacea purpurea preparations have been traditionally and highly used as an immune booster, 

being recognized as safe by the World Health Organization [1]. E. purpurea extracts can interact with 

different entities of the immune system, modulating their activity. The immunostimulatory activity of E. 

purpurea is related to the (i) activation of different immune cells (e.g., macrophages, dendritic cells, CD4 

and CD8 T cells, natural killer cells, monocytes, myeloid progenitor cells, and splenocytes) [2–18], (ii) 

promotion of cytokine, chemokine, and immunoglobulin expression [19–24], (iii) stimulation of 

phagocytosis [21,22], (iv) increase of respiratory burst [2,9], (v) increase of cell proliferation (e.g., 

monocytes, B cells, CD4 and CD8 T cells, and natural killer cells) [5,6,14,17,25], and (vi) activation of 

immune cells (e.g., monocytes, dendritic cells, and natural killer cells) migration and mobility [25,26]. 

This stimulatory effect may enhance, for instance, the surveillance to infections [27,28], and a faster 

resolution of the disease cause [29]. 

The immunostimulatory activity of E. purpurea has been mainly attributed to polysaccharides 

[5,6,9,11,27]. Alkylamides and caffeic acid derivatives can also present this bioactivity [2,3,20,21]. 

However, there are incongruences in the literature regarding extracts bioactivity. Among different factors, 

the particular experimental cell procedures used in the several studies contribute to the reported 

differences between E. purpurea extracts bioactivity. For example, a butanol fraction of its stems and 

leaves significantly activated human-derived dendritic cells but not mouse-derived dendritic cells, 

suggesting that specific biochemical and cellular effects of plant extracts may differ between mammalian 

species [12,26]. Therefore, the determination of the constituents’ fingerprint, and the use of reliable in 

vitro models that could mimic the human cell environment enable a greater accuracy in the identification 

of the compounds responsible for a specific activity of plant extracts. 

Due to its immunostimulatory activity, E. purpurea formulations could present a high added-value 

in the therapy of diseases where the immune system is compromised (e.g., acquired 

immunodeficiencies). Particularly, the activation of a critical immune cell type, such as macrophages in 

these individuals would benefit greatly the overall immune response [30]. Besides, there are several 

studies illustrating the immunostimulatory activity of E. purpurea extracts, the majority of them are 

performed with cell lines or murine primary macrophages [2,9,10,18,20,22]. Indeed, to the best of our 

knowledge, only one study was carried out with human primary macrophages to demonstrate the ability 

of a commercial E. purpurea formulation to stimulate the production of cytokines, including interleukin 

(IL)-1β, IL-6, tumor necrosis factor (TNF)-α, and IL-10 [23]. However, its mechanism of action, as well as 

the active principles, were not investigated. Therefore, in this study, we aimed to explore the effects of 
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the extract that most people consume as a tea, namely the aqueous extract (AE), in human primary 

monocyte‐derived macrophages (hMDM) activity. Macrophages are often the first line of the body defense 

against noxious stimulus [30], being their activation essential for the strengthening of the immune system. 

Different extracts were prepared by stirring flowers, leaves, and roots of E. purpurea with water. Then, to 

determine which class of compounds were responsible for the immunostimulatory activity, each AE was 

fractionated by semi-preparative high performance liquid chromatography (HPLC) into two fractions: 

phenolic/carboxylic acids and alkylamides fractions. The production of the main pro-inflammatory 

cytokines (IL-6, TNF-α, IL-1β) and eicosanoids (prostaglandin – PG – E2) was firstly investigated. These 

inflammatory mediators trigger different biochemical cascades in target immune cells, determining the 

course of the immune response in a complex inflammatory process. Briefly, they can, e.g., stimulate 

chemotaxis and phagocytosis, promote the vascular permeability, and induce the cytotoxic and 

bactericidal activities of macrophages and neutrophils [31–37]. Hence, the increased levels of pro-

inflammatory cytokines and eicosanoids can have a therapeutic action for individuals where the activation 

of the immune system is a challenge. Then, the mechanism of action underlying the pro-inflammatory 

activity was analyzed. The activation of macrophages is deeply related to the nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-κB) and mitogen-activated protein kinase (MAPK) signal 

transduction pathways [38,39], which are involved in the regulation of the pro-inflammatory cytokines 

expression through phosphorylation of the transcription factors [40–43]. Based on that, different 

inflammatory signaling pathways, namely NF-κB p65, extracellular signal-regulated kinase – ERK – 1/2, 

p38, and cyclooxygenase – COX – 2 expression were investigated. The whole extract exhibited significantly 

higher immunostimulatory activity than the phenolic/carboxylic acid fractions, suggesting a 

complementary biological effect between the two classes of compounds. To the best of our knowledge, 

this is the first study demonstrating the stimulation of hMDM by E. purpurea AE, through the activation 

of ERK 1/2 and p38 of the MAPK signaling pathway, as well as the COX-2 expression. 

 

5.2. MATERIALS AND METHODS 

5.2.1. Reagents and chemicals 

Echinacea purpurea, commonly known as purple coneflower, was purchased from Cantinho das 

Aromáticas (Vila Nova de Gaia, Portugal) in May 2017. The plants were immediately transferred to the 

soil and were let to grow following a sustainable agriculture procedure (41°37′04.5″ N, 7°16′14.4″ W). 

After two years of cultivation, the flowers and leaves were collected in a full bloom phase (June and July 

2018), while the roots, including rhizomes, were harvested in autumn (October 2018). The plants were 
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dried in the dark and stored at room temperature (RT), protected from the light. Dimethyl sulfoxide 

(DMSO) was obtained from VWR, Lisbon, Portugal. Ultra-pure water was obtained from a Milli-Q Direct 

Water Purification System (Milli-Q Direct 16, Millipore, Molsheim, France). Roswell Park Memorial Institute 

(RPMI)-1640 media, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer solution 1 M, 

penicillin-streptomycin (10,000 U/mL), Dulbecco's phosphate-buffered saline (DPBS), Quant-iT 

PicoGreen dsDNA Kit, Pierce Phosphatase Inhibitor Mini Tablets, PageRuler Plus Prestained Protein 

Ladder (10 to 250 kDa), Bolt Sample Reducing Agent, Bolt LDS Sample Buffer, Bis-Tris Bolt 8 %, Bolt 

MES SDS Running Buffer, and iBlot 2 Transfer Stacks (polyvinylidene fluoride, PVDF) were purchased 

from Thermo Fisher Scientific, Lisbon, Portugal. OctoMACS separator, human CD14 microbeads, MS 

columns, and human recombinant granulocyte-macrophage colony-stimulating factor (GM-CSF) were 

obtained from Miltenyi Biotec, Bergisch Gladbach, Germany. AlamarBlue, Bio-Rad Protein Assay Dye 

Reagent Concentrate, and Tween20 were purchased from Bio-Rad, Lisbon, Portugal. Human IL-1β, IL-6, 

and TNF-α, DuoSet Enzyme-linked immunosorbent assay (ELISA) and DuoSet ELISA Ancillary Reagent 

Kit 2 were purchased from R&D Systems, MN, USA. Ethanol, acetonitrile (ACN) HPLC grade, methanol 

HPLC grade, formic acid analytical grade, Histopaque-1077, human serum, lipopolysaccharide (LPS; 

Escherichia coli O26:B6), radioimmunoprecipitation assay (RIPA) buffer, complete mini protease inhibitor 

cocktail tablets, bovine serum albumin (BSA), tris-base, and high-purity standards of echinacoside, 

chicoric acid, caftaric acid, caffeic acid, chlorogenic acid and cynarin were obtained from Sigma-Aldrich, 

Lisbon, Portugal. Echinacea isobutylamide standards kit, composed by undeca-2E/Z-ene-8,10-diynoic 

acid isobutylamide, dodeca-2E-ene-8,10-diynoic acid isobutylamide, and dodeca-2E,4E-dienoic acid 

isobutylamide, was acquired from ChromaDex, CA, USA. High-purity standard dodeca-2E,4E,8Z,10E/Z-

tetraenoic acid isobutylamide was obtained from Biosynth Carbosynth, Spain. PGE2 ELISA Kit and rabbit 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were acquired from Abcam, MA, USA. IRDye 

800CW Goat anti-Rabbit IgG and IRDye 680RD Goat anti-Rabbit IgG secondary antibodies were obtained 

from LI-COR Biosciences, GmbH, Bad Homburg, Germany. Monoclonal rabbit NF-κB p65, monoclonal 

rabbit p44/42 MAPK (ERK 1/2), monoclonal rabbit p38 MAPK, monoclonal rabbit COX-2, monoclonal 

rabbit phospho-NF-κB p65, monoclonal rabbit phospho-p38 MAPK, and monoclonal rabbit phospho-

p44/42 MAPK (ERK 1/2) were purchased from Cell Signaling, Lisbon, Portugal. Sodium chloride (NaCl) 

was achieved from PanReac AppliChem, Lisbon, Portugal. Coffee filter paper N4 was acquired in a local 

supermarket (Braga, Portugal). 
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5.2.2. Bioactive compounds extraction 

The plant material was ground immediately before extraction. Dried flowers (F) and leaves (L) were 

ground using a blender (Picadora Clássica 123 A320R1, Moulinex), while dried roots (R) were ground 

using an Analytical Sieve Shaker (AS200 Digit, Retsch, Germany). The AE were prepared by stirring 20 g 

of sample in 150 mL of ultra-pure water at RT for 24 h, as previously described by Vieira et al. [44]. The 

water was changed after 12 h of the extraction process. After extraction, AE was filtrated using a coffee 

filter paper N4. Both solutions were mixed, frozen at –80 °C and then freeze-dried (Lyoquest –85 °C 

Plus Eco, Telstar). The lyophilized extracts were stored at –80 °C until further use. 

 

5.2.2.1. Fractionation of the AE 

The dry powder of AE was dissolved in ultra-pure water (30 mg/mL) and centrifuged at 10 000 × g 

for 5 min (ScanSpeed Mini, Labogene). The collected supernatants were injected (200 – 400 µL) in the 

LaChrom Merck Hitachi system equipped with a D-7000 Interface, a L-7100 Pump, a L-7200 

autosampler, a L-7455 diode array detector (DAD), and a HPLC System Manager HSMD-7000, version 

3.0. The fractionation method previously optimized by our research group was employed to fractionate 

AE [45]. Briefly, the chromatographic separation was performed on a Uptisphere WOD homemade semi-

preparative column (250 mm × 10 mm, 5 µm, interchrom, Interchim, Montluçon, France), employing a 

gradient elution composed of 0.1% formic acid and ACN. The flow rate was 2 mL/min. Two fractions, 

phenolic/carboxylic acid (F1, 2 – 11 min) and alkylamide (F2, 11 – 20 min) fractions, were obtained 

through the eluent collection. The organic solvent was evaporated in a rotavapor (R210 Buchi, 

Switzerland). Then, the fractions were freeze-dried (LyoQuest Plus Eco, Telstar) to remove the water 

content. The powder obtained was stored at –80 °C until further use. 

 

5.2.2.2. Chemical characterization of the AE 

The chemical characterization of the AE was performed according to the liquid chromatography-

high resolution mass spectrometry (LC-HRMS) analysis method described by us [44]. AE were dissolved 

in ultra-pure water at 5.0 mg/mL. The AE were centrifuged (10 000 × g, 5 min), the supernatant was 

collected and injected into the UltiMate 3000 Dionex ultra-high-performance liquid chromatography 

(UHPLC, Thermo Scientific, Lisbon, Portugal), coupled to an ultrahigh-resolution quadrupole-quadrupole 

time-of-flight (UHR-QqTOF) mass spectrometer (Impact II, Bruker). Bruker Compass DataAnalysis 5.1 

software (Bruker) was used to process the LC-HRMS acquired data. The identification of the chemical 

compounds present in AE was confirmed by the matching of the retention time (tR, min), mass-to-charge 
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ratio (m/z) of the molecular ion, and MS/MS fragmentation patterns with the standards. When the tR and 

MS data did not match with the available standards, the potential identity of the compound was assigned 

by comparing the MS/MS spectra with the theoretical data MS/MS fragments and data in the literature 

[46–52]. 

 

5.2.3. Preparation of AE and fractions solutions 

Stock solutions of AE (5.1 mg/mL; F, L, and R) and phenolic/carboxylic acid fractions (60.0 

mg/mL) were prepared in ultra-pure water and sterilized with 0.22 µm filter. The alkylamine fraction 

prepared from AE were not biologically studied, since no measurable amounts were obtained. 

Aliquots of the stock solutions of each extract and phenolic/carboxylic acids fraction were prepared 

and stored at –80 °C. Then, serial dilutions were made with complete RPMI-1640 culture medium with 

2 mM glutamine supplemented with 10% human serum, 1% penicillin/streptomycin and 1% HEPES 

(cRPMI). Different final concentrations of AE (250, 125, and 50 µg/mL) and phenolic/carboxylic fractions 

(250 and 125 µg/mL) were tested in the biological studies (Section 5.2.4). 

 

5.2.4. Biological studies 

5.2.4.1. Ethics statement 

The collection of peripheral blood from healthy volunteers at Hospital of Braga, Portugal, was 

approved by the Ethics Subcommittee for Life and Health Sciences (SECVS) of the University of Minho, 

Portugal (no. 014/015). The principles expressed in the Declaration of Helsinki were followed, and 

participants provided a signed informed consent. 

 

5.2.4.2. Isolation and differentiation of monocytes 

Monocytes were isolated from buffy coats, as previously described by Gonçalves et al. [53]. Briefly, 

peripheral blood mononuclear cell (PBMCs) were subjected to a density gradient centrifugation using a 

Histopaque-1077 solution. The PBMCs ring was carefully collected and washed twice with PBS. Then, 

the monocytes were isolated from PBMCs using positive magnetic beads separation with CD14 

microbeads, according to the instructions of the manufacturer. Isolated monocytes were resuspended in 

cRPMI. The monocytes (5 × 105 cells/well in adherent 24-well plates) were seeded in the presence of 20 

ng/mL of recombinant human GM-CSF and incubated at 37 °C in a humidified atmosphere at 5% CO2 

for 7 days. The culture medium was replaced every 3 days, and the acquisition of macrophage 

morphology was confirmed by visualization under an inverted microscope (Axiovert 40, Zeiss). 
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5.2.4.3. Pro-inflammatory activity evaluation 

The hMDMs were incubated with AE and their phenolic/carboxylic acids fractions at different 

concentrations (Section 5.2.3) for 24 h. Afterwards, the culture medium was harvested (the triplicates 

were mixed and homogenized) and stored aliquoted at –80 °C until cytokines quantification. The cells 

were washed with warm sterile DPBS, and the metabolic activity and DNA quantification were determined 

as described in Section 5.2.4.4. The hMDM cultured without treatment (only with culture medium) and 

stimulated with 100 ng/mL of LPS for 24 h were used as negative and positive controls of the production 

of the pro-inflammatory mediators, respectively [45]. 

 

5.2.4.4. Metabolic activity and DNA quantification 

The metabolic activity and DNA concentration of hMDM incubated with AE and their 

phenolic/carboxylic acids fractions were determined using alamarBlue assay and fluorimetric dsDNA 

quantification kit, respectively, as previously described by Vieira et al. [54]. The results of metabolic 

activity were expressed in percentage related to the control. DNA contents were expressed in relative 

concentrations of the control. 

 

5.2.4.5. Cytokine and eicosanoid quantification 

The amount of IL-1β, IL-6, TNF-α, and PGE2 was assayed using ELISA kits, according to the 

instructions of the manufacturer. The obtained values were normalized by the respective DNA 

concentration. The results were expressed as fold change relative to the non-stimulated hMDM condition 

(negative control). 

 

5.2.4.6. Western blot analysis 

To determine the expression of inflammatory proteins and phosphorylation of signaling pathways 

involving the activation of macrophages, Western blot analysis was performed. The hMDMs (5 × 105 

cells/well in 24-well plates) were cultured with AE for 24 h, at 37 °C and 5% CO2. After that period of 

time, the medium was removed, and the cells were washed with ice DPBS. Then, the cells were lysed in 

RIPA buffer containing a mixture of protease and phosphatase inhibitors, at 4 °C for 30 min, under 

shaking. Then, samples were collected into an Eppendorf tube and centrifuged (2000 rpm, 20 min). The 

supernatant was used to determine the protein content using the Bio-Rad Protein Assay. Bolt sample 

reducing agent and bolt LDS sample buffer were added to 30 – 40 µg of protein. Then, the samples were 

heated and denatured at 70 °C (20 min) and 95 °C (5 min). The centrifuged samples (13 000 × g, 1 
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min) were load and separated on an 8% precast polyacrylamide gel set on a Mini Gel Tank (Invitrogen, 

ThermoFisher Scientific). The proteins were transferred from the gel to a PVDF membrane using the iBlot 

2 Gel Transfer Device (Invitrogen, ThermoFisher Scientific). After blocking for 30 min at RT with 5% BSA 

in tris-buffered saline with Tween20 (TBST), the membranes were incubated overnight at 4 °C with the 

following primary antibodies diluted in blocking solution: NF-κB p65 (1:1000), p44/42 MAPK (ERK 1/2) 

(1:1000), p38 MAPK (1:1000), COX-2 (1:500), phospho-NF-κB p65 (1:1000), phospho-p38 MAPK 

(1:1000), phospho-p44/42 MAPK (ERK 1/2) (1:1000), and GAPDH (1:10000). The membranes were 

washed three times for 5 min with TBST and, then, IRDye 800CW Goat anti-Rabbit IgG or IRDye 680RD 

Goat anti-Mouse IgG secondary antibodies, both diluted in TBST (1:15,000), were incubated for 1 h at RT 

in the dark. The Odyssey Fc Imaging System (LI-COR Inc., 2800, Nebraska, USA) was used for image 

acquisition of the Western Blots using a near-infrared method set to 700 or 800 nm. The intensity of the 

bands was quantified with Image Studio Lite software (LI-COR, Inc., Version 5.2.5). The data was 

normalized to the housekeeping GAPDH. The phenolic/carboxylic acid fractions obtained from AE were 

not further studied, since no significant immunostimulatory activity was observed. 

 

5.2.5. Statistical analysis 

Results were expressed as mean ± standard deviation (SD) of three independent experiments, with 

a minimum of three replicates for each condition. Statistical analyses were performed using GraphPad 

Prism 8.0.1 software. Two-way analysis of variance (ANOVA) and Dunnett’s multiple comparison test or 

Sidak's multiple comparisons test were used for cell assays. Differences between experimental groups 

were considered significant with a confidence interval of 99%, whenever p < 0.01. 

 

5.3. RESULTS 

5.3.1. Chemical composition of AE 

Table 5.1 presents the identified phenolic/carboxylic acid compounds and alkylamides in each 

AE. Each extract exhibited different patterns of phenolic/carboxylic acids and alkylamides. Seven 

phenolic/carboxylic acids were identified in AE-F and AE-L. AE-R only present three phenolic/carboxylic 

acids. Sixteen and fourteen alkylamides were identified in AE-R and AE-F, respectively. AE-L did not contain 

any identified alkylamide. 
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Table 5.1 | Overview of the identified compounds (phenolic/carboxylic acids and alkylamides) in aqueous E. purpurea 

extracts (AE) obtained from flowers (F), leaves (L), and roots (R) by LC-HRMS. 

Compounds 
AE 

F L R 

Phenolic/carboxylic acids    

Malic Acid + + + 

Vanillic acid + + - 

Protocatechuic acid + + - 

Caftaric acid + + - 

Chlorogenic acid - - - 

Quinic acid - - - 

Vanillin - - - 

Caffeic acid - - - 

Benzoic acid + + + 

Cynarin - - - 

Echinacoside - - - 

p-coumaric acid + + - 

Chicoric acid + + + 

Rutin - - - 

Quercetin - - - 

Alkylamides    

Dodeca-2E,4Z,10E-triene-8-ynoic acid isobutylamide + - + 

Dodeca-2E,4Z,10Z-triene-8-ynoic acid isobutylamide + - + 

Dodeca-2,4,10-triene-8-ynoic acid isobutylamide (isomer 1) - - - 

Dodeca-2E,4E,10Z-triene-8-ynoic acid isobutylamide - - + 

Dodeca-2Z,4E,10Z-triene-8-ynoic acid isobutylamide - - + 

Dodeca-2E,4E,10E-triene-8-ynoic acid isobutylamide + - - 

Undeca-2E,4Z-diene-8,10-diynoic acid isobutylamide + - + 

Undeca-2E/Z-ene-8,10-diynoic acid isobutylamide + - - 

Undeca-2Z,4E-diene-8,10-diynoic acid isobutylamide - - + 

Undeca-2E/Z,4Z/E-diene-8,10-diynoic acid 2-methylbutylamide - - - 

Pentadeca-2E,9Z-diene-12,14-diynoic acid 2-hydroxyisobutylamide - - - 

Dodeca-2E,4Z-diene-8,10-diynoic acid isobutylamide + - + 

Undeca-2E,4E-diene-8,10-diynoic acid isobutylamide - - - 

Dodeca-2Z,4E-diene-8,10-diynoic acid isobutylamide - - + 

Dodeca-2E-ene-8,10-diynoic acid isobutylamide + - - 

Trideca-2E,7Z-diene-10,12-diynoic acid isobutylamide + - + 

Dodeca-2,4-diene-8,10-diynoic acid 2-methylbutylamide - - + 

Dodeca-2Z,4Z,10Z-triene-8-ynoic acid isobutylamide - - + 

Trideca-2E,7Z-diene-10,12-diynoic acid 2-methylbutylamide + - - 

Dodeca-2E,4E,8Z,10E/Z-tetraenoic acid isobutylamide + - + 

Dodeca-2E,4Z,10E-triene-8-ynoic acid 2-methylbutylamide 

OR 

Dodeca-2E-ene-8,10-diynoic acid 2-methylbutylamide 

+ - + 

Dodeca-2E,4E,8Z-trienoic acid isobutylamide (isomer 1) - - - 

Dodeca-2E,4E-dienoic acid isobutylamide (isomer 1) - - - 

Pentadeca-2E,9Z-diene-12,14-diynoic acid isobutylamide - - + 

Dodeca-2E,4E,8Z-trienoic acid isobutylamide + - + 
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Trideca-2Z,7Z-diene-10,12-diynoic acid 2-methylbutylamide - - - 

Dodeca-2E,4E,8Z,10E/Z-tetraenoic acid 2-methylbutylamide + - - 

Hexadeca-2E,9Z-diene-12,14-diynoic acid isobutylamide - - - 

Dodeca-2E,4E,8Z-trienoic acid isobutylamide (isomer 2) - - - 

Dodeca-2E,4E-dienoic acid isobutylamide + - + 

Smooth grey shaded corresponds to studied standards. Symbol “+” represents the presence of compound; symbol “-” 

represents the absence of compound. E/Z stereochemistry is indicated here in accordance with the literature [33,55–60], but 

it should be highlighted that without conformational NMR spectra, it is not possible to conclusively distinguish between E and 

Z isomers. 

 

5.3.2. Fractionation of AE 

The chromatograms obtained for AE by semi-preparative HPLC are present in Figure 5.1. The 

three AE show higher number of phenolic/carboxylic acids compounds than alkylamides. AE-F displayed 

two individual peaks of alkylamides (Figure 5.1A–ii), while AE-L did not exhibit any alkylamide peak 

(Figure 5.1B–ii). AE-R revealed the highest amount of alkylamides, represented by an irregular peak 

(Figure 5.1C–ii). 

 

 

 

Figure 5.1 | Semi-preparative HPLC chromatograms of aqueous extracts obtained from flowers (A), leaves (B) and roots 

(C), at 30 mg/mL (400 µL of injection volume), detected at 330 nm (phenolic/carboxylic acids; A-i, B-i, and C-i) and 254 nm 

(alkylamides; A-ii, B-ii, and C-ii). 

 

5.3.3. Cytotoxicity of AE and individual fractions 

The metabolic activity and the relative DNA concentration of non-stimulated hMDM in the absence 

or presence of the E. purpurea AE and their phenolic/carboxylic acids fractions at different concentrations 

is presented in Figure 5.2. The cell metabolic activity and the DNA concentration were not affected in 
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the presence of the AE and phenolic/carboxylic acids fractions at any tested concentration, showing 

results similar to those of the negative control (non-stimulated hMDM without treatment, Figure 5.2). 

 

 

Figure 5.2 | Metabolic activity (A) and relative DNA concentration (B) of hMDM cultured in the presence of LPS and different 

concentrations of the E. purpurea aqueous extracts (AE) obtained from flowers (F), leaves (L), roots (R) and their 

phenolic/carboxylic acids fractions (F1) for 24 h. The dotted line represents the metabolic activity and DNA concentration of 

the negative control (non-stimulated hMDM without treatment). There are no statistically significant differences in comparison 

to the negative control for each tested extract concentration. 

 

5.3.4. Induction of pro-inflammatory cytokines and eicosanoid production 

The immunostimulatory activity of AE and their phenolic/carboxylic acids fractions was evaluated 

by assessing the levels of pro-inflammatory cytokines (IL-6, IL-1β, and TNF-α) and the eicosanoid PGE2, 

produced by non-stimulated hMDM in the cell culture medium. Non-stimulated hMDM (negative control) 

produced basal amounts of IL-6 (5.9 ± 7.6 pg/mL), TNF-α (40.5 ± 28.9 pg/mL), IL-1β (1.1 ± 0.6 

PG/mL), and PGE2 (311.7 ± 47.9 pg/mL). As expected, LPS-stimulated hMDM (positive control) 

significantly increased the IL-6, TNF-α, and PGE2 production (Figure 5.3). The production of IL-1β was 
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Figure 5.3 | IL-6 (A), TNF-α (B), IL-1β (C), and PGE2 (D) production of non-stimulated hMDM cultured in the presence of 

LPS and different concentrations of the E. purpurea aqueous extracts (AE) obtained from flowers (F), leaves (L), roots (R) and 

their phenolic/carboxylic acids fractions (F1) for 24 h. Statistically significant differences are * (p < 0.0395), ** (p < 0.0047), 

*** (p < 0.0009), and **** (p < 0.0001) in comparison to the negative control (non-stimulated hMDM without treatment) for 

each different tested E. purpurea AE and F1 concentrations, and 1 (p < 0.0438), 2 (p < 0.0093), and 4 (p < 0.0001) in 

comparison with a (AE-F vs. AE-F-F1), b (AE-L vs. AE-L-F1), and c (AE-R vs. AE-R-F1). 
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also enhanced ≈ 6 times compared with the negative control, but it was not statistically significant. When 

macrophages were incubated with the AE and their phenolic/carboxylic acids fractions, a significant 

increase of those cytokines and the eicosanoid in the culture medium was observed (Figure 5.3), 

demonstrating its potential to stimulate naïve macrophages. In general, extracts from flowers and leaves 

were the most powerful in the stimulation of the production of pro-inflammatory mediators. Roots 

presented ≈ 1.3 times lower activity than the other parts of the plant. 

AE demonstrated an immunostimulatory profile for two important cytokines in inflammation, IL-6 

(Figure 5.3A) and TNF-α (Figure 5.3B). IL-6 and TNF-α production were dramatically enhanced in the 

presence of 250 µg/mL of AE-F in, respectively, 20164.9 ± 10943.3 and 892.7 ± 209.9 times higher 

than non-stimulated hMDM. AE-L demonstrated a comparable bioactivity to AE-F in stimulating the IL-6 

and TNF-α production (20011.9 ± 8402.8 and 804.2 ± 154.4 times higher than non-stimulated hMDM, 

respectively). AE-R was able to induce 18616.9 ± 9241.5 and 742.9 ± 195.3 times the IL-6 and TNF-α 

production, respectively. Regarding the phenolic/carboxylic acids fractions, only AE-F-F1 was able to 

significantly stimulate hMDM to produce IL-6 at 125 µg/mL (more 7136.1 ± 2903.0 times than the 

negative control, Figure 5.3A). Conversely, all the fractions significantly enhanced the TNF-α production 

(Figure 5.3B). However, the efficacy of all phenolic/carboxylic acids fractions, to stimulate IL-6 and 

TNF-α production, was dramatically lower in comparison with the whole extract. Comparing all the E. 

purpurea extracts, AE-F and AE-L exhibited the highest immunostimulatory activity for IL-6 and TNF-α 

production, followed by AE-R, AE-F-F1, AE-L-F1, and AE-R-F1. Moreover, all the AE demonstrated a similar 

or higher pro-inflammatory cytokine production than LPS-stimulated hMDM. 

The IL-1β production was markedly improved in 41.4 ± 21.7 and 30.8 ± 12.2 times in the presence 

of 250 µg/mL AE-F and AE-R, respectively. AE-L immunostimulatory activity was not significantly 

demonstrated for this pro-inflammatory cytokine (15.7 ± 1.0 times). Interestingly, AE-F-F1, at 250 µg/mL, 

demonstrated a superior immunostimulatory activity, enhancing 239.6 ± 94.6 times the IL-1β production. 

AE-R-F1 showed a comparable bioactivity to AE-R (44.0 ± 8.3 times, 250 µg/mL). IL-1β production by 

AE-L-F1 was not significantly enhanced (22.5 ± 10.1 times, 250 µg/mL). Comparing all the E. purpurea 

extracts, the AE-F-F1 was the fraction that was stronger in stimulating the IL-1β production, followed 

by AE-R-F1, AE-F, AE-R, AE-L-F1, and AE-L. Furthermore, all the E. purpurea extracts showed a higher IL-

1β production than LPS-stimulated hMDM. 

