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Abstract 

Terfezia boudieri and Terfezia claveryi inhibit the LPS/IFN-γ-mediated inflammation 

in RAW 264.7 macrophages through an Nrf2-independent mechanism 

 

Desert truffles have been used as traditional treatments for a variety of inflammatory 

disorders. However, the molecular mechanisms underlying their anti-inflammatory effects 

in RAW 264.7 macrophages have remained to be fully elucidated. Therefore, the present 

study investigated the anti-inflammatory activities of two main desert truffles, Terfezia 

boudieri and Terfezia claveryi and the underlying mechanisms associated with their anti-

inflammatory activities in RAW 264.7 macrophages stimulated with 

lipopolysaccharide/interferon-gamma (LPS/IFN-γ) in order to develop innovative 

therapeutics for the treatment of inflammation.  

To address this objective, RAW 264.7 cells were treated with increasing concentrations 

of T. boudieri and T. claveryi extracts in the presence or absence of LPS/IFN-γ to determine 

the non-cytotoxic concentrations to be used in the study using MTT assay. RAW 264.7 

cells were then stimulated with 100 ng/mL of LPS plus 10 U/mL of IFN-γ and co-incubated 

with T. boudieri and T. claveryi extracts at concentrations of 5, 10, and 20 µg/mL. 

Thereafter, the nitric oxide (NO) was measured using Griess assay. Quantitative real-time 

polymerase chain reaction (qPCR) was used to measure the mRNA expression levels of 

inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), tumor necrosis factor-

α (TNF-α), interleukin-6 (IL-6), heme oxygenase-1 (HO-1), oxidative stress-induced 

growth inhibitor-1 (OSGIN1), and the microRNA expression levels of miR-21, miR-146a, 

and miR-155. On the protein level, enzyme-linked immunosorbent assay (ELISA) was 

used to determine the concentration of TNF-α and IL-6 proteins secreted into the cell 
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culture supernatant, while western blotting was used to determine the protein expression 

of iNOS and COX-2.   

Our results demonstrated that LPS/IFN-γ significantly upregulated the mRNA 

expression of iNOS, COX-2, TNF-α, and IL-6. The production of NO, TNF-α, and IL-6 

was remarkably increased in the medium of LPS/IFN-γ-treated RAW 264.7 cells. 

Moreover, the expression levels of miR-21, miR-146a, and miR-155 was induced in 

response to LPS/IFN-γ stimulation. The protein expression levels of iNOS and COX-2 

were also increased in LPS/IFN-γ-activated RAW 264.7 cells. However, treatment with T. 

boudieri and T. claveryi extracts suppressed NO production in a concentration-dependent 

manner that coincided with downregulation of iNOS expression at the mRNA and protein 

levels in LPS/IFN-γ-stimulated RAW 264.7 cells. Both extracts also downregulated the 

mRNA expression of COX-2, but only T. boudieri which reduced the expression of COX-

2 protein. On the level of pro-inflammatory cytokines, T. boudieri extract downregulated 

the expression of TNF-α and IL-6, as evidenced by dose-dependent reductions in their 

mRNA and protein levels. On the other hand, T. claveryi exhibited a significant inhibitory 

effect on the mRNA expression of TNF-α and IL-6 as well as the inhibition of TNF-α 

protein secretion. However, this effect failed to extend to the protein level of IL-6. 

Moreover, both studied extracts significantly downregulated the miRNA expression levels 

of miR-21, miR-146a, and miR-155, which implies that T. boudieri and T. claveryi 

suppress the inflammatory response in LPS/IFN-γ-stimulated RAW 264.7 cells through an 

epigenetic mechanism. To determine whether the anti-inflammatory effects of both 

Terfezia extracts in LPS/IFN-γ-induced RAW 264.7 cells were related to modulation of the 

nuclear factor erythroid 2-related factor 2 (Nrf2) signaling pathway, we examined the 



vi 
 

potential effect of T. boudieri and T. claveryi on the Nrf2 target genes, HO-1 and OSGIN1. 

Our findings revealed that both extracts did not activate the Nrf2 target genes, suggesting 

that Terfezia-mediated anti-inflammatory properties are independent of Nrf2 pathway. 

Therefore, these results indicate that T. boudieri and T. claveryi exhibit anti-inflammatory 

activities through suppressing multiple inflammatory mediators and cytokines and may be 

potential anti-inflammatory agents. 
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Chapter 1: Introduction  
 

 

1.1 Immune System 

The immune system is a collection of cells and molecules that are designed to perform 

rapid, specific, and efficient immune responses against invading pathogens, such as 

bacteria, viruses, parasites, and fungi (Delves & Roitt, 2009; Marshall et al., 2018; Medina, 

2016). It also supports the host in the elimination of toxins or allergens that enter across 

the mucosal surfaces. Central to its ability to identify any intruding microbe, toxic or 

allergenic substances, the immune system can discriminate between self and non-self-

antigens, a feature known as self-tolerance (Chaplin, 2010). The immune system is 

fundamentally divided into two lines of defense determined by the speed and specificity of 

the immune response: innate immune system and adaptive immune system (Figure 1.1) 

(Parkin & Cohen, 2001). The host utilizes both innate and adaptive immune mechanisms 

to detect and eliminate pathogens, with defects in either system, leading to diseases, such 

as autoimmune diseases, immunodeficiency disorders, inflammation, and hypersensitivity 

reactions (Chaplin, 2010; Marshall et al., 2018).   

1.1.1 Innate Immune System  

Innate immune system is the first immunological line of defense, playing a critical role 

in eliminating pathogens, maintaining normal immune homeostasis, and participating in 

the activation of the adaptive immunity (Iwasaki & Medzhitov, 2015; Zimmerman et al., 

2010). It is a non-specific (antigen-independent) defense mechanism that is rapidly 

initiated after encountering an antigen. The components of the innate immune system 
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include physical barriers (skin, mucous membranes, and mucous secretions), physiologic 

barriers (low pH and temperature), humoral elements (acute phase proteins, antimicrobial 

peptides, lysozyme, cytokines, complement, and natural antibodies), and cellular elements, 

including: phagocytic cells ( macrophages, monocytes, and neutrophils), cells that release 

the inflammatory mediators (basophils, eosinophils, and mast cells), dendritic cells, natural 

killer cells (NK cells), and natural killer T (NKT) cells (Delves & Roitt, 2009; Marshall et 

al., 2018; Riera Romo et al., 2016; Turvey & Broide, 2010). Among innate immunity cells, 

dendritic cells act as antigen-presenting cells (APCs), initiating the activation of the T and 

B cells of the adaptive immune system, and thus acting as key mediators between innate 

and adaptive immunity (Chaplin, 2010). In addition to their phagocytic properties, 

macrophages contribute to the antigen presentation to T cells (Martinez-Pomares & 

Gordon, 2007). NK cells and NKT represent the main sources of the interferon-gamma 

(IFN- γ), a cytokine produced as a part of the innate immune response to promote antigen 

presentation and induce the development of anti-viral immunity (Marshall et al., 2018; 

Schoenborn & Wilson, 2007). 