The PGE2 production was significantly enhanced in 1.7 ± 0.1 and 1.4 ± 0.2 in the presence of AE-

F (250 µg/mL) and AE-L (50 µg/mL). AE-R did not demonstrate statistically significant differences in the 

induction of PGE2 production (1.3 ± 0.1, 125 µg/mL). In this case, the phenolic/carboxylic acids 
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fractions obtained from AE were more effective for PGE2 production induction, showing an efficacy 

approximately 1.7 times higher compared to non-stimulated hMDM for all tested fractions, at 250 µg/mL. 

Comparing all the E. purpurea extracts, AE-F-F1, AE-L-F1, AE-R-F1, and AE-F led to a similar PGE2 

production, followed by AE-L and AE-R. All the phenolic/carboxylic acids fractions and AE-F demonstrated 

a similar or higher induction of PGE2 production than LPS-stimulated macrophages. 

 

5.3.5. Mechanism of action 

To understand which mechanism of action was associated with the immunostimulatory activity of 

the E. purpurea AE, the signaling pathways of several pro-inflammatory molecules in hMDM were 

investigated by Western Blot. As AE at the highest tested concentration induced higher levels of IL-6 and 

TNF-α production than their phenolic/carboxylic acids fractions (F1), only these ones were investigated. 

Non-stimulated hMDM showed basal levels of ERK 1/2 (Figure 5.4A1 and B1) and p38 

phosphorylation (Figure 5.4A2 and B2). The phosphorylation of ERK 1/2 and p38 was significantly 

enhanced in LPS-stimulated hMDM. All AE, but mainly AE-L and AE-R, also shown having the ability to 

drastically upregulate the expression of these inflammatory molecules, confirming their 

immunostimulatory activity. AE-R demonstrated a strong potential to upregulate the ERK 1/2  

 

 

Figure 5.4 | ERK 1/2 (A1 and B1), p38 (A2 and B2), NF-κB p65 (A3 and B3), and COX-2 (A4 and B4) signaling pathways 

activation of non-stimulated hMDM cultured in the presence of LPS and E. purpurea aqueous extracts (AE) obtained from 

flowers (F), leaves (L), and roots (R), at 250 µg/mL, for 24 h. Statistically significant differences are * (p < 0.0457) and 

** (p < 0.0078) in comparison to the negative control (non-stimulated hMDM without treatment) for each different tested 

E. purpurea AE. 
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phosphorylation of p38 was similar between the different E. purpurea AE and the bioactivity was at similar 

level as that of LPS-stimulated hMDM. 

Basal levels of NF-κB p65 were presented in non-stimulated hMDM (Figure 5.4A3 and B3). 

Interestingly, the phosphorylation of NF-κB p65 was not altered in the presence of LPS or AE for 24 h of 

culture (Figure 5.4A3 and B3). 

Non-stimulated hMDM did not present COX-2 expression, which was upregulated after their LPS-

stimulation (Figure 5.4A4 and B4). AE also showed a strong capacity to enhance the COX-2 expression, 

being both AE-R and AE-L the most powerful extracts compared to AE-F. The AE had a similar or higher 

capacity to stimulate COX-2 expression in comparison with LPS. 

 

5.4. DISCUSSION 

The immune system is a powerful tool resulting from the human body  evolution and designed to 

keep it healthy and functional [55]. A healthy immune system is fundamental to recognize several 

antigens, ranging from cancer to a common cold, developing and coordinating a complex defense 

response to maintain and protect the body. However, in individuals with a depressed or completely 

disabled immune system, an increased susceptibility to infections or illness is observed [56]. Therefore, 

the prescription of drugs to enhance the immune system is needed, being E. purpurea a strong candidate 

due to its traditional use in prevention of infections. Indeed, the plants have been an excellent resource 

of new and safer drugs with a high therapeutic value in the clinic [57]. 

We investigated the E. purpurea AE – the most common beverage drank by world population – 

composed by phenols/carboxylic acids and alkylamides as a promoter of hMDM activity. To identify the 

class of compounds present in AE responsible for the immunostimulatory activity, a fractionation by semi-

preparative HPLC was further employed for all the three AE. The optimized method perfectly enabled the 

fractionation of AE into phenolic/carboxylic acids and alkylamides due to the different polarity of 

compounds (Figure 5.1). The bioactivity of phenolic/carboxylic acids fractions obtained from AE was 

also biologically evaluated to conclude about the class of compounds that mainly contribute to the 

immunostimulatory activity. Due to yield constrains, the bioactivity of the alkylamide fraction (F2) was not 

evaluated. 

The identification of the bioactive compounds present in AE performed by LC-HRMS are in 

agreement with our previous work [44]. Only AE were chemically identified since no significant biological 

activity was observed in F1. AE, exhibiting different fingerprint patterns considering the plant part, are 

enriched in phenolic/carboxylic acids compounds, with small amounts of alkylamides (Table 5.1). 
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Briefly, in flowers and leaves, it was identified 7 phenolic/carboxylic acids, namely malic acid, vanillic 

acid, protocatechuic acid, caftaric acid, benzoic acid, p-coumaric acid, and chicoric acid. Only 3 of these 

(malic acid, benzoic acid, and chicoric acid) were presented in AE obtained from roots. The alkylamides 

were more concentrated in roots (16 compounds) than in flowers (14 compounds). Dodeca-2E,4Z,10E-

triene-8-ynoic acid isobutylamide, dodeca-2E,4Z,10Z-triene-8-ynoic acid isobutylamide, undeca-2E,4Z-

diene-8,10-diynoic acid isobutylamide, dodeca-2E,4Z-diene-8,10-diynoic acid isobutylamide, trideca-

2E,7Z-diene-10,12-diynoic acid isobutylamide, dodeca-2E,4E,8Z,10E/Z-tetraenoic acid isobutylamide, 

dodeca-2E,4Z,10E-triene-8-ynoic acid 2-methylbutylamide or dodeca-2E-ene-8,10-diynoic acid 2-

methylbutylamide, dodeca-2E,4E,8Z-trienoic acid isobutylamide, and dodeca-2E,4E-dienoic acid 

isobutylamide were present in both roots and flowers. Dodeca-2E,4E,10Z-triene-8-ynoic acid 

isobutylamide, dodeca-2Z,4E,10Z-triene-8-ynoic acid isobutylamide, undeca-2Z,4E-diene-8,10-diynoic 

acid isobutylamide, dodeca-2Z,4E-diene-8,10-diynoic acid isobutylamide, dodeca-2,4-diene-8,10-diynoic 

acid 2-methylbutylamide, dodeca-2Z,4Z,10Z-triene-8-ynoic acid isobutylamide, and pentadeca-2E,9Z-

diene-12,14-diynoic acid isobutylamide were only identified in roots. Conversely, dodeca-2E,4E,10E-

triene-8-ynoic acid isobutylamide, undeca-2E/Z-ene-8,10-diynoic acid isobutylamide, dodeca-2E-ene-

8,10-diynoic acid isobutylamide, trideca-2E,7Z-diene-10,12-diynoic acid 2-methylbutylamide, dodeca-

2E,4E,8Z,10E/Z-tetraenoic acid 2-methylbutylamide were only present in flowers. The extracts obtained 

from leaves did not present any identified alkylamide (Figure 5.1). Analyzing the three AE, flowers 

exhibited the highest number of identified bioactive compounds (21 compounds), followed by roots (19 

compounds), and leaves (7 compounds). 

In a first approach, we investigated the capacity of cytocompatible AE and their phenolic/carboxylic 

acids fractions to induce the overexpression of the main mediators of the acute phase response, namely 

pro-inflammatory cytokines (IL-6, TNF-α, IL-1β) and an eicosanoid (PGE2), in hMDM [31,36]. The AE and 

their phenolic/carboxylic acids fractions were not cytotoxic for hMDM at any tested concentration, 

demonstrating their cytocompatibility (Figure 5.2). In addition, AE and their phenolic/carboxylic acids 

fractions induced the production of IL-6 and TNF-α by hMDM, having minimal effect in IL-1β and PGE2 

(Figure 5.3). IL-1β is synthesized as a precursor peptide (pro-IL-1β) and secreted in the mature form 

(IL-1β) by activated macrophages [31,32]. Accordingly, AE may not be able to activate certain signals 

required for the complete maturation of IL-1β. Conversely, AE-F-F1 was incredibly efficient to activate the 

mature form of IL-1β (Figure 5.3). Interestingly, when the AE were separated into phenolic/carboxylic 

acids fractions, in general, the immunostimulatory activity considerably decreased. All these results 

highlight the possibility that a complementary effect between phenolic/carboxylic acids compounds and 
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alkylamides can occur, as we previously hypothesized with a human cell line [44]. Therefore, the 

multiplicity of bioactive compounds present in the whole AE may provide a greater immunostimulatory 

activity [23]. However, AE-L did not present any alkylamide [44], and its immunostimulatory activity was 

similar to AE-F, which led us to conclude about the presence of other bioactive compounds, such as 

polysaccharides, that can also be responsible for the stimulation of hMDM [5,6,9,11,27]. Flowers 

demonstrated an enhanced potential in hMDM activation, which may be correlated with the highest 

number of identified bioactive compounds (Figure 5.3). We also investigated the mechanism of action 

of the AE underlying the immunostimulatory activity in hMDM. No significant effects were observed in NF-

κB p65 phosphorylation when hMDM were treated with AE (Figure 5.4). Matthias et al. also reported 

similar results with the Jurkat human T cell line treated with E. purpurea ethanolic extracts and their 

fractions [58]. The E. purpurea AE triggered the phosphorylation of the ERK 1/2 and p38 inflammatory 

proteins in the MAPK signaling pathway in hMDM (Figure 5.4). For the first time, we demonstrated the 

upregulation of COX-2 expression in the presence of AE. These cellular events resulted in the activation 

of macrophages, which are ready to recognize and fight against pathogens. Sullivan et al. described 

comparable results, reporting an E. purpurea polysaccharide fraction that activated murine-derived 

macrophages to produce pro-inflammatory cytokines (IL-6, TNF-α, and IL-12p70), through the activation 

of MAPK pathways (ERK, p38, and JNK) [9]. 

 

5.5. CONCLUSIONS 

The efficacy of E. purpurea AE and their phenolic/carboxylic acids fractions in the stimulation of 

hMDM depends on its phytochemical composition. The whole AE demonstrated higher pro-inflammatory 

capacity in comparison with their phenolic/carboxylic acids fractions, pointing out the existence of a 

complementary effect between phenols/carboxylic acid and alkylamides. This study also shows the 

importance of fractionating and chemically characterize the plant extracts to identify the therapeutic profile 

of different classes of compounds. 

AE strongly stimulated hMDM to produce IL-6 and TNF-α, with a minimal effect in IL-1β and PGE2. 

These events occur through the activation of the ERK 1/2 and p38 signaling pathways and the 

upregulation of the expression of COX-2. Flowers, presenting the highest number of identified bioactive 

compounds, demonstrated the greatest immunostimulatory activity. Consequently, the activated 

macrophages can provide an efficient defensive response against noxious stimulus, preventing the body 

from infections and diseases. These promising results demonstrate the therapeutic value of E. purpurea 

AE in the activation of crucial immune cells, highlighting the potential of this immunostimulant plant-
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based formulation in disorders in which the immune system is impaired. Further studies supporting the 

role of AE in complex models of inflammation should be explored. 
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ABSTRACT 

Echinacea purpurea is traditionally used in the treatment of inflammatory diseases. Therefore, we 

investigated the anti-inflammatory capacity of E. purpurea dichloromethanolic (DE) and ethanolic extracts 

obtained from flowers and roots (R). To identify the class of compounds responsible for the strongest 

bioactivity, the extracts were fractionated into phenolic/carboxylic acids (F1) and alkylamide fraction (F2). 

The chemical fingerprint of bioactive compounds in the fractions was evaluated by LC-HRMS. E. purpurea 

extracts and fractions significantly reduced pro-inflammatory cytokines (interleukin 6 and/or tumor 

necrosis factor) and reactive oxygen and nitrogen species (ROS/RNS) production by lipopolysaccharide-

stimulated primary human monocyte-derived macrophages. Dichloromethanolic extract obtained from 

roots (DE-R) demonstrated the strongest anti-inflammatory activity. Moreover, fractions exhibited greater 

anti-inflammatory activity than whole extract. Indeed, alkylamides must be the main compounds 

responsible for the anti-inflammatory activity of extracts; thus, the fractions presenting high content of 

these compounds presented greater bioactivity. It was demonstrated that alkylamides exert their anti-

inflammatory activity through the downregulation of the phosphorylation of p38, ERK 1/2, STAT 3, and/or 

NF-κB signaling pathways, and/or downregulation of cyclooxygenase 2 expression. E. purpurea extracts 

and fractions, mainly DE-R-F2, are promising and powerful plant-based anti-inflammatory formulations 

that can be further used as a basis for the treatment of inflammatory diseases. 

 

 

 

Keywords: Echinacea purpurea extracts, fractions, phenolic/carboxylic acids, alkylamides, 

inflammation, human primary macrophages. 
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6.1. INTRODUCTION 

Inflammation is crucial for the survival and maintenance of human health [1]. The inflammatory 

response is coordinated by the activation of several inflammatory signaling pathways in tissue-resident 

and recruited immune cells [2]. The main inflammatory signaling pathways associated with the initiation 

and progression of inflammation are nuclear factor-kappa B (NF-κB) [3], mitogen-activated protein kinase 

(MAPK) family (extracellular signal-regulated kinase – ERK –, C-Jun N-terminal kinase/stress-activated 

protein kinase – JNK/SAPK –, and p38 kinase) [4], cyclooxygenase (COX)-2 expression [5], and Janus 

kinase/signal transducers and activators of transcription (JAK/STAT) [6]. 

The dysregulation of the magnitude or duration of the inflammatory response can lead to chronic 

inflammation, which is characterized by the continuous infiltration of immune cells into the injured tissue 

[7]. Particularly, macrophages are key mediators of inflammation, orchestrating the immune response. 

Those cells are responsible for engulfing damaged cells and invading pathogens and present antigens to 

the adaptive immune system [8]. Once activated, macrophages release high levels of pro-inflammatory 

mediators, including reactive oxygen and nitrogen species (ROS/RNS) and cytokines (e.g., interleukin 

– IL – 6 and tumor necrosis factor – TNF – α) [9–11]. These molecules allow for the communication 

between immune cells, regulating the intensity and duration of the inflammatory response. Hence, their 

suppression can be a valuable hallmark in the therapy of chronic inflammation where the immune system 

is overactivated. 

The most severe and deleterious outcome of chronic inflammation is the continuous damage and 

destruction of tissues and organs, which leads to an increased risk of several pathologies (e.g., 

autoimmune disorders) [12,13]. The current treatment for chronic inflammation-associated diseases 

varies with their severity, but often it focuses on reducing the overactivity of the immune system. Available 

anti-inflammatory drugs include nonsteroidal anti-inflammatory drugs (NSAIDs, e.g., celecoxib), 

corticosteroids (e.g., dexamethasone), conventional disease-modifying anti-rheumatic drugs (cDMARDs, 

e.g., methotrexate), and biological (b) DMARDs (e.g., anti-IL-6 and anti-TNF-α) [14–16]. However, the 

prolonged administration of these drugs is frequently associated with several serious side effects. Those 

include disturbances in the gastrointestinal tract and an increased incidence of opportunistic infections 

and cancer [17,18]. Therefore, there is an urgent need to discover effective and safe anti-inflammatory 

drugs. 

Plants have been an excellent resource of unique compounds with an important role in the 

development of many therapeutics [19]. Particularly, Echinacea purpurea formulations, recognized as 

safe by the World Health Organization, have been traditionally used as a potent immunomodulatory 
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medicines [20]. Indeed, E. purpura extracts are employed to reduce oxidative stress and inflammation, 

as well as to prevent cold and flu. Moreover, the ability of E. purpurea to interact with immune cells is 

leading to new insights about its anticancer properties [21]. Other biological properties, such as 

antifungal, antiviral, and antibacterial activities, have also been reported [22]. Particularly, the antioxidant 

and anti-inflammatory activities of E. purpurea have been associated with its ability to reduce the 

production of ROS/RNS and pro-inflammatory mediators [23], decrease the infiltration of inflammatory 

cells [24], and block the receptors of the immune cell [25]. The anti-inflammatory properties have been 

attributed to alkylamides [26–31], polysaccharides [32–36], and caffeic acid derivatives [37,38]. More 

recently, sesquiterpenes have also been proposed as bioactive principles of E. purpurea [39]. However, 

other studies suggested that the anti-inflammatory activity arises from the synergy between the different 

bioactive classes of compounds present in the E. purpurea extracts [40]. Additionally, the mechanism 

through which E. purpurea extracts exert anti-inflammatory activity is still unclear. Although few studies 

report the cellular mechanism of E. purpurea extracts, they are mainly developed in mouse-derived 

immune cells [32,39,40]. To the best of our knowledge, only two studies evaluated the mechanism of 

action of E. purpurea extracts using human-derived immune cells. Fast et al. prepared an aqueous extract 

that reduced the TNF-α production via the inhibition of Toll-like receptor (TLR) 1/2 in Pam3Csk4-

stimulated human macrophages [33]. Chicca et al. reported that the standardized commercial tincture 

Echinaforce decreased the TNF-α production in part via cannabinoid type 2 (CB2) receptor signaling in 

lipopolysaccharide (LPS)-stimulated human peripheral blood mononuclear cells (PBMCs) [41]. Thus, the 

understanding of how a particular bioactive class of compounds present in E. purpurea extracts produces 

its effects in human-derived primary cells, which mimic the human cell environment, is urgently needed. 

Bioactivity-guided fractionation assays will help in the identification of substances responsible for the 

biological activity. 

In a previous study, we demonstrated the potential of several E. purpurea extracts to reduce 

cytokine production and ROS/RNS levels in an LPS-stimulated macrophage cell line [42]. In this work, 

we aim to corroborate their anti-inflammatory effects with human primary monocyte-derived macrophages 

(hMDMs), investigate the bioactive principles, and explore the therapeutic targets. The three most 

promising extracts in the previous study – dichloromethanolic extracts obtained from roots (DE-R), 

dichloromethanolic extracts obtained from flowers (DE-F), and ethanolic extracts obtained from flowers 

(EE-F) – were selected for this work [42]. The E. purpurea extracts prepared using a green and innovative 

extraction technique, the Accelerated Solvent Extractor (ASE), were fractionated by semi-preparative high-

performance liquid chromatography (HPLC) into a phenolic/carboxylic acids rich fraction (F1) and an 
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alkylamide rich fraction (F2) to identify the class of compounds responsible for the strongest bioactivity. 

Moreover, the chemical fingerprint of the bioactive compounds in the fractions was also evaluated by 

liquid chromatography-high-resolution mass spectrometry (LC-HRMS). The reduction in the production of 

pro-inflammatory cytokines (IL-6 and TNF-α), the decrease in intracellular ROS/RNS generation, and the 

downregulation of inflammatory signaling pathways (NF-κB, ERK1/2, p38, JNK/SAPK, STAT3, COX-2) 

were investigated in LPS-stimulated primary human monocyte-derived macrophages (hMDMs). LPS is an 

exogenous stimulus derived from the cell wall of Gram-negative bacteria that promotes the release of pro-

inflammatory mediators (e.g., cytokines and ROS/RNS) [43]. After fractionation of E. purpurea extracts, 

it was observed that F2 enhanced the anti-inflammatory activity, suggesting that alkylamides are the 

bioactive compounds mainly responsible for this bioactivity. Interestingly, the further fractionation of 

alkylamides fraction demonstrated the existence of a possible synergistic effect between them. To the 

best of our knowledge, this is the first study demonstrating the anti-inflammatory effects of E. purpurea, 

mainly of dichloromethanolic extracts and their fractions, in LPS-stimulated hMDM, through the 

suppression of ERK1/2, p38, STAT3, and COX-2 inflammatory signaling pathways. 

 

6.2. MATERIALS AND METHODS 

A scheme detailing the sequence of the methodology used in this work is illustrated in Figure 6.1. 

 

6.2.1. Reagents and chemicals 

E. purpurea was purchased from Cantinho das Aromáticas (Vila Nova de Gaia, Portugal) in May 

2017. The plants were transferred to soil and grown following a sustainable agriculture procedure 

(41°37′04.5″ N, 7°16′14.4″ W). After two years of cultivation, the flowers were collected in a full bloom 

phase (June and July 2019), and the roots, including rhizomes, were harvested in the autumn (October 

2019). Flowers and roots were dried in the dark and stored at room temperature (RT) and protected from 

light and humidity until further use. HPLC-grade dichloromethane, acetonitrile (ACN) and HPLC-grade 

methanol were obtained from Fisher Scientific, Portugal. Dimethyl sulfoxide (DMSO) was purchased from 

VWR, Portugal. Roswell Park Memorial Institute (RPMI)-1640 media, 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) buffer solution 1 M, penicillin–streptomycin (10,000 U/mL), 

Dulbecco’s phosphate-buffered saline (DPBS), formalin 10% (V/V), Quant-iT PicoGreen dsDNA Kit, Pierce 

Phosphatase Inhibitor Mini Tablets, PageRuler Plus Prestained Protein Ladder (10 to 250 kDa), Bolt 

Sample Reducing Agent, Bolt LDS Sample Buffer, Bis-Tris Bolt 8%, Bolt MES SDS Running Buffer, and 

iBlot 2 Transfer Stacks (polyvinylidene fluoride, PVDF) were purchased from Thermo Fisher Scientific, 
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Gladbach, Germany. AlamarBlue, Bio-Rad Protein Assay Dye Reagent Concentrate, and Tween20 were 

purchased from Bio-Rad, Lisbon, Portugal. Human IL-6 and TNF-α DuoSet Enzyme-linked immunosorbent 

assay (ELISA) and DuoSet ELISA Ancillary Reagent Kit 2 were purchased from R&D Systems, Minneapolis,  

 

 

Figure 6.1 | Scheme of the experimental procedure used in this work. Echinacea purpurea root (R) and flower (F) extracts 

were obtained using an Accelerated Solvent Extractor (ASE). Three extracts were prepared: dichloromethanolic extracts 

obtained from roots (DE-R), dichloromethanolic extracts obtained from flowers (DE-F), and ethanolic extracts obtained from 

flowers (EE-F). Then, the extracts were fractionated into phenolic/carboxylic acids fractions (F1) and alkylamide fractions (F2) 

by semi-preparative high-performance liquid chromatography (HPLC). Both extracts and fractions were chemically 

characterized by liquid chromatography–high-resolution mass spectrometry (LC-HRMS). After, the whole extracts and fractions, 

at different concentrations, were added to lipopolysaccharide (LPS)-stimulated human monocyte-derived macrophages 

(hMDMs). These cells were isolated from human blood. Their cytocompatibility was evaluated through the metabolic activity 

and DNA amount determination. Their anti-inflammatory activity was validated by the decrease in interleukin (IL)-6 and tumor 

necrosis factor (TNF)-α levels in the cell culture medium, as well as by the reduction in the intracellular generation of 

ROS/RNS/O2
•–. Moreover, inflammatory pathways, including ERK1/2, p38, NF-κB, COX-2, and STAT3, were analyzed to 

determine their mechanisms of action. 
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lipopolysaccharide (LPS, Escherichia coli O26:B6), radioimmunoprecipitation assay (RIPA) buffer, 

complete mini protease inhibitor cocktail tablets, bovine serum albumin (BSA), Tris-base, and high-purity 

standards of echinacoside, chicoric acid, caftaric acid, caffeic acid, chlorogenic acid, and cynarin were 

obtained from Sigma-Aldrich, Lisbon, Portugal. Echinacea isobutylamide standards kit, composed of 

undeca-2E/Z-ene-8,10-diynoic acid isobutylamide, dodeca-2E-ene-8,10-diynoic acid isobutylamide, and 

dodeca-2E,4E-dienoic acid isobutylamide, was acquired from ChromaDex, Los Angeles, California, USA. 

High-purity standard dodeca-2E,4E,8Z,10E/Z-tetraenoic acid isobutylamide was obtained from Biosynth 

Carbosynth, Spain. Cellular ROS/Superoxide (O2
•–) detection assay kit and rabbit glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) were acquired from Abcam, Boston, Massachusetts, USA. IRDye 

800CW Goat anti-Rabbit IgG and IRDye 680RD Goat anti-Rabbit IgG secondary antibodies were obtained 

from LI-COR Biosciences GmbH, Bad Homburg, Germany. Rabbit NF-κB p65, rabbit p44/42 MAPK (ERK 

1/2), rabbit p38 MAPK, rabbit SAPK/JNK, rabbit STAT3, rabbit COX-2, rabbit inducible nitric oxide 

synthase (iNOS), rabbit phospho-NF-κB p65, rabbit phospho-p38 MAPK, rabbit phospho-STAT3, rabbit 

phospho-SAPK/JNK, and rabbit phospho-p44/42 MAPK (ERK 1/2) were purchased from Cell Signaling 

Technology, Lisbon, Portugal. Sodium chloride was acquired from PanReac AppliChem, Lisbon, Portugal. 

Celecoxib was obtained from abcr GmbH, Karlsruhe, Germany. DAPI (4′,6-diamidino-2-phenylindole) was 

purchased from Biotium, Fremont, California, USA. Ultra-pure water was obtained from a Milli-Q® Direct 

Water Purification System (Milli-Q Direct 16, Millipore, Molsheim, France). 

 

6.2.2. Bioactive compounds extraction 

Dried flowers (F) or roots (R) were ground using an Analytical Sieve Shaker (AS200 Digit, Retsch, 

Haan, Germany) before extraction. Dichloromethanolic extracts (DE) and ethanolic extracts (EE) were 

prepared using an Accelerated Solvent Extractor 200 (ASE, Dionex Corp. Vigo, Spain), as previously 

described by Vieira et al. [42]. Briefly, the mixture of the plant material (2 – 5 g) with diatomaceous earth 

was placed and pressed into stainless-steel extraction cells, presenting cellulose filters in the bottom. Two 

extraction cycles were carried out at constant pressure (1500 psi) for 30 min at the minimal operation 

temperature of the equipment (40 °C). The extract solutions were collected in vials, and then the organic 

solvent was evaporated using nitrogen. Once dried, all the extracts were stored at –80 °C until further 

use. 
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6.2.2.1. Fractionation of extracts 

The chromatographic separation of the phenolic/carboxylic acids and alkylamides was first 

optimized with standards by analytical HPLC. A stock solution of 1 mg/mL of all standards was prepared 

and stored in amber bottles at –80 °C. All standards were prepared in methanol, except the caffeic acid 

solution, which was prepared in ethanol. A standard mixture was prepared at a final concentration of 

100 µg/mL for each. A LaChrom Merck Hitachi system equipped with a D-7000 Interface, an L-7100 

Pump, an L-7200 autosampler, an L-7455 diode array detector (DAD), and an HPLC System Manager 

HSMD-7000 (Merck Hitachi, Tokyo, Japan), version 3.0, was used in the chromatographic analysis. The 

chromatographic separation was performed on a LiChrocart LiChrosphere 100 RP-18 (250 mm × 4 mm, 

5 µm, Merck, Darmstadt, Germany). The gradient elution was optimized following the previous method 

reported by Pellati et al. [44], the mobile phase being composed of water containing 0.1% formic acid 

and ACN (Supplementary Table S6.1). The flow rate was 1 mL/min, and the column was set at RT. 

The injection volume was 20 µL. The UV spectra were acquired in the range of 190 to 450 nm, and the 

peak integration was performed at 254 nm for alkylamides and 330 nm for caffeic acid and its derivatives. 

The optimized separation method was adapted for the fractionation of E. purpurea extracts by semi-

preparative HPLC. In order to reduce the time consumed, the previous gradient method was optimized 

(Table 6.1). The flow rate was set at 2 mL/min. The injection volume of E. purpurea extracts varied 

between 200 and 400 µL. A Uptisphere WOD homemade semi-preparative column (250 mm × 10 mm, 

5 µm, interchrom, Interchim, Montluçon, France) was used. 

 

Table 6.1 | Parameters of the optimized gradient method for semi-preparative HPLC. 

Time (Min) Water with 0.1% formic acid (%) ACN (%) 

0 50 50 

7 5 95 

20 5 95 

21 50 50 

25 50 50 

 

The dry residues of DE and EE were dissolved in methanol (5 to 25 mg/mL) and centrifuged 

(10 000 × g, 5 min; ScanSpeed Mini, Labogene, Lillerød, Danmark) to collect the supernatant. The DE 

and EE were fractionated into two main fractions: Fraction 1 (F1, 2 – 11 min) and Fraction 2 (F2, 

11 – 20 min), defined as phenolic and carboxylic acids and alkylamide fractions, respectively. Fractions 

were obtained through the eluent collection. Briefly, the supernatants were injected in the LaChrom Merck 

Hitachi system equipped with a D-7000 Interface, an L-7100 Pump, an L-7200 autosampler, an L-7455 
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diode array detector (DAD) and an HPLC System Manager HSMD-7000, version 3.0. The 

chromatographic separation was performed on an Uptisphere WOD homemade semi-preparative column 

(250 mm × 10 mm, 5 µm, interchrom, Interchim, France). The mobile phase was composed of (A) water 

containing 0.1% formic acid and (B) ACN (Table 6.1). Only F2 (12.2 – 21.5 min) was recovered from 

DE-R. DE-F was fractionated into F2 i (12 – 14.6 min), F2 ii (14.6 – 16 min), and F2 iii (16 – 20 min). 