The innate immune system depends on the pattern recognition receptors (PRRs), which 

are the host receptors that recognize a wide range of microbes sharing common structural 

features, known as pathogen-associated molecular patterns (PAMPs), such as 

lipopolysaccharides (LPS), a component of the gram-negative bacterial cell wall. The 

recognition of PAMPs by cells with PRRs indicates the presence of infection (Marshall et 

al., 2018; Taguchi & Mukai, 2019). The innate immune system is characterized by its 

ability to recruit immune cells to the site of inflammation or infection rapidly via the release 

of signaling proteins, known as chemokines which recruit inflammatory leukocytes, 



 

3 
 

reactive free radical species, lipid mediators of inflammation, bioactive amines, and 

enzymes that participate in tissue inflammation, and cytokines which are involved in the 

regulation of cell-cell communication. During innate immunity, cytokines induce multiple 

defense mechanisms across the body along with activating local cellular responses to injury 

or infection.  (Chaplin, 2010; Turner et al., 2014). Tumor necrosis factor alpha (TNF-α),  

interleukin-1 (IL-1), and interleukin-6 (IL-6) are three important inflammatory cytokines 

produced during the early immune response to bacterial infection. These cytokines are 

essential for cell recruitment and local inflammation which is required for the elimination 

of many infections (Beutler, 2001; Chaplin, 2010; Marshall et al., 2018). Therefore, the 

dysregulation in the inflammatory cytokines production is commonly related to 

inflammatory diseases, making them potential therapeutic targets (Marshall et al., 2018).  

1.1.2 Adaptive Immune System 

Adaptive immune system, on the other hand, is an antigen-dependent, and it has 

evolved to execute broader and more finely tuned antigen-specific reactions. Adaptive 

immune system applies a tightly regulated interplay between the T lymphocytes (T cells), 

which are antigen-specific cells that mature in the thymus, and induced to proliferate via 

the effect of APCs, and the B lymphocytes (B cells) which can be developed into plasma 

cells to produce antibodies. Adaptive immunity enables the host to produce a more rapid 

and vigorous immune response upon subsequent exposure to the antigen through the 

generation of immunologic memory (Bonilla & Oettgen, 2010; Chaplin, 2010; Delves & 

Roitt, 2009; Takahama, 2006). Lymphocytes are distinguished by their high mobility. 

Flowing maturation in the primary lymphoid organs, including bone marrow and thymus, 

they migrate to the secondary lymphoid organs, such as spleen and lymph nodes, where 
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they capture the circulating antigens from blood and lymph, respectively (Bonilla & 

Oettgen, 2010). Adaptive immune responses in the secondary lymphoid organs are 

generally triggered by innate immune system signals, which are transmitted either directly 

by circulating pathogens or indirectly by APCs moving to these areas. Therefore, 

lymphocytes immigrating from the lymph nodes and spleen can subsequently move to 

many sites throughout the body to execute the cellular immune responses (Bonilla & 

Oettgen, 2010; Delves & Roitt, 2009).  

T cells are characterized by their unique cell-surface expression of the T-cell receptor 

(TCR), which is a transmembrane protein recognizes the fragments of antigens (peptides) 

displayed by the APCs. On the other hand, the APCs express both class I and class II of 

the major histocompatibility complex (MHC) proteins, which allow the TCR on T cells to 

detect antigens (Chaplin, 2010). The MHC-antigen complex activates the TCR, and the T 

cells subsequently produce cytokines which regulate the immune response. Furthermore, 

T cells are stimulated to differentiate into either T-helper (Th) cells (CD4+ cells) or 

cytotoxic T cells (CD8+ cells) due to the antigen presentation process. Cytotoxic T cells 

are mainly responsible for the destruction of cells infected with any pathogen, such as 

bacteria or virus (Bonilla & Oettgen, 2010; Marshall et al., 2018).  Unlike T cell, B cells 

have unique antibodies on their cell surface that allow them to recognize antigens directly 

without the need for APCs. When induced by foreign antigens, B cells differentiate into 

plasma cells producing antibodies (Bonilla & Oettgen, 2010; Marshall et al., 2018).  
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Figure 1.1 A schematic diagram of the innate and adaptive immune systems 
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1.1.3 Inflammation 

Inflammation is a highly regulated process that can be triggered by biological, 

chemical, and/or physical stimuli, such as infection and tissue injury (Tasneem et al., 

2019). It is the primary response of the immune system through which the body can remove 

infection and repair tissue damage (K. Newton & Dixit, 2012). The acute inflammatory 

response is characterized by coordinated delivery of leukocytes to the site of infection or 

injury, which appears in the form of redness, swelling, heat, and pain (Medzhitov, 2010). 

This response is promoted by the innate immune cells that can produce a variety of 

inflammatory mediators, which in turn elicit a local inflammatory exudate (Medzhitov, 

2008). For example, inflammatory mediators, including histamine, prostaglandins, and 

nitric oxide (NO) enhance vasodilation, which subsequently leads to apparent increase in 

blood flow and recruitment of leukocytes to the region of inflammation. Moreover, 

cytokines, such as TNF-α and IL-1 stimulate leukocytes extravasation through elevating 

the levels of leukocyte adhesion molecules on endothelial cells (K. Newton & Dixit, 2012).  

The inflammation process is generally divided into acute and chronic phases. Acute 

inflammation is characterized by the exudation of plasma proteins and leukocytes to the 

extravascular tissues at the site of infection, or injury. It lasts for a few minutes to several 

hours or days, depending on the degree of injury. Chronic inflammation, on the other hand, 

lasts for prolonged periods of several months to years, and is associated with tissue damage 

and fibrosis (Abdulkhaleq et al., 2018; Germolec et al., 2018).  A successful and well-

controlled acute inflammatory response is a beneficial process that results in the 

elimination of the noxious stimuli and restoring the body homeostasis, as if the 

inflammatory trigger is not removed or persists, the inflammation can become chronic 
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(Medzhitov, 2008, 2010). Chronic inflammation can contribute to several diseases, such as 

asthma, arthritis, autoimmune diseases, atherosclerosis, cancer, and diabetes (Germolec et 

al., 2018) 

1.1.4 Inflammatory Mediators and Major Signaling Pathways  

The inflammatory response is mediated by a wide range of mediators forming complex 

regulatory networks that prevent further tissue damage and restore the normal physiology 

of the inflamed tissues. The secreted inflammatory mediators, including cytokines (e.g., 

TNF-α, IL-1, and IL-6), chemokines (e.g., IL-8), vasoactive amines (e.g., histamine and 

serotonin), eicosanoids (e.g., prostaglandins, thromboxanes, and leukotrienes), peptides 

(e.g., bradykinin), and reactive nitrogen species (e.g., NO) are commonly associated with 

several inflammatory diseases (Medzhitov, 2010). 

Cytokines are key signaling proteins, regulating the interactions between different cell 

types involved in the immune and inflammatory response (Abdulkhaleq et al., 2018). 

Cytokines are mainly produced by phagocytic cells and NK cells during innate immune 

responses, while they are mostly secreted by lymphocytes and APCs during adaptive 

immune responses. Therefore, cytokines coordinate the crosstalk between the innate and 

adaptive immune systems (Turner et al., 2014).  They are classified into pro-inflammatory 

cytokines (TNF-α, IL-1, IL-6, IL-15, IL-17, and IL-23), and anti-inflammatory cytokines 

(IFN-γ, IL-4, IL-10, IL-13, and transforming growth factor β (TGFβ)) (Berczi & 

Szentivanyi, 2003). 

Among cytokines, TNF-α is the major mediator of inflammation with several effects, 

including stimulating other cytokines production, activation of cell adhesion molecules, 
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and promoting cell growth and proliferation. TNF-α has also been reported to induce the 

expression of the MHC (Class I and II) molecules, leading to the activation of immune 

cells and ultimately cytokine production (Turner et al., 2014; Zelová & Hošek, 2013). It is 

also essential to the process of eliminating dead and injured cells through inducing 

apoptosis (S. Gupta, 2002; TNF, 2008). IL-6 is another important cytokine released during 

inflammation, and its dysregulation causes a variety of inflammatory disorders (Balkwill 

& Mantovani, 2010). IL-6 is primarily produced by monocytes, macrophages, and T cells 

at the site of inflammation (Heinrich et al., 2003). It has also been recognized as the B-cell 

differentiation factor that facilitate the differentiation of B cells into antibody-producing 

cells. Moreover, IL-6 aids in the activation and differentiation of T cells (Akdis et al., 2016; 

Germolec et al., 2018). Chemokines or chemoattractant cytokines are a group of small 

cytokines produced by immune cells to attract leukocytes to the site of infection or injury 

(Raman et al., 2011). IL-8 is the major pro-inflammatory chemokine whose secretion is 

regulated by TNFα, IL-1β, hypoxia and steroidal hormones (estrogens, androgens). IL-8 

enhances the chemotaxis and modulates the cell proliferation and apoptosis (A. Li et al., 

2003).  