EE-F was fractionated into F1 (2 – 11 min) and F2 (11 – 20 min). The organic solvent was evaporated in 

a rotavapor (R210 Buchi, Switzerland), and then the fractions were freeze-dried (LyoQuest Plus Eco, 

Telstar, Terrassa, Spain) to remove the water. The crude fractions were stored at –80 °C until further 

use. 

 

6.2.2.2. Characterization of fractions composition by LC-HRMS analysis 

The LC-HRMS analysis of the fractions was performed according to the method described by Vieira 

et al. [42]. Briefly, the LC-HRMS analysis was performed on UltiMate 3000 Dionex ultra-high-performance 

liquid chromatography (UHPLC, Thermo Scientific, Lisbon, Portugal), coupled to an ultra-high-resolution 

quadrupole–quadrupole time-of-flight (UHR-QqTOF) mass spectrometer (Impact II, Bruker, Lisbon, 

Portugal). The chromatographic separation was performed on an Acclaim RSLC 120 C18 analytical 

column (100 mm × 2.1 mm i.d.; 2.2 µm, Dionex, Lisbon, Portugal). The mobile phase was composed of 

(A) water containing 0.1% formic acid and (B) ACN containing 0.1% formic acid. The gradient program 

was as follows: 0 min, 95% A; 10 min, 79% A; 14 min, 73% A; 18.3 min, 42% A; 20 min, 0% A; 24 min, 

0% A; 26 min, 96% A. The LC-HRMS acquired data were processed using Bruker Compass DataAnalysis 

5.1 software (Bruker, Lisbon, Portugal) to extract the mass spectral features from the sample raw data. 

Echinacoside, chicoric acid, caftaric acid, caffeic acid, chlorogenic acid, cynarin, undeca-2E/Z-ene-8,10-

diynoic acid isobutylamide, dodeca-2E-ene-8,10-diynoic acid isobutylamide, dodeca-2E,4E-dienoic acid 

isobutylamide, and dodeca-2E,4E,8Z,10E/Z-tetraenoic acid isobutylamide were the standards used to 

confirm the identity of the compounds present in the fractions. The identification of these compounds in 

the E. purpurea fractions was confirmed by their retention time (tR, min), the mass-to-charge ratio (m/z) 

of the molecular ion, and MS/MS fragmentation patterns. Supplementary Table S6.2 presents the 

characteristics of standards obtained by LC-HRMS. The potential identity of the compound in which tR and 

MS data did not match with the available standards were assigned by comparing the MS/MS spectra with 

the theoretical data MS/MS fragments and data in the literature [44–50]. 
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6.2.3. Preparation of E. purpurea extracts and fractions solutions 

Stock solutions of DE-R, DE-F, and EE-F (30.0 mg/mL) and of F1 and F2 (60.0 mg/mL) were 

prepared in DMSO. Then, serial dilutions were made with complete RPMI (cRPMI, RPMI-1640 culture 

medium with 2 mM glutamine supplemented with 10% human serum, 1% penicillin/streptomycin, and 

1% HEPES). The final concentrations of the samples in the well were 10, 50, and 100 µg/mL. The 

fractions were only tested in the highest concentration. The maximum concentration of DMSO in the well 

(0.33%) did not affect the cell viability. 

 

6.2.4. Human monocytes 

6.2.4.1. Ethics statement 

The in vitro experiments involved cells isolated from the peripheral blood of healthy volunteers at 

the Hospital of Braga, Portugal, approved by the Ethics Subcommittee for Life and Health Sciences 

(SECVS) of the University of Minho, Braga, Portugal (no. 014/015). Experiments were conducted 

according to the principles expressed in the Declaration of Helsinki, and participants provided written 

informed consent. 

 

6.2.4.2. Monocyte isolation and differentiation 

Monocytes were isolated from the PBMCs of three different donors, as previously described by 

Gonçalves et al. [51]. Briefly, PMBCs were first subjected to a density gradient centrifugation using a 

Histopaque-1077 solution. The PBMC ring was carefully collected and washed twice with PBS. Then, the 

monocytes were isolated from PBMCs using positive magnetic bead separation with CD14 microbeads, 

according to the instructions of the manufacturer. Isolated monocytes were resuspended in cRPMI. After, 

monocytes were seeded at a density of 1 × 106 cells/mL in adherent 24-well culture plates for 7 days in 

the presence of 20 ng/mL of recombinant human GM-CSF, at 37 °C, in a humidified atmosphere of 5% 

CO2. The culture medium was replaced every 3 days, and the acquisition of macrophage morphology was 

confirmed by visualization under an inverted microscope (Axiovert 40, Zeiss, Göttingen, Germany). 

 

6.2.4.3. Evaluation of anti-inflammatory activity 

The hMDMs were stimulated with 100 ng/mL of LPS in a fresh cRPMI medium. After 2 h, all 

E. purpurea extracts and fractions, at different concentrations (Section 6.2.3), were added to the LPS-

stimulated hMDMs and incubated for 22 h at 37 °C, in a humidified atmosphere of 5% CO2. Afterward, 

the culture medium was harvested (the triplicates were mixed and homogenized) and stored, aliquoted 
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at –80 °C until cytokine quantification. The cells were washed with warm sterile DPBS, and the metabolic 

activity and DNA content were determined (Section 6.2.4.4). Controls containing the same percentage 

of DMSO (Section 6.2.3) in the maximal concentration of extracts/fractions were also tested. hMDM 

cultures stimulated or not with LPS were used as negative and positive controls for the production of pro-

inflammatory mediators, respectively. Dexamethasone and celecoxib, prepared in ethanol (20 mM) and 

diluted with cRPMI (10 µM in the well), were used as positive controls of inhibition of the production of 

the pro-inflammatory mediators. 

 

6.2.4.4. Metabolic activity and DNA quantification 

The metabolic activity of hMDM incubated with E. purpurea extracts and fractions was determined 

by the reduction of resazurin (blue) to resorufin (pink) by living macrophages using the alamarBlue assay 

[43]. These results are expressed in percentages related to the positive control. 

The DNA concentration of macrophages was quantified using a fluorometric dsDNA quantification 

kit, according to the instructions of the manufacturer, as previously described by Vieira et al. [43]. DNA 

contents are expressed in relative concentrations of the positive control. 

 

6.2.4.5. Cytokine measurement 

The amounts of IL-6 and TNF-α were assayed using ELISA kits, according to the instructions of the 

manufacturer. The obtained values were normalized by the respective DNA concentration. The results are 

expressed in percentage relative to the positive control. 

 

6.2.4.6. Cellular ROS/RNS/O2
•– detection assay 

Oxidative stress in the presence or absence of E. purpurea extracts and fractions was investigated 

using a cellular ROS/O2
•– detection assay kit, as previously described by Vieira et al. [42]. Briefly, LPS-

stimulated hMDMs were treated with E. purpurea extracts and fractions, at 100 µg/mL, as mentioned 

before (Section 6.2.4.3). After, the hMDMs were washed and labeled with the oxidative stress detection 

reagent (green, Ex/Em: 490/525 nm) for the determination of total ROS/RNS, and O2
•– detection reagent 

(orange, Ex/Em: 550/620 nm) for 1 h at 37 °C in the dark. These nonfluorescent detection reagents 

diffuse into cells, where they can be oxidized by ROS/RNS and O2
•–, converting to fluorescent probes. 

Then, the cells were fixed with 10% of formalin and the nucleus was labeled with DAPI in a ratio of 1:1000 

in DPBS, for 10 min. The fluorescent samples were analyzed using a Fluorescence Inverted Microscope 

with Incubation (Axio Observer, Zeiss, Germany). The fluorescence intensity values, analyzed using 
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ImageJ software (version 1.52a, Wayne Rasband, National Institutes of Health, Bethesda, Maryland, 

USA), were normalized against the number of nuclei. Changes in the fluorescence intensity relative to the 

positive control were related to an increase or decrease in the generation of intracellular ROS/RNS and/or 

O2
•–. 

 

6.2.4.7. Western blot analysis 

LPS-stimulated hMDMs (5 × 105/well in 24-well plates) were treated with E. purpurea extracts and 

fractions, at 100 µg/mL, as previously described (Section 6.2.4.3). After 24 h, the medium was 

removed, and the cells were washed with ice DPBS. Then, the cells were lysed in RIPA buffer containing 

a mixture of protease and phosphatase inhibitors at 4 °C for 30 min under shaking. Samples were 

collected and centrifuged (2000 rpm, 20 min). The supernatant was transferred to a new Eppendorf flask 

and the protein content was determined using the Bio-Rad Protein Assay, based on the method of 

Bradford. Bolt sample reducing agent and bolt LDS sample buffer were added to 30 µg of protein. Then, 

the samples were heated and denatured at 70 °C (20 min) and 95 °C (5 min). The centrifuged samples 

were loaded and separated on 8% precast polyacrylamide gels set on a Mini Gel Tank (Invitrogen, Thermo 

Fisher Scientific, Lisbon, Portugal). The proteins were transferred from the gel to a PVDF membrane using 

the iBlot 2 Gel Transfer Device (Invitrogen, Thermo Fisher Scientific, Lisbon, Portugal). 

After blocking for 30 min at RT with 5% BSA in Tris-buffered saline Tween20 (TBST), the 

membranes were incubated overnight at 4 °C with the following primary antibodies diluted in blocking 

solution: rabbit NF-κB p65 (1:1000), rabbit p44/42 MAPK (ERK1/2; 1:1000), rabbit p38 MAPK 

(1:1000), rabbit SAPK/JNK (1:1000), rabbit STAT3 (1:1000), rabbit COX-2 (1:500), rabbit iNOS (1:500), 

rabbit phospho-NF-κB p65 (1:1000), rabbit phospho-p38 MAPK (1:1000), rabbit phospho-STAT3 

(1:2000), rabbit phospho-SAPK/JNK (1:1000), rabbit phospho-p44/42 MAPK (p-ERK1/2; 1:1000), and 

rabbit GAPDH (1:10,000). Afterwards, the membranes were washed three times for 5 min with TBST, 

and then IRDye 800CW Goat anti-Rabbit IgG or IRDye 680RD Goat anti-Rabbit IgG secondary antibodies, 

both diluted in TBST (1:15,000), were added and the samples were incubated for 1 h at RT in the dark. 

The Odyssey Fc Imaging System (LI-COR Inc., 2800, Lincoln, Nebraska, USA) was used for image 

acquisition of the Western blots using near-infrared wavelengths of 700 or 800 nm. The intensity of the 

bands was quantified with Image Studio software (LI-COR, Inc. software version, Lincoln, Nebraska, USA). 

The data were normalized to the housekeeping GAPDH. 
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6.2.5. Statistical analysis 

Results are expressed as mean ± standard deviation (SD) of 3 independent experiments, with a 

minimum of 3 replicates for each condition. Statistical analyses were performed using GraphPad Prism 

8.0.1 software (Boston, Massachusetts, USA). Two-way analysis of variance (ANOVA) and Dunnett’s 

multiple comparisons or Sidak’s multiple comparisons test was used for cell assays. Differences between 

experimental groups were considered significant with a confidence interval of 99% when p < 0.01. 

 

6.3. RESULTS 

6.3.1. Fractionation of the E. purpurea extracts 

The optimized analytical method led to the successful separation of the ten studied standards 

(Figure 6.2A-i,ii). It was possible to clearly distinguish between phenolic/carboxylic acids and 

alkylamides. The phenolic and carboxylic acids, due to their high polarity, eluted first under reversed-

phase conditions (from ≈ 5 to 28 min), while alkylamides, which are less polar, eluted later (from ≈ 30 

to 37 min). To fractionate the extracts, a semi-preparative HPLC method was employed. The analytical 

method conditions were optimized to reduce the run time and increase the injection volume while 

maintaining the baseline separation of the two different fractions of interest. In the chromatogram 

obtained from the standard mixture (Figure 6.2B-i,ii), it is possible to observe a robust gap between 

phenolic/carboxylic acids and alkylamide fractions (from 10.6 min to 12.2 min), ensuring the successful 

separation between these two types of compounds. 

The whole E. purpurea extracts were fractioned into F1 (phenolic and carboxylic acids fraction) and 

F2 (alkylamide fraction). Different chromatogram profiles were observed for DE-R, DE-F, and EE-F (Figure 

6.3). Accordingly, DE-R and DE-F showed higher absorbance values for alkylamides than 

phenolic/carboxylic acids (Figure 6.3A-i,ii, and 6.3B-i,ii). Moreover, the first extract seems to be more 

enriched with alkylamides. EE-F also presented phenolic/carboxylic acids and alkylamides in their 

composition (Figure 6.3C-i,ii). Based on their chromatographic profiles, the E. purpurea extracts were 

fractionated. As phenolic/carboxylic acids were not detected in DE-R, only the F2 fraction was harvested. 

DE-F presented defined alkylamide peaks, being possible their fractionation into three sections: F2 i 

showing three clear peaks, F2 ii presenting one perfect peak, and F2 iii displaying three main peaks. 

Finally, EE-F was fractionated into F1 and F2. 
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Figure 6.2 | Analytical (A) and semi-preparative HPLC chromatograms (B) of standard mixture detected at 330 nm 

(phenolic/carboxylic acids, i) and 254 nm (alkylamides, ii). Peak numbering on the chromatograms refers to the following 

compounds: 1 - caftaric acid (tR-A= 6.77 min); 2 - chlorogenic acid (tR-A = 11.36 min); 3 - caffeic acid (tR-A = 14.51 min); 

4 - cynarin (tR-A = 18.99 min); 5 - echinacoside (tR-A = 22.72 min); 6 - chicoric acid (tR-A = 24.03 min, tR-B = 9.47 min); 

7 -- undeca-2E/Z-ene-8,10-diynoic acid isobutylamide (tR-A = 30.48 min, tR-B = 13.07 min); 8 - dodeca-2E-ene-8,10-diynoic 

acid isobutylamide (tR-A = 31.17 min, tR-B = 13.89 min); 9 - dodeca-2E,4E,8Z,10E/Z-tetraenoic acid isobutylamide (tR-A = 32.24 

min, tR-B = 15.33 min); 10 - dodeca-2E,4E-dienoic acid isobutylamide (tR-A = 34.59 min, tR-B = 19.44 min). 
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6.3.2. Chemical composition of the E. purpurea fractions 

The identification of the bioactive compounds present in the E. purpurea fractions was performed 

by LC-HRMS (Table 6.2). Both product ions and relative intensities for standard fragments perfectly 

matched those obtained for the compounds in E. purpurea fractions. Supplementary Tables S6.3 and 

S6.4 include the tR, the precursor ions, and the product ions for phenolic/carboxylic acids and 

alkylamides, respectively. Each extract and fraction exhibited different patterns of phenols/carboxylic 

acids and alkylamides. The identification of phenolic/carboxylic acids compounds and alkylamides in 

whole DE-R, DE-F, and EE-F was comparable to our previous study [42]. Five phenolic/carboxylic acids 

and twenty-three alkylamides were identified in all E. purpurea fractions. As expected, F1 only presented 

phenols/carboxylic acids, while alkylamides are just observed in F2. EE-F-F1 exhibited five 

phenolic/carboxylic acids in its composition. DE-R-F2 presented the highest number of identified 

 

 

Figure 6.3 | Semi-preparative HPLC chromatograms of DE-R (A), DE-F (B), and EE-F (C) at 19–24.6 µg/mL (100 µL), 

detected at 330 nm (phenolic/carboxylic acids; A-i, B-i, and C-i) and 254 nm (alkylamides; A-ii, B-ii, and C-ii). 
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Table 6.2 | Overview of the identified compounds (phenolic/carboxylic acids and alkylamides) in E. purpurea extracts and 

fractions by LC-HRMS. 

Compounds 

DE EE DE-R DE-F EE-F 

R F F F2 
F2 

i 

F2 

ii 

F2 

iii 
F1 F2 

Malic Acid + - + - - - - - - 

Vanillic acid - - + - - - - - - 

Protocatechuic acid - - + - - - - + - 

Caftaric acid - - + - - - - - - 

Chlorogenic acid - - + - - - - + - 

Quinic acid - - - - - - - - - 

Vanillin - - - - - - - - - 

Caffeic acid + + + - - - - + - 

Benzoic acid + + + - - - - - - 

Cynarin - - - - - - - - - 

Echinacoside - - - - - - - - - 

p-coumaric acid + - + - - - - - - 

Chicoric acid - + + - - - - + - 

Rutin - - + - - - - + - 

Quercetin - - + - - - - - - 

Dodeca-2E,4Z,10E-triene-8-ynoic acid isobutylamide + + + + + - - - + 

Dodeca-2E,4Z,10Z-triene-8-ynoic acid isobutylamide + + + + + - - - + 

Dodeca-2,4,10-triene-8-ynoic acid isobutylamide (isomer 1) + + - - - + - - - 

Dodeca-2E,4E,10Z-triene-8-ynoic acid isobutylamide + + + + - - - - + 

Dodeca-2Z,4E,10Z-triene-8-ynoic acid isobutylamide + - - + - - - - - 

Dodeca-2E,4E,10E-triene-8-ynoic acid isobutylamide + + + + + - - - + 

Undeca-2E,4Z-diene-8,10-diynoic acid isobutylamide + + + + + - - - + 

Undeca-2E/Z-ene-8,10-diynoic acid isobutylamide - + + - + - - - + 

Undeca-2Z,4E-diene-8,10-diynoic acid isobutylamide + - - + - - - - - 

Undeca-2E/Z,4Z/E-diene-8,10-diynoic acid 2-methylbutylamide - - - - - - - - - 

Pentadeca-2E,9Z-diene-12,14-diynoic acid 2-hydroxyisobutylamide - + + - - - - - + 

Dodeca-2E,4Z-diene-8,10-diynoic acid isobutylamide + + + + + - - - + 

Undeca-2E,4E-diene-8,10-diynoic acid isobutylamide + - - - - - - - - 

Dodeca-2Z,4E-diene-8,10-diynoic acid isobutylamide - - - - - - - - - 

Dodeca-2E-ene-8,10-diynoic acid isobutylamide + + + + + - - - + 

Trideca-2E,7Z-diene-10,12-diynoic acid isobutylamide + + + + + - - - + 

Dodeca-2,4-diene-8,10-diynoic acid 2-methylbutylamide + + + + + - - - + 

Dodeca-2Z,4Z,10Z-triene-8-ynoic acid isobutylamide + - - + - - - - - 

Trideca-2E,7Z-diene-10,12-diynoic acid 2-methylbutylamide + + + + - + - - + 

Dodeca-2E,4E,8Z,10E/Z-tetraenoic acid isobutylamide + + + + - + - - + 

Dodeca-2E,4Z,10E-triene-8-ynoic acid 2-methylbutylamide 

OR 

Dodeca-2E-ene-8,10-diynoic acid 2-methylbutylamide 

+ + + + + - - - + 

Dodeca-2E,4E,8Z-trienoic acid isobutylamide (isomer 1) - + + - - - + - - 

Dodeca-2E,4E-dienoic acid isobutylamide (isomer 1) - - - - - - - - - 

Pentadeca-2E,9Z-diene-12,14-diynoic acid isobutylamide + + + + - + - - + 

Dodeca-2E,4E,8Z-trienoic acid isobutylamide + + + + - - + - + 

Trideca-2Z,7Z-diene-10,12-diynoic acid 2-methylbutylamide + - - - - - - - - 
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Dodeca-2E,4E,8Z,10E/Z-tetraenoic acid 2-methylbutylamide + + + + - - + - + 

Hexadeca-2E,9Z-diene-12,14-diynoic acid isobutylamide + - - - - - - - - 

Dodeca-2E,4E,8Z-trienoic acid isobutylamide (isomer 2) + - - - - - - - - 

Dodeca-2E,4E-dienoic acid isobutylamide + + + + - - + - + 

Smooth grey shaded corresponds to studied standards. symbol “+” represents the presence of compound; symbol “-“ 

represents the absence of compound. E/Z stereochemistry is indicated here in accordance to existing literature [44–50], but 

it should be highlighted that without NMR spectra, it is not possible to conclusively distinguish between E and Z isomers. 

DE: dichloromethanolic extracts; EE: ethanolic extracts; R: roots; F: flowers; F1: phenolic/carboxylic acids fraction; 

F2: alkylamide fraction. 

 

alkylamides (19 compounds), followed by EE-F-F2 (18 compounds), DE-F-F2 i (10 compounds), and DE-

F-F2 ii and DE-F-F2 iii (4 compounds). 

DE-R-F2 presented the following alkylamides: dodeca-2E,4Z,10E-triene-8-ynoic acid isobutylamide, 

dodeca-2E,4Z,10Z-triene-8-ynoic acid isobutylamide, dodeca-2E,4E,10Z-triene-8-ynoic acid 

isobutylamide, dodeca-2Z,4E,10Z-triene-8-ynoic acid isobutylamide, dodeca-2E,4E,10E-triene-8-ynoic 

acid isobutylamide, undeca-2E,4Z-diene-8,10-diynoic acid isobutylamide, undeca-2Z,4E-diene-8,10-

diynoic acid isobutylamide, dodeca-2E,4Z-diene-8,10-diynoic acid isobutylamide, dodeca-2E-ene-8,10-

diynoic acid isobutylamide, trideca-2E,7Z-diene-10,12-diynoic acid isobutylamide, dodeca-2,4-diene-8,10-

diynoic acid 2-methylbutylamide, dodeca-2Z,4Z,10Z-triene-8-ynoic acid isobutylamide, trideca-2E,7Z-

diene-10,12-diynoic acid 2-methylbutylamide, dodeca-2E,4E,8Z,10E/Z-tetraenoic acid isobutylamide, 

dodeca-2E,4Z,10E-triene-8-ynoic acid 2-methylbutylamide or dodeca-2E-ene-8,10-diynoic acid 2-

methylbutylamide, pentadeca-2E,9Z-diene-12,14-diynoic acid isobutylamide, dodeca-2E,4E,8Z-trienoic 

acid isobutylamide, dodeca-2E,4E,8Z,10E/Z-tetraenoic acid 2-methylbutylamide, and dodeca-2E,4E-

dienoic acid isobutylamide. 

The fractionation of DE-F originated three different alkylamide fractions, namely (i) DE-F-F2 i 

composed of dodeca-2E,4Z,10E-triene-8-ynoic acid isobutylamide, dodeca-2E,4Z,10Z-triene-8-ynoic acid 

isobutylamide, dodeca-2E,4E,10E-triene-8-ynoic acid isobutylamide, undeca-2E,4Z-diene-8,10-diynoic 

acid isobutylamide, undeca-2E/Z-ene-8,10-diynoic acid isobutylamide, dodeca-2E,4Z-diene-8,10-diynoic 

acid isobutylamide, dodeca-2E-ene-8,10-diynoic acid isobutylamide, trideca-2E,7Z-diene-10,12-diynoic 

acid isobutylamide, dodeca-2,4-diene-8,10-diynoic acid 2-methylbutylamide, and dodeca-2E,4Z,10E-

triene-8-ynoic acid 2-methylbutylamide or dodeca-2E-ene-8,10-diynoic acid 2-methylbutylamide; (ii) DE-F-

F2 ii constituted by dodeca-2,4,10-triene-8-ynoic acid isobutylamide isomer 1, trideca-2E,7Z-diene-10,12-

diynoic acid 2-methylbutylamide, dodeca-2E,4E,8Z,10E/Z-tetraenoic acid isobutylamide, and pentadeca-

2E,9Z-diene-12,14-diynoic acid isobutylamide; and (iii) DE-F-F2 iii that presented dodeca-2E,4E,8Z-
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trienoic acid isobutylamide isomer 1, dodeca-2E,4E,8Z-trienoic acid isobutylamide, dodeca-

2E,4E,8Z,10E/Z-tetraenoic acid 2-methylbutylamide, and dodeca-2E,4E-dienoic acid isobutylamide. It is 

important to highlight that none of the alkylamides was repeated in each sub-fraction of DE-F-F2, 

empathizing the efficiency of the separation method. 

EF-F1 was composed of protocatechuic acid, chlorogenic acid, caffeic acid, chicoric acid, rutin, 

and rutin derivative. EF-F2 was constituted by dodeca-2E,4Z,10E-triene-8-ynoic acid isobutylamide, 

dodeca-2E,4Z,10Z-triene-8-ynoic acid isobutylamide, dodeca-2E,4E,10Z-triene-8-ynoic acid 

isobutylamide, dodeca-2E,4E,10E-triene-8-ynoic acid isobutylamide, undeca-2E,4Z-diene-8,10-diynoic 

acid isobutylamide, undeca-2E/Z-ene-8,10-diynoic acid isobutylamide, pentadeca-2E,9Z-diene-12,14-

diynoic acid 2-hydroxyisobutylamide, dodeca-2E,4Z-diene-8,10-diynoic acid isobutylamide, dodeca-2E-

ene-8,10-diynoic acid isobutylamide, trideca-2E,7Z-diene-10,12-diynoic acid isobutylamide, dodeca-2,4-

diene-8,10-diynoic acid 2-methylbutylamide, trideca-2E,7Z-diene-10,12-diynoic acid 2-methylbutylamide, 

dodeca-2E,4E,8Z,10E/Z-tetraenoic acid isobutylamide, dodeca-2E,4Z,10E-triene-8-ynoic acid 2-

methylbutylamide or dodeca-2E-ene-8,10-diynoic acid 2-methylbutylamide, pentadeca-2E,9Z-diene-

12,14-diynoic acid isobutylamide, dodeca-2E,4E,8Z-trienoic acid isobutylamide, dodeca-2E,4E,8Z,10E/Z-

tetraenoic acid 2-methylbutylamide, and dodeca-2E,4E-dienoic acid isobutylamide. 

 

6.3.3. Cytotoxicity of E. purpurea extracts and fractions 

The metabolic activity and the relative DNA concentration of LPS-stimulated hMDM in the absence 

or presence of E. purpurea extracts and fractions at different concentrations are presented in Figure 

6.4. The cell metabolic activity and the DNA concentration were not affected by the presence of the DE, 

EE, and fractions at any tested concentration (Figure 6.4). 

 

6.3.4. Anti-inflammatory activity of E. purpurea extracts and fractions 

6.3.4.1. Cytokine production 

The anti-inflammatory activity of E. purpurea extracts and fractions was evaluated by the decreased 

amounts of pro-inflammatory cytokines, namely IL-6 and TNF-α, in the cell culture supernatant of LPS- 

stimulated hMDM (Figure 6.5). Non-stimulated hMDM produced basal amounts of IL-6 

(8.0 ± 10.5 pg/mL) and TNF-α (60.0 ± 36.0 pg/mL). As expected, LPS stimulation of hMDM led to a 

significant increase in the levels of these pro-inflammatory cytokines (IL-6: 19,139.0 ± 7850.8 pg/mL, 

TNF-α: 21,773.4 ± 9425.9 pg/mL). Dexamethasone (10 µM) effectively reduced the IL-6 and TNF-α 
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Figure 6.4 | Metabolic activity (A) and relative DNA concentration (B) of LPS-stimulated human monocyte-derived 

macrophages (hMDMs) cultured in the presence of different concentrations of the E. purpurea extracts, fractions, and clinically 

used anti-inflammatory drugs (dexamethasone – DEX – and celecoxib – CEL –, 10 µM) for 24 h. The dotted line represents 

the metabolic activity and DNA concentration of positive control (LPS-stimulated hMDM without treatment). There are no 

statistically significant differences in comparison to the positive control for each tested extract, fraction, DEX, and CEL. 

Statistically significant differences are 1 (p < 0.0133) and 2 (p < 0.0035) in comparison with a (DE-R vs. DE-R-F2) and b (DE-

F vs. DE-F-F2) at the same concentration. CTL: control; DE: dichloromethanolic extracts; EE: ethanolic extracts; R: roots; 

F: flowers; F1: phenolic/carboxylic acids fraction; F2: alkylamide fraction. 

 

production by 51.2 ± 6.5% and 38 ± 5.7%, respectively (Figure 6.5). As expected, celecoxib (10 µM) 

did not considerably decrease the IL-6 and TNF-α production (21.2 ± 17.2% and 4.6 ± 1.8%, respectively). 

When LPS-stimulated hMDM were treated with the whole E. purpurea extracts, a significant decrease in 

the IL-6 amount in the culture supernatant was observed in a concentration-dependent manner (Figure 

6.5A). Particularly, DE showed a higher ability to decrease IL-6 and TNF-α levels than EE. Moreover, the  
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Figure 6.5 | IL-6 (A) and TNF-α (B) production by LPS-stimulated human monocyte-derived macrophages (hMDMs) cultured 

in the presence of different concentrations of the E. purpurea extracts, fractions, and clinically used anti-inflammatory drugs 

(dexamethasone – DEX – and celecoxib – CEL –, 10 µM) for 24 h. Statistically significant differences are * (p < 0.0363), 

** (p < 0.0047), *** (p < 0.0003), and **** (p < 0.0001) in comparison to the positive control (LPS-stimulated hMDM without 

treatment) for all tested E. purpurea extracts, fractions, DEX, and CEL and 1 (p < 0.0428), 2 (p < 0.0018), 3 (p < 0.0003), 

and 4 (p < 0.0001) in comparison with b (DE-F vs. DE-R-F2) and c (EE-F vs. EE-F-F) at the same concentration. CTL: control; 

DE: dichloromethanolic extracts; EE: ethanolic extracts; R: roots; F: flowers; F1: phenolic/carboxylic acids fraction; F2: 

alkylamide fraction. 