Eicosanoids are another major class of inflammatory mediators, which regulate the 

inflammatory response. Eicosanoids are bioactive signaling molecules that are produced 

when arachidonic acid or other polyunsaturated fatty acids (PUFAs) are metabolized by 

cyclooxygenases to produce prostaglandins and thromboxanes, or lipoxygenases to 

produce leukotrienes and lipoxins (Khanapure et al., 2007). Eicosanoids play a significant 

role in modulating numerous physiological processes, particularly during immune 

responses. This can be seen by the extensive use of the non-steroidal anti-inflammatory 
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drugs (NSAIDs) during inflammatory conditions, which are potent inhibitors of 

cyclooxygenases (Khanapure et al., 2007; Tasneem et al., 2019). 

Reactive nitrogen species (RNS), such as NO are another key signaling molecules that 

play an important role in the inflammatory response. NO is released as a cellular signaling 

molecule to increase the vasodilation in blood vessels by the activation of nitric oxide 

synthase (NOS), which is found in three isoforms: endothelial nitric oxide synthase 

(eNOS), neuronal nitric oxide synthase (nNOS), and inducible nitric oxide synthase 

(iNOS). The iNOS isoform is mainly associated with the inflammatory immune cells, 

where it is activated during the inflammatory process (Alderton et al., 2001; Tasneem et 

al., 2019).  

Several transcription factors, including nuclear factor-kappa B (NF-κB), and nuclear 

factor erythroid 2-related factor 2 (Nrf2) play a key role in modulating the expression of 

the pro-inflammatory mediators during inflammation (Saha et al., 2020; Tornatore et al., 

2012). NF-κB is an evolutionarily conserved transcription factor, consisting mainly of two 

subunits p50 and p65. It has been identified to play an active role in chronic inflammatory 

disorders, such as Crohn's disease and inflammatory bowel disease (IBD) (Kaser et al., 

2008). NF-κB is found in the cytoplasm associated with the inhibitory-κB (IκB) as an 

inactive complex form (Gilmore, 2006; Hayden & Ghosh, 2008). Oxidative and pro-

inflammatory stimuli, such as cytokines and LPS, activate NF-κB via phosphorylation-

dependent proteasomal degradation of IkBα, leading to the nuclear translocation and 

binding of NF-κB to kB elements found in the proximal promoter region of genes encoding 

pro-inflammatory mediators, such as cytokines, iNOS, and COX-2 (S. C. Gupta et al., 

2011; R. Newton et al., 1997; Y. Wu et al., 2014; Xie et al., 1994).   
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Nrf2 is another key transcription factor, playing a central role in the inflammation 

signaling pathways and oxidative stress responses. Inflammatory cells, including 

macrophages, mast cells, monocytes, and lymphocytes produce numerous inflammatory 

mediators, which subsequently attract more inflammatory cells to the site of injury, leading 

to increase in the level of intracellular reactive oxygen species (ROS) and oxidative stress 

(Saha et al., 2020). Meanwhile, persistent oxidative stress has been found to be associated 

with chronic inflammation (Tu et al., 2019). Nrf2 contributes to the maintenance of 

intracellular redox homeostasis and protection against oxidative stress through binding to 

the antioxidant response element (ARE) located in the promoter region of genes encoding 

phase II detoxifying enzymes or antioxidant enzymes (e.g., heme oxygenase-1 (HO-1)), 

and oxidative stress response proteins (e.g., oxidative stress induced growth inhibitor 1 

(OSGIN1)) (Ahmed et al., 2017; Brennan et al., 2017; Chen et al., 2006; R. Li et al., 2007; 

Martín-de-Saavedra et al., 2013; Sukkar & Harris, 2017). Nrf2/ARE signaling pathway is 

also important in reducing inflammation-related disorders, including atherosclerosis, 

asthma, autoimmune diseases,  and rheumatoid arthritis (Lee & Johnson, 2004). Several 

studies have reported that the activation of Nrf2 signaling pathway suppressed cytokines, 

chemokine,  iNOS, COX-2 secretion, which in turn modulate the NF-kB and other 

inflammatory cascades that regulate the transcription and activity of downstream target 

proteins during the inflammation process (Ahmed et al., 2017; Kobayashi et al., 2016).  

1.1.5 Toll-Like Receptor 4 (TLR4) Signaling Pathway in Inflammation  

Toll-like receptors (TLRs) are a class of conserved PRRs that are triggered by a broad 

range of PAMPs, eliciting an innate immune response and inflammation through the 

production of pro-inflammatory cytokines (Kawai & Akira, 2010; O’Neill et al., 2013). 
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Each class of PAMP has a unique TLR that can be used to fine-tune the inflammatory 

response so that the pathogen can be removed more effectively (Swanson et al., 2020).  

TLR4 is a member of the TLR family that can be stimulated by LPS, which is the major 

component of the gram-negative bacterial cell wall (Beutler, 2002; Beutler et al., 2001; 

Swanson et al., 2020). TLR4 is transmembrane protein containing an extracellular region 

with leucine-rich repeats (LRR) that recognizes PAMPs, coupled to an intracellular 

Toll/interleukin-1 receptor (TIR) domain which is responsible for the signal transduction 

(Figure 1.1) (Kuzmich et al., 2017; K. Newton & Dixit, 2012). Firstly, LPS is recognized 

by the TLR4 in the presence of myeloid differentiation factor 2 (MD-2), which is an adaptor 

protein required for binding of LPS to TLR4 (Shimazu et al., 1999).  The receptors are then 

dimerized on the cell membrane, initiating the intracellular signal, which can proceed into 

two distinct pathways, myeloid differentiation primary response gene 88 (MyD88)-

dependent pathway and TIR-domain-containing adapter-inducing interferon-β (TRIF)-

dependent pathway (O’Neill & Bowie, 2007).  

In the MyD88-dependent pathway, the TIR-domain-containing adaptor protein 

(TIRAP), which is an intracellular protein is attached to the intracellular TLR4-TIR 

domains, constituting an interface for MyD88 attachment (Z. Lin et al., 2012; Valkov et 

al., 2011). Then, the MyD88 adaptor molecules aggregate and interact with Interleukin-1 

receptor-associated kinases 2 and 4 (IRAK2 and IRAK4), forming a complex known as the 

myddosome, which induces the autophosphorylation of IRAK4. Phosphorylation of 

IRAK1 can also occur through binding to the MyD88-IRAK4 complex, with further 

interaction with the TNF receptor associated factor 6 (TRAF6) to form IRAK1-TRAF6 

complex (Ferrao et al., 2014; S.-C. Lin et al., 2010). The recognition of TRAF6 
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polyubiquitin chains by the adaptor proteins TAB2/TAB3 along with the IkappaB kinase-

gamma (IKKγ) subunit of the IKK-complex results in the activation of TAK1 and 

phosphorylation of IκB complex, releasing the NF-κB with further translocation to the 

nucleus. TAK1 can also induce the Activator protein 1 (AP-1) through the activation of 

mitogen-activated protein kinases (MAPKs). NF-κB and AP-1 eventually promote the 

production of the pro-inflammatory cytokines that can modulate the immune response in 

the cells (Akira & Takeda, 2004; Ferrao et al., 2014; Kawai & Akira, 2010). 