 

extracts obtained from roots more significantly reduced these two pro-inflammatory cytokines in 

comparison with the ones obtained from flowers. Indeed, 50 µg/mL of DE-R efficiently decreased the IL-
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6 production, being even more effective at 100 µg/mL (69.5 ± 10.0%). DE-F was only able to significantly 

decrease the IL-6 levels by 47.3 ± 6.2% at 100 µg/mL. A comparable significant IL-6 reduction was 

observed for EE-F over all tested concentrations, with the highest tested concentration displaying greater 

activity (35.2 ± 12.1%). DE-R was ≈1.5 and 2 times stronger than DE-F and EE-F, respectively. As extracts, 

all the fractions strongly decreased the IL-6 production, except the EE-F-F1 (25.1 ± 15.8%). Moreover, the 

bioactivity of DE-F and EE-F was significantly improved with their fractionation into F2. DE-R-F2 led to a 

more marked IL-6 reduction (84.3 ± 9.1%). DE-F-F2 i, DE-F-F2 ii, DE-F-F2 iii, and EE-F-F2 demonstrated 

similar bioactivity (62.7 ± 11.5%, 71.2 ± 12.3%, 68.5 ± 14.3%, and 71.6 ± 6.1%, respectively). Besides 

DE-R-F2 exhibiting a higher efficacy in IL-6 reduction, no significant differences were observed. Analyzing 

all the E. purpurea extracts and fractions, DE-R-F2 led to the strongest reduction in IL-6 production, 

followed by EE-F-F2 ≈ DE-F-F2 ii, DE-R ≈ DE-F-F2 iii, DE-F-F2 i, DE-F, EE-F, and EE-F-F1. Moreover, DE-R, 

DE-F, and all the F2 fractions demonstrated similar or higher bioactivity than dexamethasone. 

Some extracts and fractions were also able to significantly decrease the TNF-α levels in LPS-

stimulated hMDM cultures (Figure 6.5B). DE-R, at 50 µg/mL, significantly decreased the TNF-α 

production by 41.4 ± 4.9%. Conversely, DE-F and EE-F did not demonstrate the capacity to markedly 

decrease the TNF-α production (21.7 ± 10.5% and 11.6 ± 6.9%, respectively). DE-R was ≈1.7 and 3.3 

times stronger than DE-F and EE-F, respectively. Regarding the fractions, only DE-R-F2 and DE-F-F2 i 

significantly reduced the TNF-α production by 53.1 ± 19.5% and 42.7 ± 1.4%, respectively. Indeed, the 

bioactivity of the DE-R and DE-F extracts was not significantly improved with their fractionation. DE-F-F2 ii, 

DE-F-F2 iii, and EE-F-F2 did not show an ability to significantly reduce the TNF-α production 

(31.6 ± 20.6%, 31.6 ± 18.2%, and 22.1 ± 27.0%, respectively). EE-F-F1 increased the TNF-α amount by 

13.9 ± 5.7% in comparison to LPS-stimulated hMDM. Comparing the data obtained for all E. purpurea 

extracts and fractions, it is possible to conclude that DE-R-F2 exhibited the strongest reduction in TNF-α 

production, followed by DE-F-F2 i, DE-R, DE-F-F2 ii ≈ DE-F-F2 iii, EE-F-F2, DE-F, EE-F, and EE-F1. 

Moreover, DE-R, DE-R-F2, and DE-F-F2 demonstrated similar or higher bioactivity than dexamethasone. 

 

6.3.4.2. ROS/RNS/O2
•– generation 

The reduction in the intracellular levels of ROS/RNS and O2
•– in LPS-stimulated hMDM incubated 

with E. purpurea extracts and fractions at the maximal tested concentration are present in Figure 6.6 

and Supplementary Figures S6.1 and S6.2. Non-stimulated hMDM produced basal levels of ROS 

and O2
•–, which were significantly increased by the stimulation with LPS (Figure 6.6 and 
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Figure 6.6 | Fluorescence intensity of intracellular ROS/RNS (A) and O2
•– (B) production in LPS-stimulated human monocyte-

derived macrophages (hMDMs) in the absence or presence of E. purpurea extracts, fractions, and clinically used anti-

inflammatory drugs (dexamethasone – DEX – and celecoxib – CEL –, 10 µM) cultured for 24 h. Fluorescence intensity was 

measured using ImageJ software. The dotted line represents the basal levels of ROS/RNS and O2
•– in non-stimulated hMDM 

(negative control) and the dashed line corresponds to the amounts of ROS/RNS and O2
•– produced by LPS-stimulated hMDM 

(positive control). Statistically significant differences are *** (p < 0.0002) and **** (p < 0.0001) in comparison to the positive 

control (LPS-stimulated hMDM without treatment) for each tested E. purpurea extract, fraction, DEX, and CEL, as well as 

1 (p <  0.0453), 2 (p < 0.0023), and 4 (p < 0.0001) in comparison with b (DE-F vs. DE-R-F2) and c (EE-F vs. EE-F-F) at the 

same concentration. CTL: control; DE: dichloromethanolic extracts; EE: ethanolic extracts; R: roots; F: flowers; F1: 

phenolic/carboxylic acids fraction; F2: alkylamide fraction. 

 

Supplementary Figure S6.1). Dexamethasone (10 µM) effectively reduced the ROS/RNS generation, 

but no differences were observed with the positive control in the reduction in O2
•– (Figure 6.6). 

Conversely, celecoxib (10 µM) considerably decreased both intracellular ROS/RNS and O2
•– generation. 

The treatment of LPS-stimulated hMDM with the E. purpurea extracts drastically decreased the 

intracellular levels of ROS/RNS (Figure 6.6A and Supplementary Figure S6.2). EE-F demonstrated 

a strong capacity to decrease intracellular ROS/RNS production. EE-F was ≈4 and 5 times stronger than 

DE-R and DE-F, respectively. Regarding the fractions, all of them strongly decreased the intracellular 

ROS/RNS production. The fractionation of DE-F into DE-F-F2 i and DE-F-F2 iii significantly enhanced the 

reduction in intracellular ROS/RNS generation. However, the same trend was not observed for EE-F and 

its fractions. Indeed, the antioxidant activity was markedly decreased with the fractionation of EE-F into 

EE-F-F1 and EE-F-F2. DE-R-F2 and DE-F-F2 ii seem to present greater bioactivity than the whole extract, 

but no significant differences were observed. Analyzing all the E. purpurea extracts and fractions, EE-F 

demonstrated the most potent bioactivity, followed by DE-F-F2 i ≈ DE-F-F2 iii, DE-R-F2, DE-F-F2 ii, DE-R ≈ 

EE-F-F2, DE-F, and EE-F-F1. Moreover, all extracts and fractions were able to reestablish or decrease the 

levels to those observed in the non-stimulated hMDM. 
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As observed for ROS/RNS, the treatment of LPS-stimulated hMDM with the E. purpurea extracts 

significantly decreased the intracellular levels of O2
•– (Figure 6.6B and Supplementary Figure S6.2). 

The three extracts showed similar bioactivity in the reduction in O2
•– amounts. Additionally, all the fractions 

were also able to reduce the intracellular O2
•− a generation with comparable efficacy. Consequently, the 

fractionation of the extracts did not significantly improve their ability to reduce the intracellular O2
•– 

generation. Comparing all E. purpurea extracts and fractions, DE-F-F2 i exhibited the most powerful 

activity, followed by DE-R-F2, DE-R, EE-F, DE-F-F2 ii ≈ DE-F-F2 iii, DE-F, EE-F-F1, and EE-F-F2. Moreover, 

LPS-stimulated hMDM in the presence of all the extracts and fractions were able to reach similar or 

inferior levels of intracellular O2
•– to those observed in the non-stimulated macrophages. 

 

6.3.4.3. Therapeutic targets 

To understand the therapeutic targets responsible for the anti-inflammatory activity of the 

E. purpurea extracts and fractions, several pro-inflammatory signaling pathways were investigated by 

Western blot (Figure 6.7). Non-stimulated hMDM showed basal levels of ERK 1/2 (Figure 6.7A), p38 

(Figure 6.7B), and NF-κB p65 phosphorylation (Figure 6.7C), but COX-2 (Figure 6.7D) and STAT3 

(Figure 6.7E) expressions were not observed. The phosphorylation of all the studied inflammatory 

proteins was significantly enhanced in LPS-stimulated hMDM. Dexamethasone (10 µM) was able to 

significantly decrease the phosphorylation of all studied inflammatory proteins. Celecoxib (10 µM) also 

significantly reduced the phosphorylation of p38, STAT3, and the expression of COX-2, but no significant 

activity was observed for ERK 1/2 and NF-κB p65. 

When LPS-stimulated hMDMs were treated with the whole E. purpurea extracts, a marked decrease 

in the activation of the ERK 1/2 signaling pathway was observed (Figure 6.7A). DE-R also efficiently 

decreased the phosphorylation of ERK 1/2, being its activity ≈8 and 9.5 times higher than DE-F and EE-

F, respectively. As observed in extracts, the fractions reduced the phosphorylation of ERK 1/2, but DE-R-

F2 and EE-F-F2 strongly suppressed the phosphorylation of this inflammatory protein. DE-F-F2 and EE-F-

F1 demonstrated similar activity. Although F2 exhibited stronger bioactivity, no significant differences 

were observed compared to the whole extracts. Analyzing all the E. purpurea extracts and fractions, DE-

R-F2 strongly suppressed the ERK 1/2 signaling pathway, followed by DE-R, EE-F-F2, DE-F-F2 iii, DE-F-F2 

ii, DE-F-F2 i, DE-F, EE-F, and EE-F-F1. Moreover, LPS-stimulated hMDM in the presence of DE-R, DE-R-F2, 

DE-F-F2 ii, DE-F-F2 iii, and EE-F-F2 reached similar or lower levels of ERK 1/2 phosphorylation than non-

stimulated macrophages. 
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Figure 6.7 | ERK 1/2 (A1,A2), p38 (B1,B2), NF-κB p65 (C1,C2), COX-2 (D1,D2), and STAT3 (E1,E2) signaling pathways 

downregulation of LPS-stimulated human monocyte-derived macrophages (hMDMs) cultured in the presence of E. purpurea 

extracts, factions, and clinically used anti-inflammatory drugs (dexamethasone (DEX) and celecoxib (CEL), 10 µM) for 24 h. 

Statistically significant differences are * (p < 0.0381), ** (p < 0.0071), *** (p < 0.0009), and **** (p < 0.0001) in comparison 

to the positive control (LPS-stimulated hMDM without treatment) for each tested E. purpurea extract and fraction, as well as 

DEX and CEL and 1 (p < 0.0358), 2 (p < 0.0023), 3 (p < 0.0002), and 4 (p < 0.0001) in comparison with a (DE-R vs. DE-R-

F2), b (DE-F vs. DE-R-F2), and c (EE-F vs. EE-F-F) at the same concentration. CTL: control; DE: dichloromethanolic extracts; 

EE: ethanolic extracts; R: roots; F: flowers; F1: phenolic/carboxylic acids fraction; F2: alkylamide fraction. 
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Only DE-R was able to significantly reduce the activity of the p38 signaling pathway, being its 

bioactivity ≈2 and 2.7 times stronger than DE-F and EE-F, respectively (Figure 6.7B). DE-F and EE-F 

also led to decreased p38 phosphorylation, but no significant differences were observed. All the fractions 

significantly reduced the phosphorylation of p38, being DE-R-F2, DE-F-F2 iii, and EE-F-F1 the most 

promising. DE-F-F2 i, DE-F-F2 ii, and EE-F-F2 exhibited comparable bioactivity. Only the fractionation of 

EE-F into EE-F-F1 markedly reduced the p38 signaling pathway. Although other fractions presented 

increased bioactivity, no significant differences were observed in comparison with the whole extract. The 

comparison of all the E. purpurea extracts and fractions demonstrates a strong potential for DE-R-F2, DE-

F-F2 iii, and EE-F-F1 in the reduction in p38 phosphorylation, followed by DE-F-F2 i ≈ DE-F-F2 ii ≈ EE-F-

F2, DE-R, and DE-F ≈ EE-F. 

Only EE-F was able to significantly reduce the activity of the NF-κB p65 signaling pathway, being 

its efficacy ≈1.1 times higher than DE-R and DE-F (Figure 6.7C). DE-F and EE-F showed a small ability 

to decrease the NF-κB p65 phosphorylation, with no significant differences. The fractionation of the whole 

E. purpurea extracts into fractions strongly improved the reduction in the NF-κB p65 signaling pathway. 

Indeed, all fractions markedly reduced the phosphorylation of NF-κB p65, being DE-R-F2, DE-F-F2 iii, and 

EE-F-F1 the most promising. DE-F-F2 i, DE-F-F2 ii, and EE-F-F2 demonstrated equivalent bioactivity. 

Comparing all the E. purpurea extracts and fractions, DE-R-F2, DE-F-F2 iii, and EE-F-F1 exhibited the most 

powerful bioactivity in the reduction in NF-κB p65 phosphorylation, followed by DE-F-F2 ii ≈ DE-F-F2 i ≈ 

EE-F-F1, EE-F, and DE-R ≈ DE-F. Moreover, all the fractions enabled LPS-stimulated hMDM to reach lower 

levels of ERK 1/2 phosphorylation than non-stimulated macrophages. 

The treatment of LPS-stimulated hMDM with the whole E. purpurea extracts significantly 

suppressed the COX-2 expression (Figure 6.7D). Despite the similar bioactivity of the three extracts, 

DE-R showed to be ≈1.2 and 1.9 times stronger than DE-F and EE-F. The fractions decreased the COX-2 

expression, but no significant differences were observed. Nevertheless, DE-R-F2, DE-F-F2, and EE-F-F2 

presented comparable bioactivity, while EE-F-F1 showed a lower ability to reduce COX-2 expression. In 

this case, the fractionation of the whole E. purpurea extracts into fractions did not enhance the reduction 

in COX-2 expression by LPS-stimulated hMDM. Comparing all the E. purpurea extracts and fractions, DE-

R and DE-F led to the most potent COX-2 suppression, followed by EE-F, DE-R-F2, DE-F-F2 ii, DE-F-F2 i, 

DE-F-F2 iii, EE-F-F2, DE-F-F2 iii, and EE-F-F1. 

E. purpurea extracts also showed a strong capacity to reduce the activation of the STAT3 signaling 

pathway in LPS-stimulated hMDM (Figure 6.7E). DE-R efficiently decreased the phosphorylation of 

STAT3, being its activity ≈1.6 and 1.8 times higher than DE-F and EE-F, respectively. All the fractions also 
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significantly reduced the phosphorylation of STAT3, but DE-R-F2, followed by EE-F-F2 and DE-F-F2 ii, 

strongly suppressed the phosphorylation of this inflammatory protein. DE-F-F2 i, DE-F-F2 iii, and EE-F-F1 

presented less but similar bioactivity. Nevertheless, only DE-R-F2 and EE-F-F2 improved the bioactivity of 

the extracts, but no significant differences were observed. Analyzing all the E. purpurea extracts and 

fractions, DE-R-F2 was the most promising formulation in the reduction in STAT3 phosphorylation, 

followed by DE-R, EE-F-F2, DE-F, EE-F, DE-F-F2 ii, and DE-F-F2 iii ≈ EE-F-F1 ≈ DE-F-F2 i. Moreover, LPS-

stimulated hMDM in the presence of DE-R and DE-R-F2 achieved similar or lower levels of STAT3 

phosphorylation compared with non-stimulated macrophages. 

The inflammatory proteins JNK/p-JNK and iNOS were also investigated, but no phosphorylation 

expression was detected in this study at 24 h of culture. 

 

6.4. DISCUSSION 

The development of chronic pathologies, such as rheumatoid arthritis and osteoarthritis, is strongly 

correlated with persistent inflammation [12,13]. Additionally, most of the current treatments are 

associated with significant side effects, and thus, effective and safe therapies are urgently needed. As the 

initiation and progression of inflammation involve several inflammatory signaling pathways, new and safe 

entities that effectively modulate different molecular mechanisms are required. 

This study used DE-R, DE-F, and EE-F since they exhibited the strongest anti-inflammatory 

properties in our previous work [42]. These three extracts presented different patterns of phenolic 

compounds, carboxylic acids, and alkylamides in their composition, comparable to our previous study 

[42]. Briefly, we identified a higher number of phenolic and carboxylic acids in EE-F (11 compounds) than 

in DE-R (4 compounds) or DE-F (3 compounds). Relative to the alkylamides, DE-R was the extract where 

more alkylamides were identified (24 compounds), followed by DE-F (20 compounds) and EE-F (19 

compounds). As phenolic compounds, carboxylic acids, and alkylamides have different polarities, the 

extracts were fractionated into F1 (phenolic/carboxylic acids) and F2 (alkylamides) fractions. Afterward, 

the anti-inflammatory activity of the cytocompatible extracts and fractions was investigated by their ability 

to decrease IL-6, TNF-α, and ROS/RNS levels in LPS-stimulated hMDM. 

The three whole extracts drastically reduced the IL-6 levels in LPS-stimulated hMDM. This ability is 

important since IL-6 induces hematopoiesis, promotes the expansion and activation of T cells, stimulates 

B cell differentiation, and regulates neutrophil-activating chemokines, among other processes [6,11]. 

When the extracts were fractionated into F2, the anti-inflammatory activity was considerably enhanced. 

On the other hand, the F1 obtained from EE-F did not significantly reduce the IL-6 amount. Therefore, it 
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is possible to conclude that alkylamides are the main class of compounds responsible for the decrease 

in the IL-6 production by LPS-stimulated hMDM. Moreover, the bioactivity was increased when a high 

number of alkylamides was present, which involves possible synergistic effects. Specifically, DE-R-F2, 

composed of 19 alkylamides, demonstrated greater IL-6 reduction (84.3 ± 9.1%) than DE-F-F2 i (10 

alkylamides, 62.7 ± 11.5%), DE-F-F2 ii (4 alkylamides, 71.2 ± 12.3%), or DE-F-F2 iii (4 alkylamides, 

68.5 ± 14.3%). 

DE-R was the only extract that significantly decreased TNF-α levels (41.4 ± 4.9%). Although the 

fractionation of extracts into fractions enhanced the bioactivity of DE-R-F2 (53.1 ± 19.5%) and DE-F-F2 i 

(42.7 ± 1.4%), no significant differences between whole extract and fractions were observed. Conversely, 

EE-F-F1 failed to decrease TNF-α production, and, consequently, its ability to recruit and enhance the 

differentiation and proliferation of the immune cells, as well as induce the transcription of several 

inflammatory genes [52]. These results strengthen the role of alkylamides as promising anti-inflammatory 

candidates. Furthermore, the bioactive pattern and the decrease in IL-6 and TNF-α levels obtained for 

LPS-stimulated hMDM are in agreement with our previous study with LPS-stimulated THP-1-derived 

macrophages [42]. These results support the correlation and similar behavior between the human cell 

line and primary cells. Nonetheless, it is important to stress that the bioactivity of the extracts was slightly 

lower in primary macrophages. 

All the studied extracts and fractions strongly reduced the intracellular levels of ROS/RNS/O2
•– in 

LPS-stimulated hMDM, reaching similar or inferior levels to those of the non-stimulated macrophages. 

Particularly, the fractionated DE-F-F2 i and DE-F-F2 ii significantly reduced the intracellular ROS/RNS 

generation, suggesting that the alkylamides present in these fractions are directly involved in this 

bioactivity. Moreover, alkylamide fractions showed, in general, lower intracellular levels of ROS/RNS/O2
•–

, suggesting that these compounds may be the main compounds responsible for this bioactivity. In this 

study, the fractionation of EE-F into EE-F-F1 dramatically diminished the capacity of intracellular ROS/RNS 

reduction, besides phenolic/carboxylic acids present in E. purpurea extracts are considered strong 

antioxidants in in vitro assays [53,54]. These results are in agreement with our previous study, where E. 

purpurea extracts enriched in alkylamides presented the strongest intracellular ROS/RNS reduction [42]. 

It can be hypothesized that alkylamides may inhibit the direct production, mainly in the mitochondria, of 

these inflammatory mediators [55–57]. Alkylamides may also interfere with the transcription of 

antioxidant enzymes, such as superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase 

(GPx) [58], as well as target the nitric oxide synthases (NOS) [59]. 
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Different patterns were observed for the suppression of the inflammatory signaling pathways, 

demonstrating that extracts and fractions modulate different inflammatory mechanisms, including ERK 

1/2, p38, NF-κB p65, COX-2, and STAT3, to diverse extents. The alkylamide fractions demonstrated 

stronger potential to drastically inhibit the inflammatory pathways, pointing out the main role of 

alkylamides in reducing inflammation. The synergistic effect between alkylamides was also observed since 

DE-R-F2 demonstrated strong bioactivity in general. We also demonstrated the downregulation of COX-2 

expression in the presence of extracts, but not of fractions, in LPS-stimulated hMDM. Thus, a synergistic 

effect between the classes of compounds present in the whole extract should be required for the inhibitory 

effect of COX-2 expression. 

The activation of the STAT3 signaling pathway in LPS-stimulated hMDM was strongly suppressed 

by extracts. DE-R-F2 was the only fraction that demonstrated higher bioactivity than the whole extract; 

however, no significant differences were observed. Nevertheless, once again, the alkylamides were the 

main compounds responsible for the reduction in this inflammatory pathway in LPS-stimulated hMDM. In 

this study, it was not possible to observe the inflammatory proteins p-JNK and iNOS, perhaps due to the 

occurrence of their expression at early time points [27,40]. 

The anti-inflammatory activity of E. purpurea preparations has been reported to be due to different 

alkylamides. Indeed, the major alkylamide found in E. purpurea, dodeca-2E,4E,8Z,10Z-tetraenoic acid 

isobutylamide, demonstrated minor anti-inflammatory effect compared to the alkylamide fraction [60]. 

Similarly to our results, Hou et al. reported that isolated chicoric acid did not show strong effects in the 

reduction in TNF-α levels in LPS-stimulated macrophages [27]. On the other hand, the isolated dodeca-

2E,4E,8Z,10E/Z-tetraenoic acid isobutylamide potentially decreased the expression of this protein in LPS-

stimulated primary human monocyte/macrophage-enriched PBMCs [61]. In fact, as previously reported, 

alkylamide fractions led to the robust inhibition of •NO production in LPS-stimulated RAW 264.7 

macrophages [27,40,60]. Indeed, alkylamides, including dodeca-2E,4Z-diene-8,10-diynoic acid 

isobutylamide (present in DE-R-F2, DE-F-F2 i, and EE-F-F2), dodeca-2E,4E,8Z,10E/Z-tetraenoic acid 

isobutylamide (present in DE-R-F2, DE-F-F2 ii, and EE-F-F2), dodeca-2E,4E-dienoic acid isobutylamide 

(present in DE-R-F2, DE-F-F2 iii, and EE-F-F2), dodeca-2E,4Z,10Z-triene-8-ynoic acid isobutylamide 

(present in DE-R-F2, DE-F-F2 i, and EE-F-F2), dodeca-2E,4E,8Z-trienoic acid isobutylamide (present in DE-

R-F2, DE-F-F2 iii, and EE-F-F2), and undeca-2Z,4E-diene-8,10-diynoic acid isobutylamide (present in DE-

R-F2), decreased the •NO production in RAW 264.7 macrophages [29]. To the best of our knowledge, 

only isolated phenols obtained from E. purpurea have been reported to have an anti-inflammatory effect. 

Chicoric acid was able to decrease the TNF-α, IL-1β, and IL-6 levels and the infiltration of inflammatory 
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cells in streptozotocin (STZ)-induced diabetic C57BL/6J mice [24,37]. MTX-induced liver injury or chronic 

kidney disease in male Wistar rats pre-treated with chicoric acid reduced TNF-α, ROS, •NO, and 

malondialdehyde (MDA) levels [62,63]. 

Our results, together with the currently available evidence, suggest that alkylamides are powerful 

plant-based drugs, exhibiting strong pharmaceutical advantages to ameliorate the inflammatory process 

related to chronic diseases. 

 

6.5. CONCLUSIONS 

E. purpurea extracts efficiently decreased pro-inflammatory mediators (IL-6, TNF-α, and/or 

ROS/RNS) in LPS-stimulated hMDM, corroborating their anti-inflammatory effects. The fractionation of 

the whole extracts into alkylamide fractions drastically enhanced the bioactivity, evidencing these 

compounds as the main active principles. This study also showed that the combination of different 

phytochemical compounds exhibited high pharmacological properties. Particularly, an increased number 

of alkylamides demonstrated greater bioactivity. Moreover, alkylamides exert their anti-inflammatory 

activity through the reduction in ERK1/2, p38, NF-κB, and STAT3 inflammatory signaling pathways, and 

the downregulation of COX-2 expression. Therefore, E. purpurea extracts and fractions can revert and 

stop the hyperactivation of macrophages, reaching the desired homeostasis in chronic diseases and 

preventing damage of the surrounding cells and tissues. Consequently, these results point out the 

efficiency of E. purpurea extracts and fractions, particularly DE-R-F2, an alkylamide extract, as new, 

innovative, and powerful plant-based anti-inflammatory formulations in the modulation of the fate of 

macrophages in cases where the immune system is overactive. To the best of our knowledge, the anti-

inflammatory activity of DE and DE fractions are studied here for the first time in LPS-stimulated hMDM, 

in which their therapeutic targets are reported. As the immune response involves both specific and non-

specific mechanisms, further studies supporting the role of E. purpurea extracts and fractions in complex 

models of inflammation should be explored. 
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6.9. SUPPLEMENTARY MATERIAL 

 

Supplementary Table S6.1 | Parameters of the optimized gradient method for analytical separation. 

Time (min) Water with 0.1% formic acid (%) ACN (%) 

0 90 10 

18 85 15 

30 10 90 

35 10 90 

36 90 10 

45 90 10 
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Supplementary Table S6.2 | Properties of caftaric acid, chlorogenic acid, caffeic acid, cynarin, echinacoside, chicoric acid, undeca-2E/Z-ene-8,10-diynoic acid isobutylamide, dodeca-2E-ene-

8,10-diynoic acid isobutylamide, dodeca-2E,4E-dienoic acid isobutylamide, and dodeca-2E,4E,8Z,10E/Z-tetraenoic acid isobutylamide determined by LC-HRMS. 

Standard 

compound 
Chemical structure Formula Exact mass 

Theoretical 

precursor 

ion (m/z) 

Precursor 

ion (m/z) 

tR 

(min) 
Product ions (m/z) 

Caftaric acid 

 

C13H12O9 312.04813196 311.0403 
311.0405 

[M–H]– 
3.1 

135.0451 (100), 179.0350 (27), 

149.0090 (17) 

Chlorogenic acid 

 

C16H18O9 354.09508215 353.0873 
353.0874 

[M–H]– 
4.1 

191.0560 (100), 192.0592 (6), 

161.0245 (2), 127.0401 (2), 85.0291 

(2), 179.0346 (1) 

Caffeic acid 

 

C9H8O4 180.04225873 179.0345 
179.0350 

[M–H]– 
5.1 

135.0449 (100), 134.0372 (90), 

89.0395 (9), 117.0343 (7), 107.0500 

(7), 136.0484 (7) 

Cynarin 

 

C25H24O12 516.12677620 515.1190 
515.1195 

[M–H]– 
6.2 

191.0563 (100), 179.0351 (89), 

353.0877 (22), 135.0453 (15), 

180.0384 (8), 161.0245 (8), 192.0598 

(7), 173.0459 (6), 354.0910 (4), 

335.0768 (4) 

Echinacoside 

 

C35H46O20 786.25824385 785.2504 
785.2505 

[M–H]– 
7.3 

785.2507 (100), 161.0246 (81), 

623.2193 (64), 786.2539 (41), 

624.2229 (18), 787.2581 (11), 

162.0280 (8), 179.0357 (6) 
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Chicoric acid 

 

C22H18O12 474.07982601 473.0720 
473.0725 

[M–H]– 
9.0 

179.0351 (100), 149.0094 (71), 

135.0452 (17), 219.0299 (12), 

180.0386 (7), 161.0243 (4), 293.0301 

(4), 112.9881 (4), 311.0393 (1) 

Undeca-2E/Z-ene-

8,10-diynoic acid 

isobutylamide 

 
 

 

C15H21NO 231.16231 232.1701 
232.1698 

[M+H]+ 
20.5 

91.0544 (100), 115.0544 (43), 

105.0701 (43), 116.0618 (35), 

103.0544 (20), 129.0699 (12) 

Dodeca-2E-ene-8,10-

diynoic acid 

isobutylamide  

C16H23NO 245.17796 246.1858 
246.1855 

[M+H]+ 
20.8 

91.0544 (100), 105.0700 (83), 

117.0699 (45), 115.0544 (36), 

103.0544 (28), 129.0697 (24), 

130.0774 (24), 77.0378 (20) 

Dodeca-

2E,4E,8Z,10E/Z-

tetraenoic acid 

isobutylamide 

 

 

C16H25NO 247.19361 248.2014 
248.2010 

[M+H]+ 
21.3 

152.1071 (100), 95.0492 (59), 96.0447 

(57), 110.0601 (18), 124.0758 (14), 

167.1303 (13), 91.0543 (10), 112.0758 

(10), 153.1103 (10), 81.0691 (9) 

Dodeca-2E,4E-dienoic 

acid isobutylamide  
C16H29NO 251.22491 252.2327 

252.2326 

[M+H]+ 
22.0 

95.0856 (100), 98.0602 (93), 95.0493 

(52), 81.0691 (43), 196.1696 (32), 

112.0759 (28), 109.1013 (26), 

126.0914(25) 
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Supplementary Table S6.3 | Phenolic/carboxylic acids compounds tentatively identified in E. purpurea fractions by LC-HRMS (negative mode). 