In the TRIF-dependent pathway, the TRIF-related adaptor molecule (TRAM) is 

selectively recruited to the TIR-domains of the TLR4 to conduct the signal from TLR4 to 

TRIF. Then, TRAF3 induces the phosphorylation of the interferon regulatory factor 3 

(IRF3) through recruiting the TANK-binding kinase 1 (TBK1) and IKKi. Phosphorylated 

IRF3 subsequently dimerizes and translocate to the nucleus to induce the expression of 

type I IFN genes (Kawasaki & Kawai, 2014).      
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Figure 1.2 TLR4 Signaling Pathway 
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1.1.6 Role of Macrophages in Inflammation 

Macrophages are innate immune cells derived from bone marrow monocytes which can 

be differentiated into macrophages in the tissues after exposure to pro-inflammatory 

cytokines, local growth factors and microbial products (Epelman et al., 2014; Wynn et al., 

2013). They have several functions during the inflammation process, including 

phagocytosis of microbes, antigen presentation, and secretion of inflammatory mediators 

(Shapouri-Moghaddam et al., 2018). Furthermore, macrophages are essential for 

maintaining homeostasis and tissue regeneration after injury (Watanabe et al., 2019; Wynn 

et al., 2013).  

Macrophages are extraordinary flexible cells that can change their phenotype and 

function in response to microenvironmental stimuli and signals in each tissue. This process 

is known as macrophage polarization (Sica & Mantovani, 2012). Macrophages are 

typically classified into two subtypes M1 or M2 macrophages based on their cell surface 

markers, secreted cytokines, and functions (Shapouri-Moghaddam et al., 2018). M1 or 

classically activated macrophages are pro-inflammatory cells that can be induced by LPS 

or IFN-γ, leading to secretion of several pro-inflammatory cytokines, such as TNF-α, IL-

1β, IL-6, IL-12, and IL-23 (Cassetta et al., 2011; Shapouri-Moghaddam et al., 2018; Sica 

et al., 2015). On the other hand, M2 or alternatively activated macrophages are anti-

inflammatory cells that can be stimulated in response to IL-4 and IL-13, producing anti-

inflammatory cytokines, such as IL-10 and TGF-β (Porta et al., 2015; N. Wang et al., 

2014). It is recognized that the balance between M1 and M2 macrophage polarization 

determines the status of an organ during the inflammation or injury. Macrophages initially 

adopt M1 phenotype in response to infection or inflammation, releasing TNF-α, IL-1β, IL-
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12, and IL-23. However, if M1 macrophages continue to work, they can induce tissue 

damage. As a result, M2 macrophages produce IL-10 and TGF-β to reduce the 

inflammation and restore tissue homeostasis (Shapouri-Moghaddam et al., 2018).  

1.1.7 Role of MicroRNAs (miRNAs) in TLR4 Signaling Pathway During 

Inflammation  

MicroRNAs (miRNAs) are small single-stranded non-coding RNAs, containing 

approximately 22 nucleotides in length that can post-transcriptionally regulate gene 

expression via binding to the 3′-untranslated region (UTR) of target messenger RNAs 

(mRNAs) to repress translation or degradation of the mRNAs (Bartel, 2018; O’Brien et al., 

2018).  Each miRNA can control the expression of several target genes, indicating that a 

large part of the human genome can be regulated by miRNAs (Quinn & O’Neill, 2011; H. 

Wang et al., 2019).  miRNAs are now recognized to play major roles in the regulation of 

immune cell functions of both the innate and adaptive systems through targeting of the 

inflammation-related genes, including TLRs. Moreover, miRNAs can function as 

physiological ligands for TLRs, and thus triggering the immune response (Fabbri et al., 

2013; Mehta & Baltimore, 2016). Among miRNAs involved in the immune and 

inflammatory pathways, miR-21, miR-146a, and miR-155 have been predominant in most 

of miRNA research because of their significant relevance to TLR signaling pathway and 

their ubiquitous expression (Quinn & O’Neill, 2011).  
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1.1.7.1 miR-21 

The miR-21 is a multifunctional miRNA that play a central role in several tumors due 

to its abnormal expression as well as multiple inflammatory pathways, including TLR 

signaling pathway (Quinn & O’Neill, 2011; Sheedy et al., 2010). In a study conducted by 

Sheedy et al., they indicated that miR-21 negatively regulated the inflammatory response 

to LPS through targeting of the programmed cell death protein 4 (PDCD4), which is a pro-

inflammatory protein contributing to the activation of the pro-inflammatory mediator (NF-

κB) and suppression of the anti-inflammatory cytokine (IL-10). The induction of miR-21 

by LPS resulted in downregulation of PDCD4 expression. This process inhibited NF-κB 

activity and promoted IL-10 production to decrease the lethality of LPS (Sheedy et al., 

2010). 

1.1.7.2 miR-146a  

The miR-146a  belongs to the miR-146 family which contain miR-146a and miR-146b 

that are found on the chromosomes 5 and 10, respectively (Quinn & O’Neill, 2011). miR-

146a has been identified as a major mediator in tumorigenesis and inflammatory response, 

with overexpression in a variety of inflammatory disorders, including osteoarthritis and 

rheumatoid arthritis (Bhaumik et al., 2008; Nakasa et al., 2008; Sonkoly et al., 2008).  

The role of miR-146a in TLR signaling was revealed in a study by Baltimore et al. 

They demonstrated that LPS, TNFα, and IL-1β induce miR146a transcription in an NF-κB 

-dependent manner, and thus miR-146a potentially mediated IRAK1 and TRAF6, 

suggesting it as a negative regulator of the innate immune response (Baltimore et al., 2006). 
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1.1.7.3 miR-155 

The miR-155 is another cancer-associated miRNA that has a well-characterized role in 

inflammation through targeting multiple signaling proteins involved in the TLR and NF-

κB signaling pathways (Ferrajoli et al., 2013; X. He et al., 2014). According to Baltimore 

et al., the macrophage inflammatory response is characterized by the presence of 

upregulated miR-155 (O’Connell et al., 2007). Another study by Ceppi et al. reported that  

miR-155 was induced in response to LPS in monocyte-derived dendritic cells and in turn 

negatively regulated the inflammatory cytokine production, and hence acting as anti-

inflammatory agent. This negative regulation by miR-155 was related to its ability to target 

TAB2 in the TLR/IL-1 inflammatory pathway, suppressing its activation of TAK1, and 

thus the NF-κB and MAPK (Ceppi et al., 2009). Therefore, miR-155 represent a key 

modulator in the downstream inflammatory pathways (Quinn & O’Neill, 2011).  

1.1.8 In vitro Models of Macrophages for the Screening of Anti-inflammatory Drugs 

In vitro models are important tools in testing the anti-inflammatory drugs and 

biomaterials through assessing the inflammatory response, cytotoxicity, and 

biocompatibility. Cells of the mononuclear phagocytic system, including monocytes and 

macrophages, such as RAW 264.7 macrophages and human monocytic leukemia cells 

(THP-1) are extensively used as in vitro models of inflammation (Chamberlain et al., 2009; 

Patil et al., 2019). The activation of such cell with LPS and/or IFN-γ produces several 

inflammatory mediators, such as prostaglandin, NO, TNF-α, IL-1, and IL-6 (Gunawardena 

et al., 2014; Tian et al., 2021).  
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1.2 Anti-inflammatory Drugs 

Currently, nonsteroidal anti-inflammatory drugs (NSAIDs) are the most widely 

prescribed drugs to treat both acute and chronic inflammatory disorders. However, their 

long-term use is associated with serious adverse effects, such as peptic ulcers, 

cardiovascular toxicity, hypertension, acute renal failure, and nephrotic syndrome (Sinha 

et al., 2013; Vonkeman & van de Laar, 2010). Therefore, there is an imperative need for 

research on the development of new natural-based anti-inflammatory compounds without 

side effects as alternatives to the current NSAIDs (Jung et al., 2019; C. Park et al., 2021). 

The natural products have been demonstrated to be a valuable source of biologically active 

compounds, many of which have been the basis for the development of novel drugs 

(Palombo, 2011). In this regard, truffles have a long history of use as traditional remedies 

to treat many human diseases, especially eye and skin diseases (Khalifa et al., 2019).  
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1.3 Truffles 

Truffles have traditionally been used as functional foods and therapeutic agents (H. El 

Enshasy et al., 2013). This is mainly attributed to their high nutritional value as potential 

sources of amino acids, proteins, carbohydrates, fats, lipids, and minerals (S. Wang & 

Marcone, 2011; Yan et al., 2017). Moreover, they contain abundant bioactive compounds, 

such as phenolics, phytosterols, polysaccharides, flavonoids, and terpenoids, which are 

related to their anti-inflammatory, immunomodulatory, antioxidant, anticancer, 

antibacterial, antiviral, and antidiabetic properties (AlAhmed & Khalil, 2019; Beara et al., 

2014; Dahham et al., 2018; Elkhateeb et al., 2019; Janakat et al., 2004; Lee et al., 2020; 

Patel et al., 2017). Therefore, there has been an increasing interest in truffles as a source of 

biologically active substances which provide to humans medicinal and health benefits, such 

as the prevention and treatment of diseases (Lee et al., 2020). 

1.3.1 Classification and Types  

Truffles are hypogeous fruiting bodies of the ascomycetes fungi that grow between 5 

and 10 centimeters underground. There are over a hundred different species of truffles 

identified around the world, and new species are being discovered on a regular basis (Lee 

et al., 2020). Truffles are taxonomically classified as members of the Tuberaceae and 

Terfeziaceae families, and the order Pezizales (Jamali, 2014). Truffle species within the 

genus Tuber, family Tuberaceae are also known as true truffles, such as Tuber magnatum 

(white truffle) and Tuber melanosporum (black truffle) growing naturally in Europe (Berch 

& Bonito, 2016). On the other hand, desert truffle species growing in the semi-arid and 

arid of the Mediterranean region such as Egypt belong to the genus Terfezia and Tirmania, 

family Terfeziaceae (Bradai et al., 2015). The genus Terfezia is composed of more than 20 



 

20 
 

species. Among these species, Terfezia boudieri and Terfezia claveryi are the most popular 

desert truffle species (Khalifa et al., 2019). More details about the phylogeny of truffle 

species are illustrated in Figure 1.3. In general, truffles are characterized by their 

distinguished structure of firm, dense, and woody feature (Lee et al., 2020). Truffles are 

ecologically symbiotic microorganisms that form an ectomycorrhizal symbiotic 

relationship with the roots of different trees (Elsayed et al., 2014; Mello et al., 2006). In 

this mutualistic interaction, fungi facilitate mineral and water uptake and plants produce 

sugar through photosynthesis (Khalifa et al., 2019). Due to this ectomycorrhizal 

relationship, truffles distribution is limited not only by the environmental conditions but 

also by the availability of the host plant (H. El Enshasy et al., 2013). 
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Figure 1.3 A schematic overview of the two major families identified in the order 

Pezizales 
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1.3.2 Chemical Properties of T. boudieri and T. claveryi 

1.3.2.1 The Nutritional Profile of T. boudieri and T. claveryi 

T. boudieri and T. claveryi contain high amounts of nutritionally beneficial compounds, 

and thus their chemical profile and nutritional value were well explored (Veeraraghavan et 

al., 2021). The nutritional composition results expressed on a truffle dry mass of  T. 

boudieri and T. claveryi were presented in Table 1.1 (Bokhary & Parvez, 1993; Hamza et 

al., 2016). Carbohydrates and proteins were the most abundant nutrients in both species, 

but the contents of T. boudieri were found to be higher than the values reported for T. 

claveryi. The chemical analysis of T. boudieri showed that the dry mass contained (26 

g/100 g) carbohydrates, (26 g/100 g) proteins, (8 g/100 g) fats, (4.49 g/100 g) ash. The 

results of anthocyanins, ascorbic acid, carotenoids of T. boudieri were 3.5 g/100 g, 1.2 

g/100 g, and 0.1 g/100 g, respectively (Hamza et al., 2016). On the other hand, T. claveryi 

exhibited lower contents with (28 g/100 g) carbohydrates, (16 g/100 g) proteins, (2 g/100 

g) fats, and  (4 g/100 g) ash (Bokhary & Parvez, 1993). The primary metabolome of T. 

boudieri was characterized by the abundance of fatty acids, such as linoleic acid, oleic acid, 

and palmitic acid, accounting for more than 95% of its total fat content. On the other hand, 

fatty acids in T. claveryi represented by linoleic acid, oleic acid, margaric acid, lauric acid, 

and stearic acid (Darwish et al., 2021a; Hamza et al., 2016). Amino acids constituted a 

major class of primary metabolites in T. boudieri and T. claveryi, indicating that these 

desert truffles represent a valuable source of essential amino acids. Alanine and glutamic 

acid were the predominant amino acids in T. boudieri, while proline and glycine were the 

main amino acids in T. claveryi accounting for 16 and 19 μg/mL, respectively (Kıvrak, 

2015; Owaid, 2018).  
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Minerals are important dietary elements that are essential for various metabolic 

processes, transmission of nerve impulses, rigid bone formation, and the maintenance of 

water and salts (Gençcelep et al., 2009).  Several studies have demonstrated that T. boudieri 

and T. claveryi provide a wide range of essential minerals, such as potassium, calcium, 

magnesium, sodium, phosphorus, iron, cupper,  and manganese ( 

Table 1.2) (Akyüz, 2013; Dundar et al., 2012; Kıvrak, 2015; Şahin et al., 2020). 

Therefore, truffles intake could be expected to contribute a large proportion of the essential 

mineral requirements in the body. 

Table 1.1 Nutritional contents (% of dry weight ) of T. boudieri and T. claveryi 

Nutritional contents T. boudieri T. claveryi 

Carbohydrates 62% 28% 

Proteins 26% 16% 

Fats 8% 2% 

Ash  4.49% 4% 

Anthocyanins 3.5% - 

Ascorbic acid 1.2% - 

Carotenoids 0.1% - 

 

Table 1.2 Mineral concentrations (mg/100 g dry weight) in T. boudieri and T. 

claveryi  

Minerals T. boudieri T. claveryi 

K 1513 1130 

Ca 474 50 

Mg 126 100 

Na 27 130 
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P 323 430 

Fe 170 110 

Cu 0.92 3 

Mn 3 15 

 

1.3.2.2 Functional Anti-inflammatory Compounds in the Chemical Profile of T. 

boudieri and T. claveryi  

The metabolomic analysis of T. boudieri and T. claveryi revealed that their extracts 

contained several bioactive compounds, such as polysaccharides, phenolics, terpenoids, 

proteins, and fatty acids, which may be responsible for their anti-inflammatory potential 

(Elsayed et al., 2014; Farag et al., 2021). However, the mechanisms underlying their anti-

inflammatory properties still require further investigations. To our knowledge, so far, there 

were no available studies about the anti-inflammatory properties of T. boudieri or T. 

claveryi in RAW 264.7 macrophages.  