Proposed phenolic compound 
Precursor ion 

[M–H]– (m/z) 

tR 

(min) 
Product ions (m/z) 1 

Ethanolic Extracts obtained from Flowers – Faction 1 (EE-F-F1) 

Protocatechuic acid 153.0195 2.8 108.0218 (100), 109.0287 (91), 91.0185 (17) 

Chlorogenic acid 353.0876 4.0 191.0562 (100), 192.0606 (5), 127.0404 (3), 85.0292 (2), 161.0250 (2), 179.0929 (0.3) 

Caffeic acid 179.0347 5.1 134.0373 (100), 135.0450 (92), 89.0395 (13), 136.0489 (9), 107.0498 (9), 117.0347 (7) 

Chicoric acid 473.0722 8.9 
179.0349 (100), 149.0093 (70), 135.0452 (15), 219.0299 (13), 180.0384 (9), 161.0244 (4), 293.0299 (4), 

112.9882 (3), 311.0420 (1) 

Rutin 609.1459 9.2 300.0272 (100), 609.1457 (60), 301.0336 (44), 610.1491 (19), 302.0368 (7), 611.1523 (3) 

Rutin derivative 609.1459 9.4 300.0273 (100), 609.1456 (63), 301.0341 (63), 610.1494 (19), 302.0372 (8), 611.1511 (4) 

Smooth grey shaded corresponds to studied standards. 1 The MS2 data were obtained from the fragmentation of the [M – H]- precursor ion of phenolic compounds. Relative intensities of product 

ions are in parentheses. 

 

 

Supplementary Table S6.4 | Alkylamides compounds tentatively identified in E. purpurea fractions by LC-HRMS (positive mode). 

Proposed alkylamide compound 
Precursor ion  

[M+H]+ (m/z) 

tR 

(min) 
Product ions (m/z) 1 

Dichloromethanolic Extracts obtained from Roots – Fraction 2 (DE-R-F2) 

Dodeca-2E,4Z,10E-triene-8-ynoic acid 

isobutylamide 
246.1852 14.9 145.1015 (46), 119.0860 (38), 128.0633 (11), 173.0948 (8), 93.0708 (6) 

Dodeca-2E,4Z,10Z-triene-8-ynoic acid 

isobutylamide 
246.1854 15.5 119.085 (53), 145.1008 (46), 93.0691 (11), 173.0947 (11), 128.0628 (9), 102.0925 (6) 

Dodeca-2E,4E,10Z-triene-8-ynoic acid 

isobutylamide 
246.1852 19.0 145.1018 (39), 128.0619 (38), 119.0480 (31), 93.0699 (22), 154.1227 (6) 

Dodeca-2Z,4E,10Z-triene-8-ynoic acid 

isobutylamide 
246.1853 19.4 145.1015 (35), 119.0854 (23), 128.0620 (21), 173.0963 (7), 93.0702 (5), 154.0761 (2) 

Dodeca-2E,4E,10E-triene-8-ynoic acid 

isobutylamide 
246.1852 20.2 128.0618 (85), 119.0860 (21), 93.0703 (17), 145.1009 (14), 154.0631 (6), 102.0906 (4) 



CHAPTER 6| Echinacea purpurea fractions as promising anti-inflammatory formulations 

441 

Undeca-2E,4Z-diene-8,10-diynoic acid 

isobutylamide 
230.1549 20.3 

128.0621 (100), 91.0543 (47), 116.0617 (28), 129.0684 (21), 103.0543 (9), 117.0645 (3), 102.0464 (2), 

157.0650 (1), 174.0914 (1), 142.0417 (0.1), 202.1588 (0), 188.14390 (0), 74.0146 (0), 57.0683 (0) 

Undeca-2Z,4E-diene-8,10-diynoic acid 

isobutylamide 
230.1546 20.6 

128.062 (100), 91.0543 (41), 129.0686 (26), 116.0617 (26), 103.0542 (9), 117.0595 (4), 102.0465 (2), 

157.0648 (2), 174.0912 (1), 188.1432 (0.4), 142.0651 (0.2), 202.1586 (0.1) 

Dodeca-2E,4Z-diene-8,10-diynoic acid 

isobutylamide 
244.1712 20.7 

129.0687 (27), 91.0543 (22), 116.0606 (8), 188.1070 (2), 156.0624 (1), 157.0648 (0.4), 174.0898 (0.2), 

216.1747 (0.1), 88.1111 (0), 57.0687 (0) 

Dodeca-2E-ene-8,10-diynoic acid 

isobutylamide 
246.1851 20.9 

128.0621 (100), 115.0543 (42), 105.0700 (29), 91.0543 (28), 117.0699 (26), 129.0685 (25), 103.0543 (13), 

130.0768 (13) 

Trideca-2E,7Z-diene-10,12-diynoic 

acid isobutylamide 
258.1864 21.0 

128.0622 (100), 117.0699 (24), 103.0543 (8), 142.0769 (4), 131.0782 (1), 156.0618 (1), 102.0465 (1), 

157.0646 (0.4), 230.1897 (0.1), 202.1223 (0.1), 216.1745 (0.1), 185.0840 (0.1), 74.0141 (0) 

Dodeca-2,4-diene-8,10-diynoic acid 2-

methylbutylamide 
258.1864 21.0 

117.0699 (24), 91.0543 (22), 105.0700 (21), 143.0855 (14), 116.0604 (7), 142.0769 (4), 171.0804 (3), 

188.1070 (3), 230.1538 (0.1), 168.1313 (0.1), 202.1223 (0.1), 88.1113 (0.1), 156.1365 (0), 71.0844 (0) 

Dodeca-2Z,4Z,10Z-triene-8-ynoic acid 

isobutylamide2 
246.1853 21.2 

93.0699 (4), 119.0856 (3), 128.0621 (3), 102.0914 (2), 145.0649 (1), 154.1181 (0.4), 173.0943 (0.1), 

57.0685 (0.1), 190.1608 (0), 74.0136 (0) 

Trideca-2E,7Z-diene-10,12-diynoic 

acid 2-methylbutylamide 
272.2009 21.2 116.0606 (25), 157.0999 (3), 202.1225 (1), 185.0879 (1) 

Dodeca-2E,4E,8Z,10E/Z-tetraenoic 

acid isobutylamide 
248.2017 21.4 

152.1071 (100), 95.0492 (58), 96.0446 (57), 110.0601 (17), 124.0758 (15), 167.1302 (13), 91.0543 (11), 

153.1103 (10), 112.0756 (10), 81.0691 (9) 

Dodeca-2E,4Z,10E-triene-8-ynoic acid 

2-methylbutylamide 

OR 

Dodeca-2E-ene-8,10-diynoic acid 2-

methylbutylamide 

260.2008 21.2 
145.1012 (20), 119.0856 (17), 116.0611 (16), 173.0956 (3), 142.1228 (1), 190.1223 (1), 88.1112 (0.2), 

71.7045 (0) 

Pentadeca-2E,9Z-diene-12,14-diynoic 

acid isobutylamide 
286.2166 21.5 102.0915 (1), 185.1317 (1), 230.1549 (0.3), 213.1161 (0.2) 

Dodeca-2E,4E,8Z-trienoic acid 

isobutylamide 
250.2166 21.7 

97.0491 (4), 102.0914 (3), 168.1345 (2), 83.0360 (2), 154.1212 (2), 194.1534 (1), 177.1271 (1), 149.1325 

(0.4), 57.0679 (0.1) 

Dodeca-2E,4E,8Z,10E/Z-tetraenoic 

acid 2-methylbutylamide 
262.2167 21.6 116.1072 (3), 147.1170 (3), 88.1113 (1), 175.1114 (1), 192.1386 (0.3), 71.0845 (0.1) 

Dodeca-2E,4E-dienoic acid 

isobutylamide 
252.2323 22.0 

95.0856 (100), 98.0601 (91), 95.0493 (52), 81.0691 (42), 196.1695 (32), 112.0758 (27), 109.1012 (27), 

126.0915 (23) 
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Dichloromethanolic Extracts obtained from Flowers – Fraction 2 i (DE-F-F2 i) 

Dodeca-2E,4Z,10E-triene-8-ynoic acid 

isobutylamide 
246.1854 14.9 145.1013 (78), 119.0856 (27), 93.0699 (14), 128.0622 (10), 173.0975 (7) 

Dodeca-2E,4Z,10Z-triene-8-ynoic acid 

isobutylamide 
246.1854 15.5 145.1015 (64), 119.0858 (46), 93.0704 (18), 128.0624 (8), 173.0974 (7), 190.1224 (4), 154.1233 (4) 

Dodeca-2E,4E,10E-triene-8-ynoic acid 

isobutylamide 
246.1856 20.2 119.0858 (23), 93.0703 (14), 145.1015 (4), 128.0628 (3), 173.0963 (1) 

Undeca-2E,4Z-diene-8,10-diynoic acid 

isobutylamide 
230.1553 20.2 

128.0624 (100), 91.0545 (43), 116.0619 (27), 129.0684 (19), 103.0545 (9), 117.0646 (3), 102.0467 (2), 

157.0652 (1), 174.0918 (1), 142.0733 (0.1), 188.1431 (0), 202.1565 (0), 74.0148 (0), 57.0688 (0) 

Undeca-2E/Z-ene-8,10-diynoic acid 

isobutylamide 
232.1701 20.5 91.0546 (100), 128.0625 (59), 115.0546 (51), 116.0620 (39), 105.0702 (36), 129.0693 (21), 103.0546 (20) 

Dodeca-2E,4Z-diene-8,10-diynoic acid 

isobutylamide 
244.1703 20.7 

91.0546 (34), 129.0688 (24), 116.0618 (19), 156.0634 (2), 157.0652 (1), 188.1076 (0.4), 174.0912 (0.4), 

88.1112 (0.1), 216.1756 (0), 57.0687 (0) 

Dodeca-2E-ene-8,10-diynoic acid 

isobutylamide 
246.1857 20.9 

152.1073 (100), 96.0448 (74), 91.0545 (66), 95.0494 (62), 105.0702 (53), 117.0701 (40), 115.0546 (34), 

130.0776 (22), 129.0697 (22), 103.0545 (15), 77.0379 (10) 

Trideca-2E,7Z-diene-10,12-diynoic 

acid isobutylamide 
258.1860 21.0 

117.0701 (62), 128.0624 (60), 103.0546 (22), 142.0776 (18), 131.0853 (8), 157.1013 (2), 102.0467 (2), 

156.0627 (1), 202.1229 (1), 185.0964 (1), 230.1907 (0.1), 216.1751 (0.1), 74.0138 (0) 

Dodeca-2,4-diene-8,10-diynoic acid 2-

methylbutylamide 
258.1860 21.0 

91.0546 (74), 117.0701 (62), 105.0702 (30), 116.0607 (19), 142.0776 (18), 143.0847 (7), 168.0815 (1), 

156.0627 (1), 202.1229 (1), 171.0797 (0.4), 188.1436 (0.3), 230.1907 (0.1), 88.1124 (0) 

Dodeca-2E,4Z,10E-triene-8-ynoic acid 

2-methylbutylamide 

OR 

Dodeca-2E-ene-8,10-diynoic acid 2-

methylbutylamide 

260.2010 21.1 116.0608 (20), 142.0775 (17), 145.1014 (7), 119.0855 (5), 173.0836 (0.4), 190.1239 (0.1), 88.0301 (0) 

Dichloromethanolic Extracts obtained from Flowers – Fraction 2 ii (DE-F-F2 ii) 

Dodeca-2,4,10-triene-8-ynoic acid 

isobutylamide (isomer 1) 
246.1855 18.3 119.0861 (54), 145.1017 (50), 93.0699 (21), 128.0622 (19), 102.0917 (8) 

Trideca-2E,7Z-diene-10,12-diynoic 

acid 2-methylbutylamide 
272.2011 21.2 116.0609 (21), 157.1010 (3), 202.1229 (1), 185.0957 (1), 88.1116 (0.1) 

Dodeca-2E,4E,8Z,10E/Z-tetraenoic 

acid isobutylamide 
248.2028 21.2 

152.1073 (100), 95.0493 (58), 96.0447 (56), 110.0603 (17), 124.0759 (13), 167.1305 (12), 153.1106 (10), 

112.0758 (10), 91.0544 (10), 81.0692 (9) 
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Pentadeca-2E,9Z-diene-12,14-diynoic 

acid isobutylamide 
286.2166 21.5 102.0914 (5), 57.0687 (0.3), 185.1322 (0.2), 230.153 (0.1) 

Dichloromethanolic Extracts obtained from Flowers – Fraction 2 iii (DE-F-F2 iii) 

Dodeca-2E,4E,8Z-trienoic acid 

isobutylamide (isomer 1) 
250.2167 21.4 

154.1228 (14), 149.1327 (8), 83.0849 (6), 97.1014 (5), 177.1274 (4), 168.1375 (4), 194.1537 (2), 102.0909 

(1) 

Dodeca-2E,4E,8Z-trienoic acid 

isobutylamide 
250.2170 21.6 

97.0494 (3), 102.0915 (3), 168.1347 (2), 83.0359 (2), 154.1214 (2), 194.1541 (1), 177.1277 (1), 149.1328 

(0.4), 57.0684 (0.1) 

Dodeca-2E,4E,8Z,10E/Z-tetraenoic 

acid 2-methylbutylamide 
262.2168 21.5 116.1072 (3), 147.1171 (2), 88.1113 (1), 175.1120 (0.5), 192.1385 (0.2), 71.0848 (0.1) 

Dodeca-2E,4E-dienoic acid 

isobutylamide 
252.2325 22.0 

95.0857 (100), 98.0603 (90), 95.0494 (50), 81.0692 (45), 196.1697 (31), 109.1013 (27), 112.0758 (26), 

126.0915 (23) 

Ethanolic Extracts obtained from Flowers – Fraction 2 (EE-F-F2) 

Dodeca-2E,4Z,10E-triene-8-ynoic acid 

isobutylamide 
246.1852 14.9 145.1015 (51), 119.0859 (44), 93.0683 (13), 128.0617 (8), 173.0981 (6) 

Dodeca-2E,4Z,10Z-triene-8-ynoic acid 

isobutylamide 
246.1854 15.4 145.101 (49), 119.0860 (39), 128.0618 (8), 173.0962 (7), 93.0690 (7), 190.1218 (3), 154.1242 (2) 

Dodeca-2E,4E,10Z-triene-8-ynoic acid 

isobutylamide 
246.1854 18.9 

145.1014 (51), 119.0857 (49), 93.0701 (18), 128.0623 (16), 173.0952 (6), 190.1215 (2), 154.1219 (2), 

102.0916 (1) 

Dodeca-2E,4E,10E-triene-8-ynoic acid 

isobutylamide 
246.1854 20.2 119.0858 (29), 93.0700 (15), 145.1019 (6), 128.0621 (6), 173.0965 (1) 

Undeca-2E,4Z-diene-8,10-diynoic acid 

isobutylamide 
230.1545 20.2 

128.0622 (100), 91.0543 (42), 116.0617 (27), 129.0682 (19), 103.0542 (9), 117.0648 (3), 102.0464 (2), 

157.0649 (1), 174.0914 (1), 142.0636 (0.1), 202.1588 (0), 188.1420 (0), 57.0686 (0) 

Undeca-2E/Z-ene-8,10-diynoic acid 

isobutylamide 
232.1697 20.5 91.0542 (100), 128.0622 (81), 115.0543 (57), 116.0617 (41), 105.0699 (34), 129.0689 (26), 103.0543 (20) 

Pentadeca-2E,9Z-diene-12,14-diynoic 

acid 2-hydroxyisobutylamide 
302.2116 20.6 118.0743 (2), 185.1326 (2), 213.1283 (0.4), 90.0422 (0.2) 

Dodeca-2E,4Z-diene-8,10-diynoic acid 

isobutylamide 
244.1699 20.7 

91.0543 (36), 129.0688 (24), 116.0616 (20), 156.0632 (2), 157.0656 (1), 174.0914 (0.3), 188.1074 (0.3), 

88.1110 (0.1), 216.1386 (0), 57.0693 (0) 

Dodeca-2E-ene-8,10-diynoic acid 

isobutylamide 
246.1855 20.9 

152.1071 (100), 96.0446 (77), 91.0543 (70), 105.07 (58), 117.0698 (44), 115.0544 (41), 129.0696 (25), 

130.0776 (25), 103.0544 (18), 77.0378 (10) 
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Trideca-2E,7Z-diene-10,12-diynoic 

acid isobutylamide 
258.1856 20.9 

117.0700 (55), 128.0623 (50), 103.0544 (21), 142.0776 (19), 131.0855 (6), 157.1012 (2), 102.0466 (2), 

156.0826 (1), 202.1231 (1), 185.0964 (1), 230.1909 (0.1), 216.1747 (0.1), 74.0144 (0) 

Dodeca-2,4-diene-8,10-diynoic acid 2-

methylbutylamide 
258.1856 20.9 

91.0544 (68), 117.0700 (55), 105.0700 (20), 142.0776 (19), 116.0605 (18), 143.0842 (5), 168.0814 (1), 

156.0826 (1), 202.1231 (1), 188.1435 (0.3), 171.0775 (0.2), 230.1909 (0.1), 88.0634 (0) 

Trideca-2E,7Z-diene-10,12-diynoic 

acid 2-methylbutylamide 
272.2010 21.2 116.0606 (19), 157.1012 (4), 202.1232 (1), 185.0964 (1), 88.1113 (0.2) 

Dodeca-2E,4E,8Z,10E/Z-tetraenoic 

acid isobutylamide 
248.2021 21.4 

152.1073 (100), 95.0493 (60), 96.0447 (58), 110.0602 (17), 124.076 (14), 167.1305 (13), 153.1106 (11), 

112.0757 (10), 91.0543 (10), 81.0692 (10) 

Dodeca-2E,4Z,10E-triene-8-ynoic acid 

2-methylbutylamide 

OR 

Dodeca-2E-ene-8,10-diynoic acid 2-

methylbutylamide 

260.2009 21.2 119.0857 (27), 145.1014 (23), 116.0616 (22), 142.0770 (8), 173.0961 (3), 190.1227 (2) 

Pentadeca-2E,9Z-diene-12,14-diynoic 

acid isobutylamide 
286.2166 21.5 102.0918 (4), 185.1302 (1) 

Dodeca-2E,4E,8Z-trienoic acid 

isobutylamide 
250.2168 21.6 

97.0490 (4), 102.0916 (3), 168.1348 (2), 83.0359 (2), 154.1219 (1), 194.1542 (1), 149.1332 (1), 177.1272 

(0.4), 57.068 (0.1) 

Dodeca-2E,4E,8Z,10E/Z-tetraenoic 

acid 2-methylbutylamide 
262.2168 21.5 116.1071 (3), 147.1174 (2), 175.1124 (1), 88.1116 (1), 192.1385 (0.3) 

Dodeca-2E,4E-dienoic acid 

isobutylamidea 
252.2325 22.0 

95.0857 (100), 98.0602 (92), 95.0493 (53), 81.0693 (43), 196.1699 (32), 112.0759 (28), 109.1013 (28), 

126.0916 (25) 

Smooth grey shaded corresponds to studied standards. 1 The MS2 data were obtained from the fragmentation of the [M + H]+ precursor ion of alkylamides. Relative intensities of product ions are 

in parentheses. E/Z stereochemistry is indicated here in accordance with the literature, but it should be highlighted that without conformational NMR spectra, it is not possible to conclusively 

distinguish between E and Z isomers.
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Supplementary Figure S6.1 | Intracellular ROS/RNS (green) and O2
•– (red) production in LPS-stimulated human monocyte-

derived macrophages (hMDM, nucleus in blue) in the absence or in the presence of clinically used anti-inflammatory drugs 

(dexamethasone – DEX – and celecoxib – CEL –, 10 µM) for 24 h. CTL: control. Scale bar = 50 µm. 
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Supplementary Figure S6.2 | Intracellular ROS/RNS (green) and O2

•– (red) production in LPS-stimulated human monocyte-derived macrophages (hMDM, nucleus in blue) in the presence of 

E. purpurea extracts or fractions for 22 h. DE: dichloromethanolic extracts; EE: ethanolic extracts; R: roots; F: flowers; F1: phenolic/carboxylic acid fraction; F2: alkylamide fraction. 

Scale bar = 50 µm.
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CHAPTER 7 

In vivo evaluation of the anti-inflammatory 

efficacy of liposomes loaded with 

Echinacea purpurea roots extracts 
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H. Ferreira, N. M. Neves, In vivo evaluation of the anti-inflammatory efficacy of liposomes loaded with 
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ABSTRACT 

Chronic inflammatory diseases were ranked by WHO as the most significant cause of death in the 

world. The most common therapeutic approach is the constant administration of clinically available anti-

inflammatory drugs; however, this strategy present severe side effects. New entities derived from plants 

have shown their potential for the development of safe and effective therapies. Particularly, Echinacea 

purpurea extracts have demonstrated strong anti-inflammatory properties. In this work, 

dichloromethanolic extracts of E. purpurea roots (DE-R), rich in alkylamides, were used to produce a new 

anti-inflammatory formulation. To overcome the poor water solubility of the components of the extract 

and increase the therapeutic efficacy, DE-R were loaded in large unilamellar liposomes (LUVs). Besides 

taking advantage of the passive targeting, liposomes were also engineered to actively target key players 

of the inflammatory process, namely M1 macrophages, by their surface functionalization with folic acid 

(FLUVs). The developed formulations were homogeneous (polydispersity index < 0.2), with a mean 

particle size of ≈114 nm and a zeta potential of ≈-3 mV. The liposomes were cytocompatible at all tested 

concentrations and strongly reduced the production of interleukin (IL)-6 by lipopolysaccharide (LPS)-

stimulated macrophages. As expected, FLUVs + DE-R were 6.3 times better than LUVs + DE-R, and 9.7 

times greater than free DE-R. The anti-inflammatory activity of free DE-R and DE-R-loaded FLUVs was 

assessed in an experimental rat model of inflammation. A single intra-articular injection of the FLUVs with 

DE-R promoted a significant reduction of edema, inflammatory pain, and immune cell infiltration, 

particularly of CD68+ macrophages, as well as IL-6 expression. This formulation reduced synovial 

inflammation more efficiently than free DE-R. We also demonstrated that the developed formulation is 

safe, as no welfare changes or harmful toxicity to major organs were observed. Therefore, E. purpurea 

roots extracts loaded in liposomes can be used as natural, green, innovative, and powerful new 

formulation to treat chronic inflammatory diseases. 
 

 
 

Keywords: Echinacea purpurea roots, dichloromethanolic extracts, alkylamides, liposomes, synovial 

inflammation, animal model. 
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7.1. INTRODUCTION 

Chronic inflammation is a long-term process that may last weeks, months, or even a lifetime [1], 

and whose prevalence is estimated to increase persistently for the next decades [2]. More than half of 

the global deaths are correlated with chronic inflammatory diseases (e.g., arthritic diseases, stroke, 

chronic respiratory diseases, heart disorders, and type 1 and 2 diabetes) [3] and, consequently, the WHO 

ranked chronic inflammatory diseases as the most significant cause of death in the world nowadays [4,5]. 

One of the chronic inflammation-mediated diseases with higher incidence is arthritis [6,7]. Arthritic 

diseases affect more than 350 million people in the world and are often associated with extremely high 

societal and economic burdens, being a leading cause of work disability [8]. They comprise more than 

150 different joint disorders, being the most common osteoarthritis and rheumatoid arthritis. These 

inflammatory diseases usually affect hands, hips, spine, and/or knees, being the main symptoms pain, 

warmth, swelling, stiffness, and decreased range of flexibility in or around the joints [9]. They are complex 

diseases involving pathological changes in overall joint tissues, including cartilage, subchondral bone, 

ligaments, meniscus, and the synovial membrane [10], being a typical hallmark the development of low-

grade synovial inflammation (synovitis) [11].  

Synovitis is characterized by the continuous recruitment of CD68+ macrophages and the 

proliferation of fibroblast-like synoviocytes, resulting in hyperplasia of the synovial lining [12,13]. 

Additionally, the underlying tissue (subintima) is heavily infiltered with T and B lymphocytes, plasma cells, 

and macrophages, being associated with stromal edema and proliferation of blood vessels [13]. Activated 

macrophages, strongly expressing the folate receptor on their surface, are the most abundant immune 

cells in the synovial membrane and have been correlated with arthritis severity and symptoms [14]. 

Indeed, activated macrophages in the synovium contribute to articular degeneration due to the higher 

production of pro-inflammatory cytokines (e.g., interleukin – IL – 6, IL-1β, and tumor necrosis factor – 

TNF – α) and reactive oxygen and nitrogen species (ROS/RNS) [15,16]. Consequently, the disruption of 

macrophage infiltration, as well as the amelioration of the production of the inflammatory mediators into 

the synovium has been proposed as promising therapeutic approaches. 

Currently, there is no cure for arthritic diseases and the main goals of current treatments are to 

reduce pain and improve joint function. Symptoms are usually treated with a combination of therapies. 

For instance, physical therapy with co-administration of painkillers (e.g., acetaminophen) and/or 

nonsteroidal anti-inflammatory drugs (NSAIDs, e.g., diclofenac and celecoxib) [17]. More potent drugs, 

such as corticosteroids (e.g., dexamethasone), conventional disease-modifying antirheumatic drugs 

(cDMARDs; e.g., methotrexate), and biologic (b)DMARDs (e.g., TNF or IL-6 inhibitors) can also be 
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prescribed [18,19]. Nonetheless, anti-inflammatory drugs are associated with severe side effects mainly 

if administered for long periods (e.g., gastrointestinal, cardiovascular, blood, renal, and adrenal injuries), 

being their use limited [20,21]. In addition, immune-suppressant agents present an increased risk of 

infection and/or cancer [22]. Therefore, newer and safer drugs are urgently needed to treat efficiently the 

inflammatory process.  

Plant-derived drugs have been shown as potential alternatives for the safe and effective 

management of inflammation [23], as natural products represent about one-quarter of all new drugs in 

the clinics, from which almost half are derived from plants [24]. Recently, Echinacea purpurea extracts 

demonstrated strong anti-inflammatory properties [25–28]. Particularly, dichloromethanolic extracts 

obtained from E. purpurea roots (DE-R) demonstrated the strongest anti-inflammatory activity in the 

presence of lipopolysaccharides (LPS)-stimulated macrophages. Indeed, these extracts significantly 

reduced the production of pro-inflammatory mediators (IL-6, IL-1β, TNF-α, and intracellular ROS/RNS) 

[25]. 

The main active principles in DE-R are alkylamides [25], however, due to their low aqueous 

solubility, a suitable drug delivery approach should be used to improve their biodistribution. The 

encapsulation of drugs in a colloidal delivery system could be an efficient strategy to improve their 

pharmacokinetics [29]. Indeed, besides protecting them from degradation, these systems increase the 

therapeutic index of these drugs. To improve the blood circulation time, the surface of nanocarriers can 

be coated with hydrophilic polymers, such as polyethylene glycol (PEG), to provide a protective layer that 

avoids aggregation, opsonization, and phagocytosis [30]. Moreover, nanocarriers can take advantage of 

the enhanced permeability and retention (EPR) effect that occurs in sites of inflammation [31]. In addition 

to passive targeting, the nanocarriers can be functionalized with a specific moiety to achieve active 

targeting. Considering specific targets present at the pathological site, it is possible to modify the 

nanocarrier surface with a particular ligand (e.g., antibody, protein, peptide, and carbohydrate) that allows 

for their accumulation in the diseased tissue. For example, folic acid is used as a  targeting moiety for 

the folate receptors of the activated macrophages at the inflammatory sites [32]. Consequently, passive 

and active targeting, promoting nanocarrier accumulation in the desired location, will diminish the amount 

of drug required to have a therapeutic effect as well as its side effects.  

Among nanocarriers, liposomes are the most safe, effective and versatile drug delivery systems 

[33]. Indeed, due to their advantages, liposomes have been successfully translated into the clinic for the 

treatment of different diseases [34]. Liposomes are composed of phospholipids, the main components 

of the cell membrane, and, consequently, display excellent biocompatibility [35]. The most used type of 
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liposomes is the large unilamellar liposomes (LUVs), characterized by a single phospholipid bilayer and 

a large aqueous core, with a size above 100 nm [36].  Liposomes can encapsulate lipophilic, amphipathic, 

and/or hydrophilic drugs. A wide variety of phospholipids is available for liposome production, ranging 

from natural to synthetic ones [35]. Among them, phosphatidylcholine (PC), derived from egg yolk, was 

widely used and shows anti-inflammatory and antioxidant activities [37]. Additionally, PC is the major 

membrane phospholipid in eukaryotic cells [38]. Liposomes can also be used for intra-articular (IA) 

administration, the most effective route to treat joint diseases [39], as they allow for the delivery of high 

drug concentrations directly into the joint cavity.  

This work describes the development of folic acid-functionalized liposomes loaded with DE-R, 

further used as an IA drug delivery system for the treatment of arthritic diseases. After its production and 

characterization, the cytocompatibility and the anti-inflammatory activity of the liposomes were 

investigated using LPS-stimulated macrophages. The ability of pro-inflammatory macrophages to 

internalize LUVs was also assessed. Then, the in vivo safety and efficacy of the developed formulation 

was evaluated in a carrageenan-induced early inflammation rat model. 