1.3.2.2.1 Polysaccharides 

The primary metabolome of T. boudieri was characterized by the abundance of sugars 

at 92.70 μg/mL compared to 58.71 μg/mL in T. claveryi. Meanwhile, trehalose and 

turanose are the predominant disaccharides in both T. boudieri and T. claveryi (Farag et 

al., 2021). In general, the majority of polysaccharides found in fungi are β-glucan 

polymers, with the main chain containing β-(1, 3) linkage and some β-(1-6) branches 

(Friedman, 2016; Hou et al., 2020). Recently, polysaccharides have attracted increasing 

interest due to their accessibility, safety, and potent anti-inflammatory properties (Guo et 

al., 2018).  
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It has been reported from previous studies that natural polysaccharides exhibited anti-

inflammatory activities through various targets and cell signaling pathways. In a study of 

subarachnoid hemorrhage conducted to elucidate the anti-inflammatory effects of trehalose 

on blood-induced inflammation in RAW264.7 macrophages, Echigo et al. revealed that 

trehalose decreased the levels of cytokines (TNF-α, IL-1α, IL-1β, and IL-6) in hemolysate-

induced RAW264.7 macrophages. The expression of iNOS and COX-2 was also reduced 

in trehalose-treated cells (Echigo et al., 2012). Another study conducted on Agaricus blazei 

mushroom extract, which is particularly rich in β(1,3)-, β(1,4)-, and β(1,6)-D-glucans. The 

chloroform-soluble extract of A. blazei suppressed the secretion of IL-6 and downregulated 

the phosphorylation of the protein kinase (B) AKT in mouse bone marrow-derived mast 

cells (BMMCs). Moreover, the extract inhibited β-hexosaminidase degranulation as well 

as the secretion of IL-6, leukotriene C4, and prostaglandin D2 in BMMCs (Song et al., 

2012).  Jedinak et al. demonstrated that oyster mushroom concentrate (OMC), containing 

α- and β-glucans inhibited LPS-dependent induction of TNF-α, IL-6, and IL-12 in RAW 

264.7 macrophages. In addition, OMC suppressed LPS-induced production of NO and 

prostaglandin E2 (PGE2) through downregulation the expression of iNOS and COX-2 

expression, respectively. They also reported that OMC reduced LPS-dependent induction 

of NF-κB in RAW 264.7 macrophages (Jedinak et al., 2011). According to Li et al. the 

natural polysaccharides derived from Pleurotus eryngii significantly decreased the 

cytokine production ratios (TNF-α/IL-10, IL-1β/IL-10,and IL-6/IL-10) in RAW 264.7 

macrophages (S. Li & Shah, 2016).  

The anti-inflammatory activities of polysaccharide are correlated with their chemical 

structures, including their molecular weights, sulfate contents, chain conformations, 
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monosaccharide compositions, and glycosidic bond types and positions (Cheng et al., 

2016; Cho et al., 2010; Du et al., 2015). For instance, Wu et al, reported that the 

polysaccharides isolated from brown alga Sargassum cristaefolium, with molecular weight 

of 386.1 kDa and 9.42% sulfate content showed higher NO inhibitory effect in LPS-

stimulated RAW264.7 macrophages. They suggested that the sulfate content of  Sargassum 

cristaefolium might impact its binding to the cell receptor, and thus affect NO secretion in 

the cells (G.-J. Wu et al., 2016). Chain conformation is another critical aspect affecting the 

anti-inflammatory activities of polysaccharides. Generally, polymers can adopt different 

chain conformations, such as duplex, or triplex, random coil, rod-like, and sphere-like 

shapes (Y. Meng et al., 2020). Polysaccharides were shown to be more active in the triple-

helix configuration (H. A. El Enshasy & Hatti-Kaul, 2013; Palleschi et al., 2005). For 

example, β-glucans that found in a triple-helix state frequently displayed higher 

immunomodulatory effects. Studies indicated that the triple-helix configuration of β-

glucans might be better identified by immune cell receptors due to its higher stiffness (Y. 

Meng et al., 2020; Mueller et al., 2000). The bioactivities of polysaccharides are also 

regulated by monosaccharide compositions (Ji et al., 2018). Further research identified that 

dendritic cells and macrophages express abundant carbohydrate receptors, such as Dectin-

1, Mannose receptors (MR), macrophage galactose-type lectin (MGL), which can identify 

saccharides rich β-glucan, mannose, and galactose, respectively. These recognitions induce 

downstream signals, resulting in a dynamic change in cellular functions (L.-Z. Meng et al., 

2014; B. S. Park & Lee, 2013; Zhang et al., 2016). Previous studies reported that the types 

and positions of glycosidic linkages markedly affect the anti-inflammatory activities of 
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polysaccharides. Z. Wang et al. demonstrated that the β-(1, 3), (1-6) glycosidic bonds have 

an important role in enhancing the immunomodulatory properties (Z. Wang et al., 2004).  

While there were several studies about the anti-inflammatory properties of natural 

polysaccharides, most of them have been performed on polysaccharides extracted from 

other species, such as mushroom and algae species. There were no available studies about 

the anti-inflammatory properties of  polysaccharides isolated from desert truffles in RAW 

264.7 macrophages. Most of the studies conducted on desert truffle polysaccharides so far, 

investigated the antioxidant or anti-cancer activities. Therefore, further investigations are 

required to examine the anti-inflammatory potential of polysaccharides derived from 

diverse desert truffle species. 

1.3.2.2.2 Phenolics  

Phenolic compounds are among the most important classes of secondary metabolites, 

present in the fungal fruiting bodies with proven anti-inflammatory activities (Badalyan, 

2012; Sánchez, 2017). The chemical profile of T. boudieri and T. claveryi was 

characterized by the abundance of phenolic compounds. The concentrations of total 

phenolic content in both Terfezia species are presented in Table 1.3. Among phenolic 

compounds, catechin was the most abundant one at 20 mg/g, followed by ferulic acid at 15 

mg/g, p-coumaric acid at 10 mg/g, and cinnamic acid at 6 mg/g in T. boudieri, whereas 

protocatechuic acid, gentisic acid, and 4-hydroxybenzoic acid were the predominant 

phenolics in T. claveryi, at 0.016, 0.015, and 0.017 mg/g, respectively (Doğan & Aydın, 

2013; İbrahim Kıvrak, 2015; Özyürek et al., 2014; Sevindik et al., 2018).  
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In a study conducted by Stanikunaite et al., the anti-inflammatory properties of 

phenolic compounds, including syringic acid derived from Elaphomyces granulatus truffle 

was evaluated. They revealed that the extract of E. granulatus significantly inhibited COX-

2 activity in LPS-stimulated RAW 264.7 macrophages (Stanikunaite et al., 2009). In 

another study, Taofiq et al. examined the anti-inflammatory activities of fourteen edible 

mushrooms by measuring NO production in LPS-induced RAW 264.7 macrophages. 

Moreover, chemical characterization was performed to identify the phenolic composition 

of the extracts. The identified individual compounds (cinnamic acid, p-coumaric acid, and 

p-hydroxybenzoic) were also assessed for the same bioactivity. Among studied mushroom 

species, the extracts of Agaricus bisporus, Boletus impolitus, Macrolepiota procera, and 

Pleurotus ostreatus demonstrated the highest anti-inflammatory activities. These 

mushroom species also showed the highest cinnamic acid concentration, which was the 

individual phenolic compound that produced the highest anti-inflammatory effect, 

presenting the strongest inhibition of NO production (Taofiq et al., 2015) 

Table 1.3 Phenolic concentrations (mg/g dry weight) in T. boudieri  and T. claveryi  

Phenolic compounds T. boudieri T. claveryi 

Catechin 20 - 

Ferulic acid 15 0.003 

p-coumaric acid 10 0.008 

Cinnamic acid 6 0.003 

Vanillic acid 0.007 0.011 

Gallic acid 0.030 - 

Syringic acid  0.55 0.002 

p -hydroxybenzoic acid 0.006 0.017 
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Gentisic acid - 0.015 

Homogentisic acid - 0.010 

Protocatechuic acid 0.0010 0.016 

 

1.3.2.2.3 Terpenoids  

Terpenoids represent a large group of fungal bioactive compounds with anti-

inflammatory properties (Elsayed et al., 2014). Monoterpenes were reported to be more 

abundant in T. claveryi (18.04 ng/g) than T. boudieri (2.20 ng/g). Moreover, α-Pinene was 

the dominant monoterpene in T. claveryi at 7.49 ng/g, while α-terpinene was the prevalent 

monoterpene in T. boudieri at 0.85 ng/g. Sesquiterpenes also found at trace levels <1 ng/g 

in T. boudieri and T. claveryi, and represented by γ-muurolene, β-caryophyllene, β-

copaene, β-cubebene, γ-cadinene, calamenene, and β-bourbonene (Farag et al., 2021). The 

chemical profile of T. claveryi also revealed the presence of the squalene triterpene 

(Dahham et al., 2018). The concentrations of terpenoids in both Terfezia species are 

presented in Table 1.4 and Table 1.5.  

Recently, several studies revealed the anti-inflammatory potential of terpenoids (De 

Cássia da Silveira e Sá et al., 2013; Ma et al., 2013; Y. K. Rao et al., 2007). Kim et al. 

revealed that α-pinene monoterpene suppressed the production of NO, IL-6, and TNF-α in 

mouse peritoneal macrophages. α-Pinene also downregulated the expression of iNOS and 

COX-2 along with inhibition of the NF-κB and MAPKs signaling pathways (D.-S. Kim et 

al., 2015). In an in vivo study to evaluate the anti-inflammatory activities of α-humulene 

and (−)-trans-caryophyllene sesquiterpenes extracted from the essential oil of Cordia 

verbenacea, it was revealed that both compounds showed anti-inflammatory characteristics 
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through decreasing bradykinin, platelet activating factor, and ovoalbumin-induced mouse 

paw oedema. Systemic treatment with both compounds inhibited PGE2 production, iNOS, 

and COX-2 expression in carrageenan-treated rats. α-Humulene also suppressed TNFα and 

IL-1β production, while –(-)trans-caryophyllene reduced only TNFα secretion (Fernandes 

et al., 2007).  In study conducted by Jiang et al., the anti-inflammatory properties of 

triterpene extracts from Ganoderma lucidum was investigated in LPS-stimulated RAW 

264.7 macrophages. The triterpene extract of G. lucidum significantly reduced NO and 

PGE2 secretion along with downregulation of iNOS and COX-2 expression. The level of 

cytokines (TNF-α and IL-6) was also decreased. They suggested that the extract exhibited 

its anti-inflammatory effects via inhibition of NF-κB and AP-1 signaling pathways (Jiang 

et al., 2008). In another study, Fernando et al. reported that squalene isolated from 

Caulerpa racemosa macroalgae inhibited LPS-dependent induction of TNF-α, IL-1β, and 

IL-6 in RAW 264.7 macrophages. Furthermore, squalene suppressed LPS-induced 

production of NO and PGE2 through downregulation the expression of iNOS and COX-2, 

respectively (Fernando et al., 2018).  

Table 1.4 Monoterpene concentrations (ng/g dry weight) in T. boudieri and T. 

claveryi  

Monoterpene compounds T. boudieri T. claveryi 

α-Pinene 0.03 7.49 

β-Pinene 0.11 0.04 

α-Terpinene 0.85 1.64 

γ-Terpinene 0.65 2.64 

α-Thujene 0.08 0.43 

β-Thujene 0.04 0.81 

β-Myrcene 0.08 0.41 
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3-Carene - 1.53 

Sabinene 0.12 1.90 

Camphene - 0.28 

Limonene 0.24 0.88 

Total monoterpene 

concentrations 

   

2.20 18.04 

 

Table 1.5 Sesquiterpene concentrations (ng/g dry weight) in T. boudieri and T. 

claveryi 

Sesquiterpene compounds T. boudieri T. claveryi 

α-Humulene 0.01  0.06  

γ-Muurolene 0.10  0.10  

β-Caryophyllene - 0.06  

β-Copaene - 0.09  

β-Cubebene - 0.05  

γ-Cadinene - 0.09  

Calamenene - 0.08  

β-Bourbonene - 0.07  

Total sesquiterpene 

concentrations 

0.12 0.60 

 

1.3.2.2.4 Proteins 

The anti-inflammatory activities of T. boudieri and T. claveryi can be attributed to their 

amino acid contents, which have been associated with the metabolism of prostaglandin 

(Saxena et al., 1984). As previously mentioned,  amino acids constituted a major class of 

primary metabolites in both Terfezia species. Alanine and glutamic acid were the 

predominant amino acids in T. boudieri, while proline and glycine were the main amino 

acids in T. claveryi (Kıvrak, 2015; Owaid, 2018). In studying Pleurotus ostreatus (oyster 
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mushroom), its anti-inflammatory activities have been partially attributed to the presence 

of amino acids, such as isoleucine, leucine, phenylalanine, and tyrosine (Jedinak et al., 

2011). 

1.3.2.2.5 Fatty acids   

Fatty acids present in T. boudieri and T. claveryi can support their anti-inflammatory 

activities because of their high contents of PUFAs. The primary metabolome of both 

Terfezia species was characterized by the abundance of PUFAs, such as linoleic acid 

(Darwish et al., 2021a; Hamza et al., 2016). PUFAs are the precursors of eicosanoids, 

which are essential signaling molecules, playing important roles in the proper regulation 

of inflammatory and anti-inflammatory processes in the cells (Dennis & Norris, 2015). For 

example, Grzywacz et al. revealed that Imleria badia extracts inhibited the expression of 

COX-2 and prostaglandin E2 synthase (PGES) in LPS-stimulated RAW 264.7 

macrophages.  Moreover, the I. badia extracts reduced the protein levels of NF-ĸB p50 and 

p65 subunits. It was suggested that the anti-inflammatory activates of I. badia was due to 

the high contents of unsaturated fatty acids, beside other bioactive compounds (Grzywacz 

et al., 2016).  
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1.4 Rationale and Hypothesis  

In the present study, the anti-inflammatory properties of two chief desert truffles, T. 

boudieri and T. claveryi have been investigated. Both species have been selected for the 

study based on their metabolomic analyses, which indicated that they contained abundant 

biologically active compounds, such as polysaccharides, phenolics, terpenoids, proteins, 

and fatty acids, which can contribute to their anti-inflammatory potential. Nevertheless, the 

molecular mechanisms underlying their anti-inflammatory activities in RAW264.7 

macrophages are not yet characterized. Thus, we hypothesize that T. boudieri and T. 

claveryi extracts will attenuate the LPS/IFN-γ-mediated inflammation in RAW 264.7 

macrophages through targeting TLR4 and Nrf2 signaling pathways. Furthermore, we 

hypothesize that their anti-inflammatory characteristics can be attributed to an epigenetic 

mechanism through targeting specific miRNAs.   

1.5 Objectives and Aims 

The objective of this study is to holistically compare and examine the anti-

inflammatory properties of T. boudieri and T. claveryi extracts in LPS/IFN-γ-stimulated 

RAW 264.7 cells as well as identifying the underlying mechanisms related to these 

properties.  

Moreover, the hypothesis will be tested by the following specific aims: 

1. Investigate the anti-inflammatory effects of T. boudieri and T. claveryi extracts on 

the nitrite production in LPS/IFN-γ-stimulated RAW 264.7 cells.  
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2. Examine the effects of T. boudieri and T. claveryi extracts on the mRNA expression 

level of iNOS, COX-2, TNF-α, and IL-6 in LPS/IFN-γ-stimulated RAW 264.7 

cells.  

3. Determine whether the anti-inflammatory effects of T. boudieri and T. claveryi 

extracts are related to modulation of the Nrf2 signaling pathway through measuring 

the mRNA expression of the Nrf2 targets, HO-1 and OSGIN1 in LPS/IFN-γ-

stimulated RAW 264.7 cells.  