 

7.2. MATERIALS AND METHODS 

7.2.1. Reagents and chemicals 

E. purpurea (purple coneflower) was purchased from Cantinho das Aromáticas (Vila Nova de Gaia, 

Portugal), in May 2017. The plants were immediately transferred to the soil and were grown following a 

sustainable agriculture procedure (41°37′04.5″ N, 7°16′14.4″ W). After three years of cultivation, the 

roots, including rhizomes, were harvested in the autumn (November 2021). The plants were subsequently 

dried in the dark and stored at room temperature (RT) protected from the light. 

Ethanol (EtOH) and dichloromethane (DCM) were obtained from Fisher Scientific, Portugal. Ultra-

pure water was obtained from a Milli-Q Direct Water Purification System (Milli-Q Direct 16, Millipore). 

Acetonitrile (ACN, HPLC grade), methanol (HPLC grade), formic acid (99%, analytical grade), phosphate-

buffered saline (PBS), phorbol 12-myristate 13-acetate (PMA), LPS (Escherichia coli, O26:B6), egg yolk 

L-α-phosphatidylcholine (EPC), disposable PD 10 desalting columns (Sephadex G-25 M column), Roswell 

Park Memorial Institute (RPMI)-1640 medium, dexamethasone, Triton X-100, λ-carrageenan, sodium 

citrate tribasic dihydrate, Tween 20, bovine serum albumin (BSA), and high-purity standards of 

echinacoside, chicoric acid, caftaric acid, caffeic acid, chlorogenic acid, and cynarin were obtained from 

Sigma-Aldrich, Portugal. Echinacea isobutylamide standards kit, composed of undeca-2E/Z-ene-8,10-

diynoic acid isobutylamide, dodeca-2E-ene-8,10-diynoic acid isobutylamide, and dodeca-2E,4E-dienoic 



CHAPTER 7| In vivo anti-inflammatory efficacy of liposomes-loaded Echinacea purpurea roots extracts 
 

452 

acid isobutylamide, was acquired from ChromaDex, Los Angeles, CA, USA. High-purity standard dodeca-

2E,4E,8Z,10E/Z-tetraenoic acid isobutylamide was obtained from Biosynth Carbosynth, Spain. Fetal 

bovine serum (FBS), antibiotic/antimycotic solution, Dulbecco’s phosphate-buffered saline (DPBS), 

formalin 10% (V/V), GlutaMAX™-I CTS™, HEPES (1M), Richard-Allan decalcifying solution, paraffin, 

hematoxylin, mouse monoclonal CD68 Monoclonal Antibody (MA5-13324) and Alexa Fluor 594 donkey 

anti-mouse IgG were purchased from Thermo Fisher Scientific, Portugal. Dimethyl sulfoxide (DMSO) was 

obtained from VWR, Portugal. Human IL-6 DuoSet Enzyme-linked immunosorbent assay (ELISA) kits and 

DuoSet ELISA Ancillary Reagent Kit 2 were purchased from R&D Systems, Minneapolis, USA. AccuClear 

Ultra High Sensitivity dsDNA Quantitation was purchased from Biotium, Fremont, CA, USA. Deep Blue 

Cell Viability Kit was obtained from BioLegend, San Diego, CA, USA. LabAssay Phospholipid was acquired 

from FUJIFILM Wako Shibayagi Corporation, Japan. Mouse monoclonal anti-IL6 antibody (ab9324) was 

purchased from abcam, Cambridge, UK. API (4′,6-diamidino-2-phenylindole) was purchased from 

Biotium, Fremont, CA, USA. Rhodamine phalloidin was acquired from cytoskeleton, Denver, CO. 

Celecoxib was obtained from abcr GmbH, Karlsruhe, Germany. 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[amino(polyethylene glycol)-2000] ammonium salt (DSPE-PEG), 1,2-distearoyl-

sn-glycero-3-phosphoethanolamine-N-[folate(polyethylene glycol)-2000] ammonium salt (DSPE-PEG-

Folate), polycarbonate membranes (1.0, 0.4, 0.2, and 0.1 µm), and filter support were obtained from 

Avanti Polar Lipids, Inc, Alabama, USA. 22-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-23,24-bisnor-5-

cholen-3βol (NBD cholesterol) was obtained from Molecular Probes, Eugene, OR, USA. Trypsin/EDTA 

was purchased from Corning, Arizona, USA. Wistar rats were purchased from Charles Rivers, Saint 

Germain Nuelles, France. Coffee filter paper N4 was acquired in a local supermarket. VECTASHIELD 

Antifade Mounting Medium was obtained from Vector Laboratories, Burlingame, USA. Eosin G or Y 0.5% 

alcoholic was acquired from Diapath, Martinengo, Italy. Xylene was purchased from CARLO ERBA 

Reagents, Chaussée du Vexin, France. 

 

7.2.2. Bioactive compounds extraction 

Dried E. purpurea roots and rhizomes were ground in an ultra-centrifugal mill (Retsch GmbH, Haan, 

Germany) at 16000 rpm just before extraction. DE-R were prepared by stirring 120 g of sample in 1200 

mL of DCM at RT, for 24 h, in the dark. The DCM was changed after 12 h of the extraction process. The 

combined extracted solutions were filtered using a coffee filter paper N4. Then, samples were 

concentrated by DCM evaporation at RT under reduced pressure using a rotary evaporator (IKA VACSTAR 

D S099, IKA - Werke, Germany). After the collection of the concentrated DE-R solutions into an amber 
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vial, the remaining organic solvent was evaporated using nitrogen gas. The dried extract (extraction yield 

of 2.02%) was stored at −80 °C until further assays. 

 

7.2.3. Chemical characterization of DE-R 

The chemical characterization of DE-R was performed according to a liquid chromatography-high-

resolution mass spectrometry (LC-HRMS) analysis method previously described by our research group 

[25]. Briefly, DE-R was dissolved in methanol at 2.0 mg/mL. Then, the DE-R solution was centrifuged, 

filtered through a 0.2 µm filter, and injected into the UltiMate 3000 Dionex ultra-high-performance liquid 

chromatography (UHPLC, Thermo Scientific, Lisbon, Portugal), coupled to an ultrahigh-resolution 

quadrupole—quadrupole time-of-flight (UHR-QqTOF) mass spectrometer (Impact II, Bruker). Bruker 

Compass DataAnalysis 5.1 software (Bruker) was used to analyze LC-HRMS-acquired data. The 

identification of the compounds present in DE-R was confirmed by the matching of the retention time (tR, 

min), the mass-to-charge ratio (m/z) of the molecular ion, and MS/MS fragmentation patterns with the 

standards (Supplementary Table S7.1). If the tR and MS data of a compound did not match with those 

of available standards, the potential identity of it was assigned by comparing the MS/MS spectrum with 

the theoretical data of MS/MS fragments and information obtained from the literature [40–46]. 

 

7.2.4. LUVs preparation 

The liposomes were prepared using the thin-film hydration method followed by extrusion [47,48]. 

EPC and DSPE-PEG dissolved in ethanol were mixed at a molar ratio of 0.85:0.15 to achieve a lipid film 

after removal of the organic solvent using a rotavapor (IKA VACSTAR D S099, IKA - Werke, Germany). To 

eliminate the organic solvent residues, the lipid film was put under a stream of nitrogen gas for more than 

3 h. After the addition of PBS to hydrate the lipid film, the resulting mixture with glass beads was strongly 

vortexed (Vortex 3, IKA - Werke, Germany) for 15 min to produce multilamellar liposomes (MLVs). The 

MLVs suspension rested for more than 15 min and then, it was sequentially extruded (Mini Extruder, 

Avanti Polar Lipids, Inc) through polycarbonate membranes with a pore size of 1000 nm (10 times), 400 

nm (10 times), 200 nm (32 times) and 100 nm (1 time) to produce LUVs.  

To obtain LUVs functionalized with folic acid (FLUVs), 1.5% (n/n) DSPE-PEG-Folate was added to 

the previously referred lipidic solution [47]. For the internalization studies, 1% (n/n) NBD-cholesterol in 

ethanol was also mixed with the lipid solutions [47]. DE-R was encapsulated in both LUVs and FLUVs by 

the addition of this extract dissolved in DCM in the organic solution before lipid film formation, resulting 

in LUVs + DE-R and FLUVs + DE-R. To remove the non-entrapped DE-R, LUVs + DE-R, and FLUVs + DE-
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R suspensions were subjected to column chromatography, using a Sephadex G-25 M column. The DE-R-

loaded liposome suspensions were collected into a sterile vial protected from the light. Finally, all the 

formulations were sterilized with a 0.2 µm filter and stored at 4 °C until further analysis. In each step of 

liposome preparation, a volume (50 µL) was collected to quantify the amount of alkylamide 8/9 by high-

performance liquid chromatography (HPLC, Section 7.2.5.3). 

 

7.2.4.1. PC quantification 

The PC concentration of LUVs, FLUVs, LUVs + DE-R, and FLUVs + DE-R was determined by the 

LabAssay Phospholipid, according to the instructions of the manufacturer. Shortly, choline chloride 

standards, ranging from 0 to 7.76 × 10-3 mol/L, were prepared in distilled water. Then, the blank (PBS), 

liposome samples or standards (2 µL) were mixed with the chromogen reagent (300 µL) in a 96-well 

plate and incubated at 37 °C. After 5 min, a microplate reader (Synergy HT, Bio-Tek, Vermont, USA) was 

used to read the absorbance at 600 nm of the blue pigment formed. The PC concentration (mol/L) of 

each formulation was calculated using the standard curve relating to the choline chloride concentration 

and the absorbance. 

 

7.2.5. LUVs characterization 

7.2.5.1. Size distribution and zeta potential measurement 

The LUVs, FLUVs, LUVs + DE-R, and FLUVs + DE-R were analyzed by dynamic light scattering (DLS) 

to evaluate their size and polydispersity index (PDI), using disposable polystyrene cuvettes. The surface 

electric charge was evaluated using a dip cell and laser Doppler micro-electrophoresis. The 

measurements were performed at 37 °C in a Zetasizer Nano ZS instrument (Malvern Instruments, 

Worcestershire, UK). The sterilized samples were diluted in PBS (1:66, V/V). 

 

7.2.5.2. LUVs stability 

The stability of LUVs, FLUVs, LUVs + DE-R, and FLUVs + DE-R stored in the dark at 4 °C under 

static and sterilized conditions was evaluated for 90 days through a regular determination of their size, 

PDI, and zeta potential, as previously described (Section 7.2.5.1). 

 

7.2.5.3. Entrapment efficiency 

The isomeric pair dodeca-2E,4E,8Z,10E/Z-tetraenoic acid isobutylamide (alkylamide 8/9 

according to Bauer system [46]) is the most abundant alkylamide in E. purpurea [49]. Then, considering 
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the concentration of alkylamide 8/9 in liposomes, the entrapment efficiency of DE-R was determined 

according to Equation 7.1: 

 

𝐸𝑛𝑡𝑟𝑎𝑝𝑚𝑒𝑛𝑡 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =  
[𝐴𝑙𝑘𝑦𝑙𝑎𝑚𝑖𝑑𝑒 8/9 ]𝐿𝑈𝑉𝑠

[𝐴𝑙𝑘𝑦𝑙𝑎𝑚𝑖𝑑𝑒 8/9]𝑀𝐿𝑉𝑠

× 100 

 

HPLC was used to quantify alkylamide 8/9 in DE-R and liposome formulations. Alkylamide 8/9 

standard was prepared in methanol at concentrations of 0, 2.5, 5, 10, 20, 50, and 100 µg/mL. Before 

chromatographic analysis, DCM was evaporated, and the resulting residue of DE-R was dissolved in 

methanol. MLVs, FMLVs, MLVs + DE-R, FMLVs + DE-R, LUVs, FLUVs, LUVs + DE-R, and FLUVs + DE-R 

were diluted in methanol.  

The chromatographic separation of the alkylamide 8/9 standard (100 µg/mL) was firstly optimized 

by analytical HPLC, following a previously reported method [50]. An analytical chromatography HPLC 

(Alliance e2695, Waters, Milford, USA) system equipped with a quaternary pump, a variable volume 

injection loop, a temperature-controlled autosampler, a column oven, and a dual channel wavelength 

detector Waters 2489 (190 – 700 nm) was used. The chromatographic separation was performed on a 

Zorbax SB-C18 stable bond analytical column (4.6 × 250 mm, 5 µm, Agilent, USA). The HPLC control 

and data management were performed with the software Empower 3.0. DE-R, MLVs, FMLVs, MLVs + DE-

R, FMLVs + DE-R, LUVs, FLUVs, LUVs + DE-R, FLUVs + DE-R, and standards were analyzed using isocratic 

elution (70% of ACN and 30% water containing 0.1% formic acid) for 15 min, at a flow rate of 1 mL/min. 

The column was set at RT. The injection volume was 20 µL. The UV spectra were acquired at 450 nm. 

Alkylamide 8/9 was identified by comparison of the tR (6.2 min) of the standard. Alkylamide concentration 

(µg/mL) in each sample was calculated using the standard curve relating to the alkylamide standard 

concentration and the peak absorbance. The representative chromatograms of the tested samples for 

alkylamide 8/9 quantification (Supplementary Figure S7.1) demonstrate that liposomes did not 

interfere with alkylamide quantification. 

 

7.2.6. In vitro studies 

7.2.6.1. Cell seeding 

The anti-inflammatory activity of the DE-R, LUVs, FLUVs, LUVs + DE-R, and FLUVs + DE-R was 

evaluated using a human peripheral blood monocyte cell line (THP-1), obtained from American Type 

Culture Collection (ATCC TIB-202), according to the procedure described before [51]. THP-1 cell line, at 

passages 13 – 15, was cultured in complete RPMI (cRPMI, RPMI 1640 medium supplemented with 10% 

Equation 7.1: 
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FBS, 1% antibiotic/antimycotic solution, 1% HEPES, 1% glutamax), at 37 °C in a humidified atmosphere 

of 5% CO2. Briefly, 5 × 105 cells were seeded in adherent 24-well culture plates with PMA (100 nM) for 

24 h. Then, the non-attached cells were removed by pipette aspiration, and the adherent cells were 

washed twice with warm cRPMI medium. After 48 h, the cells were stimulated with LPS (100 ng/mL) in 

fresh cRPMI. After 2 h, without removing LPS, the DE-R dissolved in DMSO and liposomal formulations 

containing the extract were added at different concentrations (0, 0.5, 1.5, 2.5, 3.5, 5, and 10 µg/mL of 

alkylamide 8/9) by their dilution in cRPMI. LUVs and FLUVs at final concentrations of 0.125, 0.25, 0.50, 

1.0, 1.5, and 2.0 mM of PC in the well were also evaluated. After 22 h of culture, the metabolic activity 

of the cells (Section 7.2.6.2), as well as their DNA amount (Section 7.2.6.3) were determined. 

Immediately before, the medium was harvested (the triplicates were mixed and homogenized) and stored 

aliquoted at −80 °C until cytokines quantification (Section 7.2.6.4). LPS-stimulated macrophages 

cultured without treatment were used as a positive control of cytokine production. Dexamethasone 

(10 µM) and celecoxib (10 µM) were used as positive controls of compounds with anti-inflammatory 

activity. Negative controls of cells without LPS (no stimulation) were also evaluated. Controls containing 

the same percentage of DMSO in the maximal concentration of extracts were also tested and did not 

affect the cell viability. 

 

7.2.6.2. Metabolic activity 

The metabolic activity of the LPS-stimulated macrophages incubated with DE-R and liposomal 

formulations was determined using the Deep Blue Cell Viability Kit, performed according to the 

recommendations of the manufacturer. Briefly, 400 µL of the working solution (2 mL of Deep Blue 

solution mixed in 20 mL of cRPMI) was added to the cells and incubated at 37 °C in a humidified 

atmosphere containing 5% CO2 for 3 h. The working solution was also added to an empty well to be used 

as a blank. During this time, the live cells convert the blue resazurin into a pink resorufin by the action of 

metabolic enzymes. The fluorescence (Ex/Em: 530/590 nm) was recorded in triplicate on a microplate 

reader (Synergy HT, Bio-Tek, Vermont, USA). The results of metabolic activity are expressed in percentage 

related to the control (non-treated LPS-stimulated macrophages). 

 

7.2.6.3. DNA quantification 

The DNA concentration of the LPS-stimulated macrophages incubated or not with DE-R 

incorporated or not in liposomal formulations was quantified using the AccuClear Ultra High Sensitivity 

dsDNA Quantitation, performed according to the recommendations of the manufacturer. Briefly, after 
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metabolic activity measurement, the cells were gently washed twice with sterilized PBS. Then, 1 mL of 

ultra-pure water was added to each well and the plate was frozen at –80 °C until further analysis. After 

thawing, the samples were transferred into an Eppendorf and sonicated for 15 min. The standard curve 

was prepared to range from 0 to 5 µg/mL. The sample or standard (10 µL) was added in triplicate to a 

black 96-well plate, followed by the working solution of AccuClear dye (200 µL). The plate was incubated 

for 5 min in the dark and the fluorescence (Ex/Em: 485/528 nm) was measured in a microplate reader 

(Synergy HT, Bio-Tek, Vermont, USA).  The DNA concentration (µg/mL) of each sample was extrapolated 

using the standard curve relating to the DNA concentration and the fluorescence intensity. The results 

are expressed relative to the DNA concentration of the control (non-treated LPS-stimulated macrophages). 

 

7.2.6.4. IL-6 quantification 

The anti-inflammatory effect of DE-R and liposomes on the production of the pro-inflammatory 

cytokine IL-6 by LPS-stimulated macrophages was evaluated by a commercially available ELISA kit, 

according to the instructions of the manufacturer. The values obtained were normalized to their respective 

DNA concentration. The results obtained for the determination of the anti-inflammatory activity are 

expressed in percentages related to the control (non-treated LPS-stimulated macrophages) [36]. 

 

7.2.6.5. LUVs internalization 

The uptake of LUVs + DE-R and FLUVs + DE-R by LPS-stimulated macrophages was evaluated by 

flow cytometry and confocal analysis. THP-1 seeding and culture were performed as previously described 

(Section 7.2.6.1). However, in these assays, THP-1 was seeded at a density of 1.5 × 104 cells/well in 

48 well plates or 2.5 × 105 cells/well in 12 well chamber μ-slides (Ibidi, Gräfelfing, Germany) for flow 

cytometry and confocal analysis, respectively.  

To evaluate cellular uptake by flow cytometry, fluorescent-labeled LUVs + DE-R and FLUVs + DE-R 

were incubated with LPS-stimulated macrophages for 2, 4, and 22 h, at 37 °C in a humidified 5% CO2 

atmosphere. At each time point, the medium was removed, and the cells were washed twice with DPBS 

to remove non-internalized liposomes. Then, 300 µL of trypsin/EDTA was added and incubated for 5 

min, at 37 °C in a humidified 5% CO2 atmosphere to detach the cells. The bottom was gently scraped, 

and the cell suspension was collected and transferred to a flow cytometry tube containing 600 µL of 

cRPMI. After centrifugation (300 × g, 5 min), the supernatant was discarded, and the pellet was 

resuspended and fixed with 250 µL of 4% formalin in DPBS. The samples were stored at 4 °C until 

analysis. Data were acquired using a flow cytometer (BD FACSCalibur, BD Biosciences, USA) and 
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analyzed with FlowJo Engine V4 software (BD Biosciences, USA). Results are expressed as the mean 

percentage of the cellular uptake from 10,000 cells and normalized relative to the cells incubated without 

liposomes to avoid their fluorescence interference. 

For confocal analysis, LPS-stimulated macrophages treated with fluorescent-labeled LUVs + DE-R 

and FLUVs + DE-R for 4 h were fixed with 150 µL of 10% formalin and stored at 4 °C for further staining 

and confocal analyses. The fixed cells were permeated with 0.2% (V/V) Triton X-100 diluted in PBS for 5 

min. Afterward, phalloidin (1:250 in DPBS) was added for 40 min and then DAPI (1:1000 in DPBS) for 

30 min to dye cytoskeleton and cell nuclei, respectively. Between all steps, the cells were washed twice 

for 5 min with DPBS. Images were acquired using excitation wavelengths of 405 nm (DAPI), 488 nm 

(NBD-cholesterol), and 561 nm (phalloidin) in an Inverted Confocal Microscope with Incubation (TCS SP8, 

Leica, Mannheim, Germany). 

 

7.2.7. In vivo studies 

7.2.7.1. Animal care and ethical issues 

In vivo experiments were performed in 5-week-old male Wistar rats (n = 48). Animals were housed 

two per cage in a limited-access rodent facility, in a climate-controlled room (temperature: 20-24ºC; 

relative humidity: 55 +/- 10 %) and a 12/12 h light/dark cycle (starting at 8:00 am). Food and water 

were provided ad libitum. General health parameters were evaluated twice per week, and body weight 

was measured weekly. The experimental protocol was approved by the Institutional Ethical Commission 

and Direção Geral de Alimentação e Veterinária (DGAV; ORBEA EM/ICVS-I3Bs_011/2018). The 

European Community Council Directives 86/609/EEC and 2010/63/EU were followed concerning the 

use of animals for scientific purposes. All efforts were made to reduce animal suffering and minimize the 

number of animals required to produce reliable scientific data. 

 

7.2.7.2. Induction of inflammation 

A carrageenan-induced knee inflammation animal model was used to evaluate the therapeutic 

efficacy of FLUVs + DE-R, induced as previously described [52]. The animals were anesthetized by an 

intraperitoneal injection of a mixture of ketamine (0.75 mg/kg) and medetomidine (0.50 mg/kg). Then, 

100 µL of a solution of 3% carrageenan dissolved in sterile saline was injected into the synovial cavity of 

the right knee joint of each animal. Healthy control animals (Sham) were injected with 100 µL of PBS. 

The left knee joint was used as a control. After the procedure, the anesthesia was reversed with a 
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subcutaneous injection of atipamezole hydrochloride (1 mg/kg) and the animals were monitored until 

fully awake (eating and grooming). 

 

7.2.7.3. Treatment 

After 3 days of the induction of inflammation in male Wistar rats (Section 7.2.7.2), the animals 

were treated with an IA injection of the different formulations (50 µL), resulting in six different groups (8 

rats/group): (i) healthy (Sham), (ii) inflammation control, (iii) inflammation + FLUVs (0.4 µM PC), (iv) 

inflammation + DE-R (3.5 µg/mL alkylamide 8/9), (v) inflammation + FLUVs + DE-R (0.4 µM PC and 3.5 

µg/mL alkylamide 8/9), and (vi) inflammation + celecoxib (10 µM).  Sham and control animals were 

injected with a vehicle (PBS). The DE-R, FLUVs, FLUVs + DE-R, and celecoxib were diluted in the vehicle 

to achieve their final concentrations. 

Disease progression was assessed at day 0, day 4, and day 10, through the measurement of knee 

edema (Section 7.2.7.4), mechanical allodynia (Section 7.2.7.5), and hyperalgesia (Section 

7.2.7.6). On the 10th day, the animals were euthanized and transcardially perfused with 4% 

paraformaldehyde, and the brain, liver, kidney, thymus, spleen, adrenal glands, and knee joints were 

collected for further analysis. 

 

7.2.7.4. Evaluation of the knee edema 

The diameter of both left and right knee joints was measured with an electronic caliper. An increase 

in knee diameter was used as an indicator of edema caused by the induced inflammatory state. 

 

7.2.7.5. Mechanical allodynia 

Mechanical allodynia was evaluated through the flexion and extension test. The animals were 

submitted to five consecutive flexion and extension movements in both knees. The number of 

vocalizations during each flexion and extension movement was registered. An increase in the number of 

vocalizations was used as an indicator of mechanical allodynia development.  

  

7.2.7.6. Mechanical hyperalgesia 

The pressure application measurement (PAM) method was employed to evaluate the development 

of mechanical hyperalgesia. Firstly, the animal was securely held in the experimenter’s arm and a force 

transducer unit, fitted on the thumb of the experimenter, was placed on one side of the knee joint of 

animals, and the forefinger on the other side. A force (range of 0 – 1500 gf) was gradually applied to the 
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joint until a behavioral response, such as vocalization, limb withdrawal, wriggling, or freezing of whisker 

movement, was observed. The maximum force applied before the behavioral response was recorded as 

the Limb Withdrawal Threshold (LWT), measured twice in the ipsilateral and contralateral limbs at 1 min 

intervals. A decrease in LWT values was used as an indicator of mechanical hyperalgesia development. 

 

7.2.7.7. Histology 

The knee joints, brain, liver, kidney, thymus, spleen, and adrenal glands were immediately 

immersed in 10% (V/V) formalin and stored at RT for at least one week. The knee joint was further 

dissected to remove the excess tissue and bone and decalcified with Richard-Allan scientific decalcifying 

solution for 2.5 days. The decalcification was confirmed when a needle could pass through the bone. 

After, tissue samples were transferred to histological cassettes and processed in a Spin Tissue Processor 

(STP120-2, Microm, Walldorf, Germany). The processed samples were embedded in paraffin using an 

Embedding Center (EC350-1/EC350-2, Microm, Walldorf, Germany). Sagittal sections with a thickness 

of 5 µm were cut through the collected tissues using a manual rotary microtome (HM355S, Microm, 

Walldorf, Germany). The histological slides were placed in an oven at 70 °C for 30 min to melt the paraffin 

and deparaffined and rehydrated in an automatic stainer (HMS740, Microm, Walldorf, Germany). Then, 

the slides were stained with Hematoxylin & Eosin, according to a routine protocol, in an automatic stainer 

(HMS740, Microm, Walldorf, Germany). The histological sections of each organ were analyzed under an 

optical microscope (DM750, Leica, Heerbrugg, Switzerland). 

 

7.2.7.8. Immunohistochemistry analysis 

To break the protein crosslinks and, therefore, unmask the antigens and epitopes in formalin-fixed 

and paraffin-embedded tissue sections, the knee joint histological sections were subjected to heat-induced 

antigen-retrieval with sodium citrate buffer (10 mM sodium citrate, 0.05 % Tween20, pH 6.0), for 4 min, 

in a microwave at 200 W. The microwave was stopped each 15 and 15 sec in the first 2 min, and then 

on each 5 sec to avoid the boiling of the buffer. The slides were cooled down inside the buffer for 

approximately 20 min. Then, they were transferred to a staining chamber StainTray black lid to ensure a 

humidified environment and protection from the light. The slides were washed with distilled water three 

times for 5 min. The membrane permeabilization was achieved with 0.2% Triton X-100 in PBS at RT for 

15 min. After, the slides were incubated with 3% BSA in PBS freshly prepared for 30 min, at RT, to block 

nonspecific antigen binding. Primary antibodies against IL-6 or CD68, both diluted in 1% BSA in PBS 

(1:500), were added and incubated overnight at 4 °C. The slides were washed with 0.01% Tween20 in 
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PBS three times for 5 min. The secondary antibody Alexa Fluor 594, diluted in 1% BSA in PBS (1:500), 

was added and incubated for 1 h, at RT, in the dark. Afterward, the histological sections were washed 

with 0.05% Tween20 in PBS (3 × 5 min) and, then, with PBS. Finally, the slides were mounted with 

Vectashield fluorescence mounting medium and closed with polish nails. A negative control, comprising 

only the incubation of the secondary antibody, was also prepared to assess any false positive. The 

histological slides were analyzed under a transmitted and reflected light microscope with apotome 2 (Axio 

Imager Z1m, Zeiss, Göttingen, Germany). 

 

7.2.8. Statistical analysis 

Results are expressed as mean ± standard deviation (SD) of 3 independent experiments, with a 

minimum of 3 replicates for each condition. Statistical analyses were performed using GraphPad Prism 

8.0.1 software. Unpaired t-test, one-way or two-way analysis of variance (ANOVA), and Tukey’s multiple 

comparisons test or Dunnett's multiple comparisons test were used. Differences between experimental 

groups were considered significant with a confidence interval of 95% whenever p < 0.05. 

 

7.3. RESULTS 

7.3.1. Chemical characterization of extracts 

Table 7.1 represents the compounds identified by LC-HRMS in DE-R. Four phenolic/carboxylic 

acids and nineteen alkylamides were identified in DE-R. Both product ions and relative intensities of 

standards fragments (Supplementary Table S7.1), perfectly matched those obtained for the 

compounds in DE-R. Supplementary Tables S7.2 and S7.3 further show the tR, the precursor ions, 

and the product ions obtained for phenolic/carboxylic acids and alkylamides, respectively. 

 

Table 7.1 | Overview of the identified compounds (phenolic/carboxylic acids and alkylamides) in E. purpurea 

dichloromethanolic extracts obtained from roots (DE-R) by LC-HRMS. 

Chemical compounds DE -R 

Malic Acid - 

Vanillic acid - 

Protocatechuic acid - 

Caftaric acid - 

Chlorogenic acid - 

Quinic acid - 

Vanillin - 

Caffeic acid - 

Benzoic acid + 
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Cynarin - 

Echinacoside - 

p-coumaric acid - 

Chicoric acid + 

Rutin + 

Quercetin + 

Tetradeca-8Z-ene-11,13-diyn-2-one - 

Pentadeca-8Z-13Z-diene-11-yn-2-one - 

Pentadeca-8Z,11Z,13E/Z-triene-2-one - 

Dodeca-2E,4Z,10E-triene-8-ynoic acid isobutylamide + 

Dodeca-2E,4Z,10Z-triene-8-ynoic acid isobutylamide + 

Dodeca-2E,4E,10Z-triene-8-ynoic acid isobutylamide + 

Dodeca-2Z,4E,10Z-triene-8-ynoic acid isobutylamide - 

Dodeca-2E,4E,10E-triene-8-ynoic acid isobutylamide + 

Undeca-2E,4Z-diene-8,10-diynoic acid isobutylamide + 

Undeca-2E/Z-ene-8,10-diynoic acid isobutylamide - 

Undeca-2Z,4E-diene-8,10-diynoic acid isobutylamide + 

Undeca-2E/Z,4Z/E-diene-8,10-diynoic acid 2-methylbutylamide - 

Pentadeca-2E,9Z-diene-12,14-diynoic acid 2-hydroxyisobutylamide - 

Dodeca-2E,4Z-diene-8,10-diynoic acid isobutylamide + 

Undeca-2E,4E-diene-8,10-diynoic acid isobutylamide - 

Dodeca-2Z,4E-diene-8,10-diynoic acid isobutylamide + 

Dodeca-2E-ene-8,10-diynoic acid isobutylamide + 

Trideca-2E,7Z-diene-10,12-diynoic acid isobutylamide + 

Dodeca-2,4-diene-8,10-diynoic acid 2-methylbutylamide + 

Dodeca-2Z,4Z,10Z-triene-8-ynoic acid isobutylamide + 

Trideca-2E,7Z-diene-10,12-diynoic acid 2-methylbutylamide + 

Dodeca-2E,4E,8Z,10E/Z-tetraenoic acid isobutylamide + 

Dodeca-2E,4Z,10E-triene-8-ynoic acid 2-methylbutylamide 

OR 

Dodeca-2E-ene-8,10-diynoic acid 2-methylbutylamide 

+ 

Pentadeca-2E,9Z-diene-12,14-diynoic acid isobutylamide + 

Dodeca-2E,4E,8Z-trienoic acid isobutylamide + 

Trideca-2Z,7Z-diene-10,12-diynoic acid 2-methylbutylamide - 

Dodeca-2E,4E,8Z,10E/Z-tetraenoic acid 2-methylbutylamide + 

Hexadeca-2E,9Z-diene-12,14-diynoic acid isobutylamide - 

Dodeca-2E,4E-dienoic acid isobutylamide + 

Smooth grey shaded corresponds to studied standards. Symbol “+” represents the presence of compound; symbol “-” 

represents the absence of compound. E/Z stereochemistry is indicated here following existing literature [40–46], but it should 

be highlighted that without NMR spectra, it is not possible to conclusively distinguish between E and Z isomers. 

 

7.3.2. Liposomes characterization 

7.3.2.1. Size distribution and zeta potential 

Table 7.2 represents the size, PDI, and zeta potential of the LUVs, FLUVs, LUVs + DE-R, and 

FLUVs + DE-R. LUVs functionalization with folic acid did not affect the size of resulting liposomes 
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(106.3 ± 8.7 nm and 107.0 ± 9.1 nm, respectively). The loading of LUVs and FLUVs with DE-R 

significantly increased the size of both liposome formulations (113.7 ± 8.7 nm and 114.1 ± 5.1 nm, 

respectively). As observed for size, the functionalization of liposomes did not affect the PDI of LUVs 

(0.18 ± 0.02 and 0.17 ± 0.03, respectively), while the loading of LUVs and FLUVs with DE-R significantly 

decreased the PDI of both liposome formulations (0.12 ± 0.02 and 0.14 ± 0.02, respectively). 

Additionally, all the developed formulations were monodispersed in size (PDI < 0.2). The formulations 

present slightly negative zeta potential values, but no significant differences were observed with the 

loading of DE-R or the functionalization with folic acid. 

 

Table 7.1 | Size, PDI, and zeta potential of LUVs, FLUVs, LUVs + DE-R, and FLUVs + DE-R. 

Formulations Size (nm) PDI Zeta (mV) 

LUVs 106.3 ± 8.7 0.17 ± 0.03 -3.43 ± 0.41 

FLUVs 107.0 ± 9.1 0.18 ± 0.02 -2.93 ± 1.54 

LUVs + DE-R 113.7 ± 8.7 a2 0.12 ± 0.02 a3 -2.46 ± 1.04 

FLUVs + DE-R 114.1 ± 5.1 b1 0.14 ± 0.02 b3 -3.43 ± 1.67 

Statistically significant differences are 1 (p < 0.05), 2 (p < 0.01), and 3 (p < 0.001) in comparison with a (LUVs vs. LUVS + 

DE-R) and b (FLUVs vs. FLUVs + DE-R). DE-R: dichloromethanolic extracts obtained from roots; LUVs: large unilamellar 

vesicles; FLUVs: folic acid-functionalized large unilamellar vesicles. 

 

7.3.2.2. LUVs stability 

The maintenance of size over 90 days was confirmed for all formulations (Figure 7.1A). FLUVs, 

LUVs + DE-R, and FLUVs + DE-R also presented stable values of PDI (Figure 7.1B). Only the PDI of 

LUVs increased after approximately 50 days of storage. The zeta potential showed no differences over 

time (Figure 7.1C). 

 

 

Figure 7.1 | Size (A), PDI (B), and zeta potential (C) of LUVs, FLUVs, LUVs + DE-R, and FLUVs + DE-R, suspended in PBS, 

at 4 °C in the dark, for 90 days. DE-R: dichloromethanolic extracts obtained from roots; LUVs: large unilamellar vesicles; 

FLUVs: folic acid-functionalized large unilamellar vesicles. 
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7.3.2.3. Entrapment efficiency 

HPLC analyses demonstrated that 1 mg/mL of DE-R comprises 48.6 ± 7.7 µg/mL of alkylamide 

8/9, corresponding to 4.9 ± 0.8% of the whole extract. The DE-R entrapment efficiency, based on 

alkylamide 8/9 quantification, for LUVs + DE-R, was 54.9 ± 19.2%, corresponding to 141.1 ± 35.3 µg/mL 

of alkylamide 8/9. The DE-R entrapment efficiency decreased with the functionalization with folic acid 

(26.8 ± 10.2%), being 109.1 ± 9.6 µg/mL of alkylamide 8/9 loaded into the liposome. 

 

7.3.3. In vitro assays 

7.3.3.1. Cytocompatibility of DE-R and liposomal formulations 

As previously mentioned, we established a correlation between the DE-R and alkylamide 8/9 

concentrations. Figure 7.2A shows the relation of the concentration used in the biological assays. The 

encapsulated alkylamide 8/9 and PC concentrations were also delineated (Figure 7.2B). For example, 

3.5 µg/mL of alkylamide 8/9 corresponds to 68.1 ± 5.2 µg/mL of whole DE-R and 0.26 ± 0.04 mM of 

PC. Consequently, the biological effects of the same amount of alkylamide 8/9 added freely to the cells 

versus loaded into liposomes can be compared. 

The cytocompatibility of DE-R, LUVs, FLUVs, LUVs + DE-R, and FLUVs + DE-R was evaluated with 

LPS-stimulated macrophages. DE-R and all liposomal formulations did not affect the metabolic activity of 

macrophages for all tested concentrations when compared with control (non-treated LPS-stimulated 

macrophages, Figure 7.2B). The cytocompatibility was also confirmed by the preservation of DNA 

concentration in all conditions (Figure 7.2C). 

 

7.3.3.2. Anti-inflammatory activity 

The anti-inflammatory activity of the different formulations was evaluated by the decrease of IL-6 

concentration in the culture medium. Non-stimulated macrophages did not produce measurable amounts 

of IL-6 (w/o LPS, Figure 7.3). Conversely, the addition of LPS to the macrophages significantly increased 

the levels of this pro-inflammatory cytokine. Dexamethasone and celecoxib, both at 10 µM, decreased 

the IL-6 production by 94.4 ± 1.7% and 34.4 ± 20.1%, respectively. LUVs and FLUVs reduced the IL-6 

levels by 42.2 ± 9.2% and 50.5 ± 7.0%, respectively, at the maximum concentration used in the assays 

with DE-R (0.76 ± 0.06 mM). In the presence of DE-R, LUVs + DE-R, and FLUVs + DE-R, the IL-6 amount 

was significantly reduced in a concentration-dependent manner (Figure 7.3). DE-R at the highest 

concentration (10 µg/mL of alkylamide 8/9) strongly reduced the IL-6 production by 85.2 ± 1.7%. A  
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Figure 7.2 | Concentration of alkylamide 8/9 and its correlation with the whole DE-R concentration (A) and PC 

concentration (B) used in the biological assays. Metabolic activity (C) and relative DNA concentration (D) of LPS-stimulated 

macrophages cultured in the presence of different concentrations of DE-R, LUVs, FLUVs, LUVs + DE-R, FLUVs + DE-R, and 

clinically used anti-inflammatory drugs (celecoxib – CEL – and dexamethasone – DEX, at 10 µM) for 22 h of culture. The 

dotted line represents the metabolic activity and DNA concentration of positive control (non-treated LPS-stimulated 

macrophages, 0 µg/mL). Statistically significant differences are * (p < 0.05), ** (p < 0.01), *** (p < 0.001), and **** (p < 

0.0001) in comparison to the positive control (non-treated LPS-stimulated macrophages) for each different tested formulation. 

DE-R: dichloromethanolic extracts obtained from roots; LUVs: large unilamellar vesicles; FLUVs: folic acid-functionalized 

large unilamellar vesicles. 
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Figure 7.3 | IL-6 (%) produced by LPS-stimulated macrophages cultured in the presence of different concentrations of DE-

R, LUVs, FLUVs, LUVs + DE-R, FLUVs + DE-R, and clinically used anti-inflammatory drugs (celecoxib – CEL – and 

dexamethasone – DEX, at 10 µM) for 22 h of culture. The dotted line represents the maximum level of production of the pro-

inflammatory cytokine for the positive control (non-treated LPS-stimulated macrophages, 0 µg/mL). Statistically significant 

differences are * (p < 0.05), ** (p < 0.01), *** (p < 0.001), and **** (p < 0.0001) in comparison to the positive control (non-

treated LPS-stimulated macrophages) for each different tested formulation, and 1 (p < 0.0109), 2 (p < 0.0089), 

3 (p < 0.0003), and 4 (p < 0.0001) in comparison with a (DE-R vs. LUVs + DE-R), b (DE-R vs. FLUVs + DE-R), and c (LUVs + 

DE-R vs. FLUVs + DE-R). DE-R: dichloromethanolic extracts obtained from roots; LUVs: large unilamellar vesicles; FLUVs: folic 

acid-functionalized large unilamellar vesicles. 

 

significant increase in the anti-inflammatory effect of DE-R was observed when it was encapsulated into 

LUVs for concentrations of alkylamide 8/9 of 3.5 µg/mL or higher. Moreover, when folic acid linked to a 

lipid was incorporated into the liposomal formulation, the effectiveness of the DE-R was significantly 

enhanced for concentrations of alkylamide 8/9 higher than 3.5 µg/mL. Therefore, the lowest 

concentration that provides high biological activity was selected for the internalization assay and in vivo 

experiments (i.e., 3.5 µg/mL of alkylamide 8/9). At this concentration value, DE-R decreased the IL-6 

levels by 57.4 ± 6.2% and its encapsulation into LUVs decreased by 71.9 ± 5.3%, which was even more 

efficient when FLUVs were used (95.6 ± 0.1% reduction of IL-6). 

 

7.3.3.3. LUVs internalization 

The LUVs + DE-R and FLUVs + DE-R (both with 3.5 µg/mL of alkylamide 8/9) uptake by LPS-

stimulated macrophages was studied through flow cytometry and confocal techniques. Flow cytometry 

data showed both formulations are significantly internalized after 2 h of incubation (Figure 7.4A). This 
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tendency was constant over the entire experiment. As expected, FLUVs + DE-R were more efficiently 

internalized by LPS-stimulated macrophages (around 99%) than LUVs + DE-R (around 91%) in all tested 

time points. Confocal analysis corroborated the high degree of LUVs + DE-R and FLUVs + DE-R 

internalization by this immune cell (Figure 7.4B). 

 

 

Figure 7.4 | Internalization (%) of LUVs + DE-R and FLUVs + DE-R after 2, 4, and 22 h of culture with LPS-stimulated 

macrophages determined with flow cytometry analyses (A). Statistically significant differences are *** (p < 0.001) and 

**** (p < 0.0001) between LUVs + DE-R and FLUVs + DE-R. Confocal microscopy images of the non-treated LPS-stimulated 

macrophages (B-i) and LPS-stimulated macrophages cultured with LUVs + DE-R (B-ii) and FLUVs + DE-R (B-iii) for 4 h. 

LUVs + DE-R and FLUVs + DE-R are highlighted in green (NBD-cholesterol), cells nuclei in blue (DAPI), and the cytoskeleton in 

red (phalloidin). Scale bar = 25 µM. DE-R: dichloromethanolic extracts obtained from roots; FLUVs: folic acid-functionalized 

large unilamellar vesicles. 

 

7.3.4. In vivo assays 

During our in vivo experiment, eight rats died just after the IA injections, which can be related to 

the effect of anesthesia being administered twice in a short time (Sham: n = 2; Inflammation control: 

n = 2, Inflammation + FLUVs: n = 1; Inflammation + DE-R: n = 2; Inflammation + celecoxib: n = 1). These 

animals were further excluded from the analysis. 

 

7.3.4.1. Body weight 

The relationship between the extent of joint inflammation and weight loss of the animals was 

investigated. The body weight of rats (Figure 7.5) increased after injection of carrageenan or vehicle 

until inflammatory state development (day -3 to day 0). The body weight of rats significantly decreased 

after the administration of the different tested formulations (day 0 to day 4). However, after day 4, it was 

possible to observe a body weight gain in all the rats. Figure Supplementary S7.2 represents the 

individual body weight of each rat within the respective group.  
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Figure 7.5 | Body weight of non- (Sham) and carrageenan-induced knee inflammation in rats treated with PBS (saline), DE-

R (3.5 µg/mL of alkylamide 8/9), FLUVs (0.4 mM of PC), FLUVs + DE-R (3.5 µg/mL of alkylamide 8/9 and 0.4 mM of PC), 

and celecoxib (CEL, 10 µM) over the experimental design. Statistically significant differences are 1 (p < 0.05), 2 (p < 0.01), 

3 (p < 0.001), and 4 (p < 0.0001) between a (Day -3 vs. Day 0), b (Day 0 vs. Day 4), and c (Day 4 vs. Day 10).  

DE-R: dichloromethanolic extracts obtained from roots; FLUVs: folic acid-functionalized large unilamellar vesicles. 

 

7.3.4.2. Edema, mechanical allodynia, and mechanical hyperalgesia 

Healthy control group injected with PBS (Sham) did not increase the knee diameter (Figure 7.6A–

i), the number of vocalizations (Figure 7.6B–i), or the values of LWT (Figure 7.6C–i), from day -3 to 

day 0, as expected. After carrageenan injection, the knee diameter and the number of vocalizations 

significantly increased, while the values of LWT decreased, in all tested groups, demonstrating the 

development of knee inflammation (day -3 to day 0) and mechanical allodynia/hyperalgesia.  

After 4 days of treatment, a reduction in knee diameter, from 14.2 ± 0.9 cm to 11.9 ± 0.6 cm, 

was only observed in the animals treated with FLUVs + DE-R, in comparison with the inflammation control 

group (Figure 7.6A–ii). In all treatment groups, the number of vocalizations decreased (Figure 7.6B–

ii), and, except for celecoxib, the values of LWT increased (Figure 7.6C–ii). However, no significant 

differences were observed in comparison with the inflammation control group.  

After 10 days of treatment, animals treated with FLUVs + DE-R showed a significant reduction in 

the diameter of the knees (from 14.2 ± 0.9 cm to 11.8 ± 0.5 cm, Figure 7.6A–iii) and the number of 

vocalizations (from 3.6 ± 1.8 to 0.25 ± 0.5, Figure 7.6B–iii), as well as an increase in LWT values 

(from 314.6 ± 63.2 gf to 604.6 ± 99.1 gf, Figure 7.6C-iii). Moreover, 10 days after treatment with 

FLUVs + DE-R resulted in comparable values of knee diameter and vocalizations obtained for the healthy 

animals (Figure 7.6A-i and 7.6B-i). DE-R was also able to significantly decrease knee inflammation 

(from 13.9 ± 0.6 cm to 11.9 ± 0.4 cm). The treatment of rats with empty FLUVs or celecoxib did not 

exert significant effects in the amelioration of edema, mechanical allodynia, or mechanical hyperalgesia. 
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Figure 7.6 | Knee diameter (A), number of vocalizations (B), and LWT (C) of non- (Sham) and carrageenan-induced knee 

inflammation in rats treated with PBS (saline), DE-R (3.5 µg/mL of alkylamide 8/9), FLUVs (0.4 mM of PC), FLUVs + DE-R 

(3.5 µg/mL of alkylamide 8/9 and 0.4 mM of PC), and celecoxib (CEL, 10 µM) over the experimental period. An overall view 

is presented (i), as well as the 4 days effects (difference between day 4 and day 0 for the same group; ii), and the 10 days 

effects (difference between day 10 and day 0 for the same group; iii). Statistically significant differences are * (p < 0.05), 

** (p < 0.01), and *** (p < 0.001) in comparison with non-treated carrageenan-induced knee inflammation in rats (saline). 

DE-R: dichloromethanolic extracts obtained from roots; FLUVs: folic acid-functionalized large unilamellar vesicles. 

 

7.3.4.3. Safety 

The toxicity of the injected formulations in the main vital organs and the injected knee joint was 

analyzed through the structural and morphological changes in comparison with health animals (Sham). 

Hematoxylin-eosin-stained histological analysis of the kidney, liver, spleen, thymus, adrenal gland, 
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cerebellar cortex, cerebrum, and knee joint did not reveal any differences among the experimental groups 

(Supplementary Figures S7.3 – S7.10). 

 

7.3.4.4. Anti-inflammatory activity 

Hematoxylin and eosin staining of the sections of the knee joint was used to evaluate the structural 

and morphological changes in comparison with both non- (Sham) and carrageenan-induced knee 

inflammation in rats (saline). As expected, healthy animals (Sham) showed a normal synovial membrane, 

containing many fenestrated small blood vessels, with projected folds into the joint cavity (JC) surrounded 

by the articular cartilage (AC, Figure 7.7A-i and Supplementary Figure S7.10 A-i). Higher 

magnification of the fold demonstrated a regular thin intimal layer, at the tissue surface contacting the 

synovial fluid, containing 1 to 4 synoviocytes in-depth and high density of capillaries (Supplementary  

Figure S7.10A-ii). The subintimal layer was composed of prominent regions with dense connective 

tissue and/or fat. After the injection of the carrageenan, an increase in the basophilic staining (purple 

color), indicating a high infiltration of leukocytes, was observed that supports the development of an 

inflammatory state (Figure 7.7A-ii and Supplementary Figure S7.10B). After 10 days of treatment, 

the influx of leukocytes into the inflamed synovium was strongly reduced in rats treated with DE-R (Figure 

7.7A-iii and Supplementary Figure S7.10C) that was even more evident in the FLUVs + DE-R 

condition (Figure 7.7A-v and Supplementary Figure S7.10E). Both rats treated with FLUVs (Figure 

7.7A-iv and Supplementary Figure S7.10D), and celecoxib (Figure 7.7A-vi and Supplementary 

Figure S7.10F) presented a slightly decreased immune cell infiltration. 

In the synovium, we analyzed the expression of CD68, used as a selective marker of monocytes 

and macrophages. Similarly, IL-6 fluorescence was used as an indicator of a pro-inflammatory 

environment. As expected, healthy animals (Sham) presented basal levels of monocytes/macrophages 

(Figures 7.7B-i and D) and IL-6 expression (Figures 7.7C-i and E). After the injection of the 

carrageenan, CD68 (Figures 7.7B-ii and D) and IL-6 expression intensity (Figures 7.7C-ii and E) 

drastically increased, supporting the development of an inflammatory state. After 10 days of treatment, 

treatment with DE-R strongly reduced CD68 (Figures 7.7B-iii and D), and IL-6 expression intensity 

(Figures 7.7C-iii and E) in 50.5 ± 14.6% and 46.1 ± 9.7%, respectively. Moreover, treatment with 

FLUVs + DE-R significantly reduced both CD68 (Figures 7.7B–v and D) and IL-6 (Figures 7.7C–v 

and E) expression intensity in 60.6 ± 5.0% and 65.6 ± 4.6%, respectively by FLUVs + DE-R. Both rats 

treated with FLUVs (Figures 7.7B–iv, C–iv, D and E), and celecoxib (Figures 7.7B–vi, C–vi, D and 

E) presented a slightly decreased CD68 (≈ 33%) and IL-6 (≈ 22%) expression. 
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Figure 7.7 | Representative optical images of the histological sections of knee joint stained with hematoxylin and eosin (A, 

100x magnification), and immunofluorescence against CD68 (B), and IL-6 (C) of non- (Sham, i), and carrageenan-induced 

knee inflammation in rats treated with saline (ii), DE-R (3.5 µg/mL of alkylamide 8/9, iii), FLUVs (0.4 mM of PC, iv), 

FLUVs + DE-R (3.5 µg/mL of alkylamide 8/9 and 0.4 mM of PC, v), and celecoxib (CEL, 10 µM, vi) at 10th day. Fluorescence 

intensity (%) for CD68 expression (D) and IL-6 expression (E) was measured using ImageJ software. Statistically significant 

differences are * (p < 0.0484), *** (p < 0.0005), and **** (p < 0.0001) in comparison to the inflammation control (saline), 

and 2 (p < 0.0068), and 4 (p < 0.0001) in comparison with a (DE-R vs. FLUVs + DE-R). DE-R: dichloromethanolic extracts 

obtained from roots; FLUVs: folic acid-functionalized large unilamellar vesicles; S: synovial membrane; M: meniscus; JC: joint 

cavity; AC: articular cartilage. 

 

7.4. DISCUSSION 

As E. purpurea traditional preparations are strongly related to immunomodulation [53], this study 

was designed to increase the therapeutic efficacy of a candidate extract, namely DE-R, which is mainly 

composed of alkylamides (Table 7.1). Liposomes were used as nanocarriers to  DE-R and, thus, increase 

its solubility and therapeutic index. The developed liposomal formulations exhibited a size (Table 7.2) 

that allows for their classification as LUVs [54] and ease the crossing of the leaky vasculature of the 

inflamed tissues [55,56]. Consequently, the accumulation of these carriers in the target site can improve 
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their therapeutic effect and decrease any side effects. As M1 macrophages strongly express the folate 

receptor on its surface, while normal cells display a very low or undetectable expression [32], liposomes 

were functionalized with folic acid to actively target these cells [57]. All formulations presented a PDI<0.2 

(Table 7.2), indicating the presence of homogeneous populations of phospholipid vesicles [58]. The zeta 

potential of LUVs (around -3 mV) was within -10 to +10 mV, being classified as neutral samples [59]. 

The chemical structure of lipids, containing functional groups susceptible to oxidation and 

hydrolysis, makes the liposomes prone to fast degradation [60]. The storage of liposome suspensions in 

aseptic conditions, at low temperatures (2 – 8 °C) and protected from light, increase their shelf life [60]. 

In this work, all the developed formulations were stable for at least 90 days (Figure 7.1), evidencing 

their capacity to be stored for a considerable long period.  

As previously referred, DE-R is mainly a mixture of alkylamides, being the isomeric pair dodeca-

2E,4E,8Z,10E/Z-tetraenoic acid isobutylamide (alkylamide 8/9) the most abundant [49]. Hence, this 

alkylamide was selected to quantify the amount of DE-R entrapped in the liposomes. As alkylamides are 

lipophilic, they were incorporated into the lipidic membrane. The presence of folic acid in the phospholipid 

bilayer diminished the entrapment efficiency of DE-R. Indeed, folic acid linked to a saturated lipid can 

produce a more rigid and stable bilayer structure [61], which makes the entrapment of DE-R more difficult. 

A similar effect is obtained if cholesterol is included in the composition of liposomes [62]. Nevertheless, 

the entrapped DE-R is in adequate concentration to exert anti-inflammatory effects (109.1 ± 9.6 µg/mL 

of alkylamide 8/9). The encapsulation of other plant extracts in liposomes has been previously reported 

in the literature. Liposomes loading Lycium barbarum leaves aqueous ethanolic extracts (entrapment 

efficiency ≈ 84%) achieved a mean particle size of 142 nm [63]. Aqueous extracts obtained from 

Sambucus ebulus leaves loaded into EPC:cholesterol liposomes (entrapment efficiency ≈ 80%) showed a 

small mean diameter (123 nm), but a highly negative zeta potential (–43 mV) [64]. However, the higher 

entrapment efficiency obtained in these studies can be related to the presence of hydrophilic compounds 

that can be solubilized in the large aqueous core of LUVs. To the best of our knowledge, only one study 

reported the loading of an E. purpurea extract in liposomes (size ≈ 199 nm and entrapment efficiency ≈ 

80%), but it was obtained with aqueous ethanolic solutions and leaves [65]. However, in that study no 

biological evidence was provided. Additionally, we previously demonstrated that DE-R are more effective 

in reducing an inflammatory scenario than aqueous and ethanolic extracts obtained from flowers and 

leaves [25].   

To demonstrate the efficacy of liposomes as nanocarriers, free DE-R was also investigated in the 

biological assays at equal concentrations. Firstly, the cytocompatibility of the DE-R and the developed 
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formulations was demonstrated with LPS-stimulated macrophages, used as an in vitro model of 

inflammation [51]. Indeed, their metabolic activity (Figure 7.2C) and DNA content (Figure 7.2D) were 

not affected in comparison with non-treated LPS-stimulated macrophages. Therefore, the decrease in the 

amount of cytokines is only related to the biological activity of the tested formulations. The anti-

inflammatory activity was confirmed by the evaluation of significant decreases in IL-6 concentration in the 

cell culture medium. As expected, LUVs and FLUVs demonstrated intrinsic anti-inflammatory activity. In 

previous work, EPC LUVs (120 µM) also decreased the IL-6 production in LPS-stimulated macrophages 

[47]. DE-R demonstrated strong anti-inflammatory activity (Figure 7.3) that was enhanced 1.3 times by 

their encapsulation into LUVs. These results confirm the high value of liposomes as nanocarriers for drug 

delivery. Furthermore, the functionalization of LUVs with folic acid strongly enhanced (9.7 times) the 

therapeutic efficiency of the formulation (95.6 ± 0.1%), demonstrating the effectiveness of the active 

target. Interestingly, the encapsulation of DE-R in FLUVs could lead to higher IL-6 reduction with lower 

DE-R concentrations, in comparison with free DE-R. Moreover, FLUVs + DE-R demonstrated similar or 

better results than widely prescribed drugs used in the clinic at comparable concentrations (10 µM of 

dexamethasone and celecoxib correspond to 3.9 and 3.8 µg/mL, respectively). Dexamethasone was 

more effective than celecoxib, as expected, due to its different mechanisms of action [66,67].  

To exert anti-inflammatory effects, the liposomal formulations must be internalized. Indeed, the 

FLUVs + DE-R were more efficiently internalized by LPS-stimulated macrophages than the LUVs + DE-R 

(Figure 7.4), supporting their higher anti-inflammatory activity. Those results strongly encouraged us to 

validate the anti-inflammatory properties of DE-R and FLUVs + DE-R in an in vivo model of inflammation. 

In the second approach of this work, the anti-inflammatory activity of the DE-R and FLUVs + DE-R 

was validated in a carrageenan-induced inflammation rat model. The IA administration of carrageenan, a 

sulfated mucopolysaccharide extracted from seaweeds, induces acute inflammation in the first 24 h and 

chronic inflammatory hyperalgesia after 1 week [68]. Carrageenan develops synovitis due to the trigger 

of the accumulation of immune cells and the synthesis and release of inflammatory mediators, which 

causes edema and pain in the knee joint [69]. Therefore, this in vivo model perfectly mimics an 

inflammatory scenario, being a good model to study the effectiveness of new anti-inflammatory 

formulations. To reduce drug dosage, systemic exposure, and adverse side effects, the formulations were 

locally administrated via IA injection [70]. The body weight of the animals is a crucial parameter indicative 

of the healthy state when new drugs and formulations are being studied. Indeed, the variations in their 

body weight could be also correlated with the drug toxicity [71]. After both injections (at day -3 and day 

0), the same trend for body weight of the rats was observed (Figure 7.5 and Supplementary Figure 
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S7.2), indicating that the injected formulations are not toxic to the animals. In addition, no harmful effects 

were detected in the major organs or in the knee joint (Supplementary Figures S7.3 – S7.10). 

Therefore, our formulations did not present toxic effects on the animals, evidencing their safety. 

Edema and pain are the major signs of an inflammatory response. Edema is the swelling resulting 

from the increased permeability of blood vessels and subsequent accumulation of leukocytes in the 

inflamed tissue [72]. Pain can have different prominent symptoms, including allodynia and hyperalgesia 

[73]. Allodynia is defined as pain elicited by a stimulus that usually does not cause pain, while 

hyperalgesia is the increased sensitivity to pain produced by a painful stimulus. Indeed, the 

responsiveness of peripheral nociceptive neurons is intensified by synovial inflammation, resulting in 

increased pain sensitivity [12]. DE-R and FLUVs + DE-R efficiently reduced these symptoms of 

inflammation (Figure 7.6), as well as the main key players in the inflamed synovium (Figure 7.7). 

Moreover, the encapsulation of DE-R into FLUVs was around 1.5 times more effective than the free DE-

R. Despite celecoxib did not demonstrate significant relief in edema or pain, it reduced the 

monocytes/macrophages infiltration. Patients can have better responses to these symptoms than the 

ones herein reported. In fact, the clinical doses and the duration of celecoxib administration are much 

higher than the concentration herein tested [74]. Usually, 200 mg/day is the dosage recommended for 

oral administration for up to 12 – 24 weeks duration. These results highlight the powerful biological 

activities of DE-R encapsulated into FLUVs as a potent natural anti-inflammatory formulation in the 

treatment of inflammatory diseases. Moreover, only a few liposomes encapsulating whole plant extracts 

are developed for anti-inflammatory purposes [75]. For example, topical application of Glycyrrhiza glabra 

L. root ethanolic extract incorporated in soy PC liposomes (size ≈ 100 nm, zeta potential ≈ –32 mV, 

entrapment efficiency ≈ 84%) significantly reduced the edema in TPA-induced cutaneous inflammation in 

mice [76]. Therefore, our study contributes to validate that the administration of liposomes loaded with 

anti-inflammatory plant extracts are a viable strategy to control inflammation in vivo. 

 

7.5. CONCLUSIONS 

In this work, we successfully developed liposomal formulations functionalized with folic acid for the 

active targeting of pro-inflammatory macrophages. The DE-R presenting a strong anti-inflammatory activity 

was efficiently encapsulated into those functionalized liposomes. In vitro biological assays showed that 

these formulations are cytocompatible at concentrations exhibiting anti-inflammatory properties. 

Moreover, as FLUVs strongly enhanced the therapeutic effect of DE-R, showing that a lower concentration 

of extract could be used. The in vivo study validated the safety and effectiveness of the FLUVs + DE-R, 
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through the reduction of edema, pain, and synovitis in a carrageenan-induced inflammation model. 

Moreover, free DE-R and DE-R loaded FLUVs showed more robust anti-inflammatory activity than a 

conventional NSAID widely used in the clinic. Therefore, E. purpurea preparations obtained from roots 

can be used as natural, green, innovative, and powerful new formulations to treat chronic inflammatory 

diseases. 
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7.9. SUPPLEMENTARY MATERIAL 

 

Supplementary Table S7.1 | LC-HRMS data of caftaric acid, chlorogenic acid, caffeic acid, cynarin, echinacoside, chicoric acid, undeca-2E/Z-ene-8,10-diynoic acid isobutylamide, dodeca-2E-

ene-8,10-diynoic acid isobutylamide, dodeca-2E,4E-dienoic acid isobutylamide, and dodeca-2E,4E,8Z,10E/Z-tetraenoic acid isobutylamide. 

Standard compound Chemical structure Formula Exact mass  
Precursor 

ion (m/z) 

tR 

(min) 
MS/MS product ions 

Caftaric acid 

 

C13H12O9 312.04813196 
311.0202 

[M–H]– 
3.0 

 

135.0372 (100), 179.0241 (31), 149.0004 (17) 

Chlorogenic acid 

 

C16H18O9 354.09508215 
353.0645 

[M–H]– 
4.0 

 

191.0443 (100), 192.0479 (6), 161.0147 (2), 85.0247 

(2), 127.0328 (1), 135.0373 (1) 

Caffeic acid 

 

C9H8O4 180.04225873 
179.0242 

[M–H]– 
5.1 

135.0370 (100), 134.0295 (92), 89.0346 (9), 

107.0439 (7), 117.0276 (7), 136.0402 (6) 

Cynarin 

 

C25H24O12 516.12677620 
515.0844 

[M–H]– 
6.3 

191.0445 (100), 179.0241 (89), 353.0644 (23), 

135.0372 (15), 161.0148 (8), 180.0272 (7), 192.0478 

(6), 173.0352 (6), 335.0549 (4), 354.0675 (4) 

Echinacoside 

 

C35H46O20 786.25824385 
785.1956 

[M–H]– 
7.4 

785.1956 (100), 161.0147 (87), 623.1760 (63), 

786.1991 (45), 624.1801 (19), 787.2009 (11), 

162.0182 (10), 179.0241 (6) 
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Chicoric acid 

 

C22H18O12 474.07982601 
473.0410 

[M–H]– 
8.9 

179.0242 (100), 149.0005 (73), 135.0372 (16), 

219.0166 (12), 180.0276 (9), 161.0148 (4), 112.9814 

(3), 293.0116 (3) 

Undeca-2E/Z-ene-8,10-

diynoic acid isobutylamide 

 
 

 

C15H21NO 231.16231 
232.1677 

[M+H]+ 
20.5 

91.0548 (100), 115.0543 (48), 105.0701 (47), 

116.0618 (34), 103.0545 (20), 117.0693 (18), 

131.0852 (14), 129.0694 (12) 

Dodeca-2E-ene-8,10-diynoic 

acid isobutylamide 
 

C16H23NO 245.17796 
246.1831 

[M+H]+ 
20.9 

91.0548 (100), 105.0701 (86), 117.0697 (46), 

115.0542 (40), 103.0545 (29), 129.0694 (25), 

130.0769 (24), 77.0383 (20) 

Dodeca-2E,4E,8Z,10E/Z-

tetraenoic acid 

isobutylamide 

 

 

C16H25NO 247.19361 
248.1986 

[M+H]+ 
21.2 

152.1062 (100), 95.0496 (58), 96.0450 (57), 

110.0601 (17), 124.0755 (14), 167.1292 (12), 

153.1096 (10), 105.0701 (10), 91.0547 (10), 

112.0756 (9) 

Dodeca-2E,4E-dienoic acid 

isobutylamide 
 

C16H29NO 251.22491 
252.2307 

[M+H]+ 
22.0 

95.0860 (100), 98.0604 (91), 95.0496 (52), 81.0696 

(44), 81.0331 (40), 196.1680 (33), 112.0757 (27), 

109.1013 (27), 126.0911 (25) 

 

 

Supplementary Table S7.2 | Phenolic/carboxylic acid compounds tentatively identified in dichloromethanolic extracts obtained from roots (DE-R) by LC-HRMS (negative mode). 

Proposed acid or phenolic 

compound 

Precursor ion 

[M–H]– (m/z) 

tR 

(min) 
Product ions (m/z) 1 

Benzoic acid 121.0234 6.0 92.0223 (100), 93.0261 (14), 121.0225 (11), 120.0151 (10) 

Chicoric acid 473.0427 8.9 
179.0253 (100), 149.0016 (69), 135.0383 (14), 219.0176 (10), 180.0287 (10), 129.9692 (5), 112.9822 (4), 

161.0164 (4) 

Rutin 609.1418 12.7 301.0535 (100), 146.9586 (64), 129.9694 (47), 299.0388 (22), 302.0570 (21), 300.0411 (9), 609.1445 (3) 
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Quercetin 301.0357 18.4 
184.0060 (21), 299.1353 (6), 121.0236 (1), 301.1845 (1), 120.9396 (1), 133.0066 (1), 175.0327 (1), 300.1378 

(1), 179.1136 (1), 209.1029 (1), 151.0566 (1) 

Smooth grey shaded corresponds to studied standards. 1 The MS2 data were obtained from the fragmentation of the [M–H]– precursor ion of phenolic compounds. Relative intensities of product 

ions are in parentheses. 

 

Supplementary Table S7.1 | Alkylamides compounds tentatively identified in dichloromethanolic extracts obtained from roots (DE-R) by LC-HRMS (positive mode). 

Proposed alkylamide compound 
Precursor ion 

[M+H]+ (m/z) 

tR 

(min) 
Product ions (m/z) 1 

Dodeca-2E,4Z,10E-triene-8-ynoic acid 

isobutylamide 
246.1935 14.9 119.0858 (97), 145.1010 (69), 93.0706 (47), 128.1070 (39), 173.0957 (9), 154.1220 (2), 190.1231 (1) 

Dodeca-2E,4Z,10Z-triene-8-ynoic acid 

isobutylamide 
246.1935 15.5 119.0857 (75), 145.1008 (53), 93.0709 (34), 128.1072 (24), 173.0954 (9), 190.1221 (2), 154.1220 (2) 

Dodeca-2E,4E,10Z-triene-8-ynoic acid 

isobutylamide 
246.1832 19.0 

145.1009 (100), 128.0619 (49), 119.0857 (14), 93.0706 (4), 190.1215 (2), 154.1224 (2), 173.0954 (1), 

102.0462 (1) 

Dodeca-2E,4E,10E-triene-8-ynoic acid 

isobutylamide 
246.1832 20.1 128.0624 (77), 119.0857 (34), 93.0705 (21), 145.065 (18), 173.5704 (6), 154.0636 (5), 190.1219 (4) 

Undeca-2E,4Z-diene-8,10-diynoic acid 

isobutylamide 
230.1526 20.3 

128.0622 (100), 91.0551 (51), 115.0546 (47), 152.1067 (41), 116.0619 (27), 129.0686 (23), 103.0548 (9), 

117.0661 (3), 102.0469 (2), 157.0643 (1), 174.0910 (1), 142.0415 (0.1), 188.1424 (0.1), 202.1199 (0), 

57.0694 (0) 

Undeca-2Z,4E-diene-8,10-diynoic acid 

isobutylamide 
230.1542 20.6 

128.0621 (100), 91.0551 (41), 115.0546 (35), 129.0687 (25), 116.0620 (24), 103.0548 (8), 117.0598 (5), 

157.0644 (2), 102.0470 (2), 174.0905 (1), 188.1422 (0.4), 142.0639 (0.2), 202.1213 (0.1), 74.0148 (0), 

57.0696 (0) 

Dodeca-2E,4Z-diene-8,10-diynoic acid 

isobutylamide 
244.1698 20.7 

128.0622 (100), 91.0551 (24), 105.0704 (17), 117.0700 (16), 143.0851 (9), 142.0765 (3), 171.0795 (2), 

154.0654 (2), 188.1060 (2), 102.0470 (1), 216.1369 (0.1), 202.1573 (0.1), 74.0147 (0), 57.0695 (0) 

Dodeca-2E-ene-8,10-diynoic acid 

isobutylamide 
246.1834 20.9 

128.0622 (100), 91.0552 (53), 105.0705 (50), 115.0547 (49), 117.0701 (38), 129.0688 (30), 130.0771 (20), 

103.0549 (18), 77.0387 (6) 

Dodeca-2Z,4E-diene-8,10-diynoic acid 

isobutylamide 
244.1684 21.0 

128.0622 (100), 91.0551 (35), 105.0705 (23), 117.0700 (18), 143.0852 (7), 142.0765 (2), 154.0658 (2), 

171.0799 (2), 102.0471 (2), 188.106 (1), 202.1580 (0.2), 216.1366 (0.2), 74.0152 (0) 

Dodeca-2,4-diene-8,10-diynoic acid 2-

methylbutylamide 
258.1846 21.1 

91.0552 (24), 117.0702 (24), 105.0705 (22), 143.0853 (13), 116.0607 (7), 142.0767 (4), 171.0798 (3), 

188.1061 (2, 168.0803 (2), 156.0613 (1), 202.1214 (0.1), 230.1888 (0.1), 88.1120 (0.1), 71.0859 (0) 
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Trideca-2E,7Z-diene-10,12-diynoic acid 

isobutylamide 
258.1846 21.1 

128.0623 (100), 117.0702 (24), 103.0549 (8), 142.0767 (4), 131.0793 (2), 156.0613 (1), 102.0471 (1), 

157.0642 (0.4), 185.0834 (0.1), 202.1214 (0.1), 74.0152 (0) 

Dodeca-2Z,4Z,10Z-triene-8-ynoic acid 

isobutylamide 
246.1834 21.2 

128.0622 (12), 145.1010 (7), 119.0859 (7), 93.0707 (6), 102.0919 (3), 173.0953 (1), 154.1180 (0.4), 

190.1219 (0.2), 57.0695 (0.1), 74.0167 (0) 

Trideca-2E,7Z-diene-10,12-diynoic acid 

2-methylbutylamide 
272.1987 21.2 116.0608 (18), 157.1003 (4), 202.1210 (2), 185.0947 (1), 88.1121 (0.3) 

Dodeca-2E,4Z,10E-triene-8-ynoic acid 2-

methylbutylamide 

OR 

Dodeca-2E-ene-8,10-diynoic acid 2-

methylbutylamide 

260.1983 21.3 145.1009 (30), 119.0859 (23), 116.0615 (17), 142.0771 (5), 173.0953 (4), 190.1221 (2), 88.1122 (0.3) 

Dodeca-2E,4E,8Z,10E/Z-tetraenoic acid 

isobutylamide 
248.2023 21.3 

152.1068 (100), 95.0500 (56), 96.0454 (56), 110.0606 (16), 124.0760 (13), 167.1297 (12), 91.0552 (11), 

153.1101 (10), 105.0705 (10), 112.0761 (10) 

Pentadeca-2E,9Z-diene-12,14-diynoic 

acid isobutylamide 
286.2141 21.5 102.0921 (3), 185.1321 (1), 230.1527 (0.4), 213.1217 (0.1) 

Dodeca-2E,4E,8Z,10E/Z-tetraenoic acid 

2-methylbutylamide 
262.2155 21.5 116.1073 (3), 147.1166 (2), 175.111 (1), 88.1120 (1), 192.1375 (0.4), 71.0854 (0.1) 

Dodeca-2E,4E,8Z-trienoic acid 

isobutylamide 
250.2147 21.6 

97.0498 (3), 102.0920 (3), 168.1339 (2), 154.1207 (2), 83.0367 (2), 194.1530 (1), 149.1321 (1), 177.1265 

(0.4), 57.0694 (0.1) 

Dodeca-2E,4E-dienoic acid 

isobutylamide 
252.2306 22.0 

95.0864 (100), 98.0609 (90), 95.0500 (52), 81.0699 (44), 81.0335 (41), 196.1687 (32), 112.0762 (28), 

109.1018 (28), 128.1436 (25), 126.0917 (24) 

Smooth grey shaded corresponds to studied standards. 1 The MS2 data were obtained from the fragmentation of the [M+H]+  precursor ion of alkylamides. Relative intensities of product ions are in 

parentheses. E/Z stereochemistry is indicated here following the literature, but it should be highlighted that without NMR spectra, it is not possible to conclusively distinguish between E and Z 

isomers. 
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Supplementary Figure S7.1 | Analytical HPLC chromatograms of alkylamide 8/9 standard at 100 µg/mL (A), DE-R at 1 

mg/mL (B), MLVs (C, 1:4), FMLVs (D, 1:4), LUVs (E, 1:4), FLUVs (F, 1:4), MLVs + DE-R (G, 1:10), FMLVs + DE-R (H, 1:10), 

LUVs + DE-R (I, 1:4), and FLUVs + DE-R (J, 1:4) using na UV detection at 254 nm. DE-R: dichloromethanolic extracts obtained 

from roots; MLVs: multilamellar vesicles; FMLVs: folic acid-functionalized multilamellar vesicles; LUVs: large unilamellar 

vesicles; FLUVs: folic acid-functionalized large unilamellar vesicles. 
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Supplementary Figure S7.2 | Body weight of individual non- (Sham, A) and carrageenan-induced knee inflammation in 

rats treated with PBS (saline, B), DE-R (3.5 µg/mL of alkylamide 8/9, C), FLUVs (0.4 mM of PC, D), FLUVs + DE-R (3.5 µg/mL 

of alkylamide 8/9 and 0.4 mM of PC, E), and celecoxib (10 µM, F) over the experimental design. DE-R: dichloromethanolic 

extracts obtained from roots; FLUVs: folic acid-functionalized large unilamellar vesicles.
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Supplementary Figure S7.3 | Representative optical images of the histological sections of the kidney at 40x (i), 100x (ii), and 400x magnification (iii) stained with hematoxylin-eosin, of non- 

(Sham, A) and carrageenan-induced knee inflammation in rats treated with PBS (saline, B), DE-R (3.5 µg/mL of alkylamide 8/9, C), FLUVs (0.4 mM of PC, D), FLUVs + DE-R (3.5 µg/mL of 

alkylamide 8/9 and 0.4 mM of PC, E), and celecoxib (10 µM, F) at 10th day. DE-R: dichloromethanolic extracts obtained from roots; FLUVs: folic acid-functionalized large unilamellar vesicles. 
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Supplementary Figure S7.4 | Representative optical images of the histological sections of the liver at 40x (i), 100x (ii), and 400x magnification (iii) stained with hematoxylin-eosin, of non- 

(Sham, A) and carrageenan-induced knee inflammation in rats treated with PBS (saline, B), DE-R (3.5 µg/mL of alkylamide 8/9, C), FLUVs (0.4 mM of PC, D), FLUVs + DE-R (3.5 µg/mL of 

alkylamide 8/9 and 0.4 mM of PC, E), and celecoxib (10 µM, F) at 10th day. DE-R: dichloromethanolic extracts obtained from roots; FLUVs: folic acid-functionalized large unilamellar vesicles. 

 

 



CHAPTER 7| In vivo anti-inflammatory efficacy of liposomes-loaded Echinacea purpurea roots extracts 
 

488 

 

Supplementary Figure S7.5 | Representative optical images of the histological sections of the spleen at 40x (i), 100x (ii), and 400x magnification (iii) stained with hematoxylin-eosin, of non- 

(Sham, A) and carrageenan-induced knee inflammation in rats treated with PBS (saline, B), DE-R (3.5 µg/mL of alkylamide 8/9, C), FLUVs (0.4 mM of PC, D), FLUVs + DE-R (3.5 µg/mL of 

alkylamide 8/9 and 0.4 mM of PC, E), and celecoxib (10 µM, F) at 10th day. DE-R: dichloromethanolic extracts obtained from roots; FLUVs: folic acid-functionalized large unilamellar vesicles. 
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Supplementary Figure S7.6 | Representative optical images of the histological sections of the thymus at 40x (i), 100x (ii), and 400x magnification (iii) stained with hematoxylin-eosin, of non- 

(Sham, A) and carrageenan-induced knee inflammation in rats treated with PBS (saline, B), DE-R (3.5 µg/mL of alkylamide 8/9, C), FLUVs (0.4 mM of PC, D), FLUVs + DE-R (3.5 µg/mL of 

alkylamide 8/9 and 0.4 mM of PC, E), and celecoxib (10 µM, F) at 10th day. DE-R: dichloromethanolic extracts obtained from roots; FLUVs: folic acid-functionalized large unilamellar vesicles. 
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Supplementary Figure S7.7 | Representative optical images of the histological sections of the adrenal gland at 40x (i), 100x (ii), and 400x magnification (iii) stained with hematoxylin-eosin, 

of non- (Sham, A) and carrageenan-induced knee inflammation in rats treated with PBS (saline, B), DE-R (3.5 µg/mL of alkylamide 8/9, C), FLUVs (0.4 mM of PC, D), FLUVs + DE-R (3.5 µg/mL 

of alkylamide 8/9 and 0.4 mM of PC, E), and celecoxib (10 µM, F) at 10th day. DE-R: dichloromethanolic extracts obtained from roots; FLUVs: folic acid-functionalized large unilamellar vesicles. 
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Supplementary Figure S7.8 | Representative optical images of the histological sections of the cerebellum at 40x (i), 100x (ii), and 400x magnification (iii) stained with hematoxylin-eosin, of 

non- (Sham, A) and carrageenan-induced knee inflammation in rats treated with PBS (saline, B), DE-R (3.5 µg/mL of alkylamide 8/9, C), FLUVs (0.4 mM of PC, D), FLUVs + DE-R (3.5 µg/mL 

of alkylamide 8/9 and 0.4 mM of PC, E), and celecoxib (10 µM, F) at 10th day. DE-R: dichloromethanolic extracts obtained from roots; FLUVs: folic acid-functionalized large unilamellar vesicles. 
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Supplementary Figure S7.9 | Representative optical images of the histological sections of the cerebral cortex at 40x (i), 100x (ii), and 400x magnification (iii) stained with hematoxylin-eosin, 

of non- (Sham, A) and carrageenan-induced knee inflammation in rats treated with PBS (saline, B), DE-R (3.5 µg/mL of alkylamide 8/9, C), FLUVs (0.4 mM of PC, D), FLUVs + DE-R (3.5 µg/mL 

of alkylamide 8/9 and 0.4 mM of PC, E), and celecoxib (10 µM, F) at 10th day. DE-R: dichloromethanolic extracts obtained from roots; FLUVs: folic acid-functionalized large unilamellar vesicles. 
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Supplementary Figure S7.10 | Representative optical micrographs of the histological sections of the knee joint at 40x (i) and 400x magnification (ii) stained with hematoxylin-eosin, of non- 

(Sham, A) and carrageenan-induced knee inflammation in rats treated with PBS (saline, B), DE-R (3.5 µg/mL of alkylamide 8/9, C), FLUVs (0.4 mM of PC, D), FLUVs + DE-R (3.5 µg/mL of 

alkylamide 8/9 and 0.4 mM of PC, E), and celecoxib (10 µM, F) at 10th day. DE-R: dichloromethanolic extracts obtained from roots; FLUVs: folic acid-functionalized large unilamellar vesicles; 

S: synovial membrane; M: meniscus; JC: joint cavity; AC: articular cartilage.
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8.1. GENERAL CONCLUSIONS 

The dysregulation of the immune system compromises the homeostasis of an organism. The 

dysfunctional immune response can be either underactive or overactive, and, consequently and 

respectively, a weakened ability to eliminate harmful agents or the development of chronic inflammatory 

diseases can be observed. Thus, its treatment can include medications to enhance immune function or 

suppress the immune response, respectively. The administration of a specific available treatment for 

immune-related disorders is dependent on the specific condition and severity. Unfortunately, many 

available therapies for immune-related disorders have limited efficacy and may pose important safety 

concerns when used over a long period of time. Consequently, new effective and safe therapies must be 

investigated and developed. 

Nature is a vast source of powerful bioactive compounds. Particularly, the plants have been the 

basis of traditional medicine in many cultures for thousands of years. Even nowadays, plants are widely 

used by the world population to treat several diseases. Interestingly, several chemical compounds 

produced by plants may positively interact with entities of the immune system. In this thesis, it was 

demonstrated the robust bioactivity and safety of the extracts obtained from two plants, namely Salvia 

officinalis and Echinacea purpurea. They were selected due to their wide use in the traditional medicine 

to treat immunomodulatory conditions. 

In Chapter 3, it was demonstrated that S. officinalis leaves extracts obtained by traditional 

extraction (infusion and maceration) exhibited strong antioxidant and anti-inflammatory properties on 

human TPH-1 macrophages. Moreover, it was confirmed that the method (infusion, maceration, and and 

Soxhlet extractions) and solvents (water, hydroethanol, and ethanol) of extraction influence the yield of 

extraction, composition and, consequently, the bioactivity of the resulting extracts. Generally, S. officinalis 

extracts obtained from Soxhlet extraction were more bioactive than the analogous extracts prepared under 

a traditional extraction. Ethanolic extracts (EE) exhibited the most potent anti-inflammatory activity. This 

should be strongly related to the presence of rosmarinic acid, carnosol, and carnosic acid. Interestingly, 

no pro-inflammatory properties were observed in any of the S. officinalis extracts. 

In Chapter 4, several E. purpurea extracts were prepared by Accelerated Solvent Extraction (ASE) 

for the first time. Also in this work, the polarity of the solvent (water, ethanol, and dichloromethane), as 

well as the organ of the plant used (flowers, leaves, and roots) to prepare the extract deeply affected the 

extraction yield, the chemical composition, and, therefore, the bioactivity of the plant extracts. Only E. 

purpurea aqueous extracts (AE), composed of phenolic/carboxylic acids and some alkylamides, showed 

the ability to stimulate naïve macrophages to produce important pro-inflammatory mediators, such as 
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radical species and cytokines. Those extracts obtained from flowers demonstrate the most effective pro-

stimulatory activity, which can be related to the higher number of bioactive compounds. Conversely, all 

the E. purpurea extracts exhibited anti-inflammatory activity due to the reduction of the radical species 

and cytokines. Moreover, it was confirmed that dichloromethane is an excellent solvent to recover more 

hydrophobic compounds with stronger anti-inflammatory activity. Alkylamides were the main class of 

compounds found in dichloromethanolic extracts, whereby they may be the main responsible for the 

highest bioeffect of these extracts. Particularly, three E. purpurea extracts exhibited potent anti-

inflammatory properties – dichloromethanolic extracts obtained from roots (DE-R), dichloromethanolic 

extracts obtained from flowers (DE-F), and ethanolic extracts obtained from flowers (EE-F). Interestingly, 

as observed in Chapter 3, the extracts with the lowest extraction yield were the most effective in the 

reduction of the production of main pro-inflammatory mediators. This highlights that the content of the 

extract is more important than its amount.  

In Chapter 5, the pro-inflammatory activity of the E. purpurea AE – the most common beverage 

that people consume as tea – was corroborated with human primary monocyte‐derived macrophages 

(hMDM). As reported in Chapter 4, flowers were also the most powerful organ of the plant to enhance 

the hMDM activation observed by the production of cytokines and eicosanoids. Furthermore, the 

phenolic/carboxylic acids fraction was able to stimulate naïve macrophages, but at a lesser extent when 

compared to the whole AE. This evidence suggested that both classes of compounds complement each 

other to generate a stronger anti-inflammatory activity. This study also proposed, for the first time, the 

mechanism of action of the E. purpurea AE in hMDM through the activation of main inflammatory 

signaling pathways. 

In Chapter 6, the anti-inflammatory activity of the three most potent E. purpurea extracts selected 

in Chapter 4 (DE-R, DE-F, and EE-F) was corroborated with hMDM. Additionally, the alkylamide fraction 

revealed higher anti-inflammatory activity in comparison with the whole extract. These results suggested 

that alkylamides may be the main class of compounds responsible for the bioactivity of the selected E. 

purpurea extracts. Additionally, the extracts and fractions downregulated the main inflammatory signaling 

pathways.  

In Chapter 7, DE-R was successfully encapsulated in folic acid-functionalized liposomes 

(FLUVs + DE-R) to improve its efficacy and biodistribution. In fact, this enabled the reduction of the 

amount of extract needed to have similar therapeutic effects than the free extract. The in vivo study 

validated the safety and effectiveness of a single intra-articular injection of FLUVs + DE–R, through the 

reduction of the major signs of an inflammatory response in a carrageenan-induced inflammation rat 
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model. 

Overall, the S. officinalis and E. purpurea extracts, and mainly DE–R, are safe and potent plant-

based anti-inflammatory formulations that can be further used as a basis for the treatment of chronic 

inflammatory diseases (e.g., osteoarthritis and rheumatoid arthritis). In addition, E. purpurea AE can be 

used as immunostimulatory formulations for patients with a compromised immune system due to certain 

diseases (e.g., acquired immunodeficiencies) and treatments (e.g., chemotherapy). 

To conclude, this work investigated the bioactivity of chemically characterized S. officinalis and E. 

purpurea extracts, whose mechanism of action was proposed for the last one. It was demonstrated that 

the S. officinalis and E. purpurea extracts prepared with organic solvents displayed, in general, higher 

anti-inflammatory activity than the plant extracts obtained with water. In addition, liposomal formulations 

containing the most potent plant extract was successfully tested in vivo, showing safety and efficacy. 

Consequently, this thesis will certainly be an important contribution in different research fields, including 

plant biology, natural products development, drug discovery, chemistry, cell and molecular biology, 

pharmacology, immunology, and nanomedicine. Lastly, plants are an excellent resource of new and safer 

drugs with a high therapeutic value in the clinic. Furthermore, phytochemicals can have a severely a 

strong impact in the medical, economic, and environmental field. Indeed, considering the urgent need of 

effective drugs to safely treat immune-related conditions, this source can be a good strategy to pursue. 

The future of the plant-based immunomodulatory drugs will (re)arise from low-value crops to high-value 

formulations. 

 

8.2. FUTURE PERSPECTIVES 

In the drug discovery field, it is required to perform many studies to confirm the effectiveness and 

safety of a drug. The findings presented in this thesis enrolled obtaining new insights on the biological 

activities and therapeutic potential of several plant extracts, mainly the DE–R of E. purpurea. There are 

still several roads to explore in order to achieve a final formulation with high potential to be translated to 

the clinic. 

The isolation of the active principle(s) from the extracts can provide more consistent and 

predictable results than using a crude plant extract, which may contain other compounds that can 

interfere with the compound of interest. Indeed, the understanding of the interaction between the isolated 

compounds and biological outcomes would be of major interest. Additionally, it can make easier to 

determine the appropriate dosage and minimize the risk of side effects. To increase the availability of the 

active principle(s) and to reduce the use of the natural resources, their synthesis could also be performed. 
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As the immune system is highly complex, involving several immune cells and inflammatory 

mediators, the study of the anti-inflammatory activity and the mechanism of action of the plant extracts 

on other type of cells (e.g., lymphocytes and dendritic cells) would be valuable. It would also be interesting 

to explore more complex models of inflammation, such as microfluidics‐based 3D cells and tissue culture 

models, in order to better understand the effects of plant extracts and/or isolated compounds with 

components of the immune system. 

The validation of the immunomodulatory activity of the plant extracts and/or isolated compound(s) 

in other in vivo models (e.g., collagen-induced arthritis – CIA – in rats) will enhance the value of this work. 

Furthermore, the exploration of the biodistribution profile after administration would bring novel 

understanding in the pharmacological field. 

In summary, the additional work presented in this final section provide strong support to confirm 

the immunomodulatory activity of the plant extracts, thereby validating their potential as safe, effective, 

new and innovative drugs for interacting with the various components of the immune system. The 

formulation resulting from this future research will be poised to offer significant benefits in the realm of 

immune-mediated disease management and further advancement of this area of research. 
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