4. Investigate whether the anti-inflammatory effects of T. boudieri and T. claveryi 

extracts are associated with epigenetic modulation of gene expression through 

affecting miRNAs, including miR-21, miR-146a, and miR-155 in LPS/IFN-γ-

stimulated RAW 264.7 cells.  

5. Determine the effects of T. boudieri and T. claveryi extracts on the protein 

expression level of iNOS, COX-2, TNF-α, and IL-6 in LPS/IFN-γ-stimulated RAW 

264.7 cells.  
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Chapter 2: Materials and Methods 
 

 

2.1 Materials  

RAW 264.7 cell line (ATCC. No. TIB-71™; RRID: CVCL_0493) was obtained from 

the National Research Centre (NRC), Cairo, Egypt. T. boudieri and T. claveryi extracts 

were obtained from Faculty of Pharmacy, Cairo University, Egypt. Dulbecco's Modified 

Eagle Medium (DMEM), High Glucose (Cat. No. 41965-039), Fetal Bovine Serum (FBS; 

Cat. No. 10270-106), Penicillin-Streptomycin (Pen/Strep; Cat. No. 15140122), (3-(4, 5-

dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT; Cat. No. M6494), Griess 

Reagent Kit (Cat. No. G7921), Isopropanol (HPLC grade; Cat. No. 67-63-0), Ethanol 

(HPLC grade; Cat. No. 64-17-5), RevertAid First Strand cDNA Synthesis Kit (Cat. No. 

K16.22), PowerUp™ SYBR™ Green Master Mix (Cat. No. A25741), mRNA primers 

(iNOS, TNF-α, IL-6, COX-2 and GAPDH), Pierce™ BCA Protein Assay Kit (Cat. No. 

23225), NuPAGE™ LDS Sample Buffer (4X; Cat. No. NP0007), NuPAGE™ Sample 

Reducing Agent (10X; Cat. No. NP0009), NuPAGE™ MES SDS Running Buffer (20X; 

Cat. No. NP0002), NuPAGE™ 4 to 12%, Bis-Tris, 1.0 mm, Mini Protein Gel, 10-well 

(Cat. No. NP0321BOX), NuPAGE™ Transfer Buffer (20X; Cat. No. NP0006), Western 

Blotting Filter Paper, 0.83 mm thick, 8 x 13.5 cm (Cat. No. 84784), Pierce™ 20X TBS 

Tween™ 20 Buffer (Cat. No. 28360), Blocker™ BSA (10X) in PBS (Cat. No. 37525), 

Rabbit polyclonal anti-iNOS antibody (Cat. No. PA3-030A), Rabbit polyclonal anti-

GAPDH antibody (Cat. No. PA1-987), Goat anti-Rabbit IgG (H+L) secondary antibody, 

horseradish peroxidase (HRP)-conjugated (Cat. No. 31460), and Pierce™ ECL Western 

Blotting Substrate (Cat. No. 32106) were all obtained from Thermo Fisher Scientific 
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(Waltham, MA, USA). HO-1 and OSGIN1 mRNA primers were purchased from Synbio 

Technologies (Monmouth Junction, NJ, USA). Cell Lysis Buffer (10X; Cat. No. 9803S), 

Protease Inhibitor Cocktail (100X; Cat. No. 5871), and Prestained Protein Marker, Broad 

Range (11-190 kDa; Cat. No. 13953S) were purchased from Cell Signaling (Danvers, MA, 

USA). LPS from Escherichia coli 0111: B4 (Cat. No. L2630) was purchased from Sigma-

Aldrich (St. Louis, MO, USA). Recombinant Murine IFN-γ (Cat. No. 315-05) was 

purchased from PeproTech (Cranbuhry, NJ, USA). Phosphate Buffered Saline (1X PBS; 

Cat. No. BE17-516F) was purchased from Lonza-Bioscience (Basel, Switzerland). 

Sulforaphane (Cat. No. 10496) was purchased from Cayman Europe Oü (Tallinn, Estonia). 

QiAzol lysis reagent (Cat. No. 79306), Nuclease-Free Water (Cat. No. 129114), miScript 

II RT kit (Cat. No. 218161), miScript SYBR® Green PCR Kit (Cat No. 218073), and 

miScript primer assays including Hs_RNU6-2_11 (Cat No. MS00033740), Mm_miR-21_2 

(Cat. No. MS00011487), Mm-miR-146a*_1 (Cat. No. MS00024220), and Mm_miR-

155_1 (Cat. No. MS00001701) were obtained from Qiagen (Hilden, Germany). Dimethyl 

Sulfoxide (DMSO, research grade; Cat. No. 20385.02), and Chloroform: Isoamyl alcohol 

24:1 (molecular biology grade; Cat. No. 39554.02) were purchased from SERVA 

(Heidelberg, Germany). Rabbit polyclonal anti-COX-2 antibody (Cat. No. E-AB-70031), 

Mouse TNF-α (Cat. No. E-EL-M0049), and Mouse IL-6 (Cat. No. E-EL-M0044) Enzyme-

Linked Immunosorbent Assay (ELISA) Kits were purchased from Elabscience (Wuhan, 

China).  

2.2 Fungal collection and extract preparation 

Fungal sporocarps (fruiting bodies) of T. boudieri and T. claveryi were collected from 

Marsa Matruh and identified at the Regional Center for Mycology and Biotechnology, 
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Cairo, Egypt. The materials for extraction were cleaned, dried by lyophilization, and 

extracted with ethanol. The ethanolic extract (100 mg/mL) of each specimen was separately 

dissolved in DMSO, filtered with 0.2 μm syringe filter, and stored at 4°C until used.  

2.3 Cell culture  

RAW 264.7 cells (cell line information is presented in Table 2.1 and Figure 2.1 ) were 

cultured in DMEM, high glucose supplemented with 10% heat inactivated FBS and 1% 

Pen/Strep (100 units/mL penicillin and 100 µg/mL streptomycin) at 37°C in a 5% CO2 

incubator. 

Table 2.1  RAW 264.7 cell line information 

Cell line: RAW 264.7 TIB-71™ 

Organism: Mus musculus, mouse 

Strain: BALB/c 

Cell Type: macrophage 

Tissue: Ascites  

Age: adult  

Gender: Male 

Morphology: monocyte/macrophage 

Growth properties: Adherent 

Immortalization method: Abelson murine leukemia virus transformed 

Growth medium: DMEM, high glucose supplemented with 10% heat inactivated FBS 

Subculturing procedure: 1:3 to 1:6 is recommended 

Growth Conditions: 37°C, 5% CO2  

Cryopreservation: Complete DMEM supplemented with 5% (v/v) DMSO 
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Figure 2.1 RAW 264.7 ATCC® TIB-71TM 

(Adapted from ATCC) 

 

2.4 Cell viability assay  

The cell viability was measured with the MTT colorimetric assay as previously 

described (Bahuguna et al., 2017). Briefly, RAW 264.7 cells were seeded at a density of 2 

× 104 cells/well in a 96-well plate, and cultured in DMEM, high glucose supplemented 

with 10% heat inactivated FBS and 1% Pen/Strep for 4 h at 37°C in a 5% CO2 incubator. 

After removing the medium, the cells were treated with increasing concentrations of T. 

boudieri and T. claveryi extracts (5, 10, 20, 40, 80, and 160 μg/mL), prepared in serum-

free DMEM for 24 h to determine the non-cytotoxic concentrations to be used in the study. 

After the incubation period, the medium was decanted, and the cells were incubated with 

100 μL serum-free DMEM containing 1 mg/mL MTT for 2 hours at 37°C in a 5% CO2 

incubator. MTT was reduced by NAD(P)H-dependent cellular oxidoreductase enzymes of 

the metabolically active cells into formazan crystals, which were then dissolved in 100 μL 

DMSO. The absorbance of each group was measured at 570 nm using SPECTROstar® 
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Nano microplate reader (BMG LABTECH, Ortenberg, Germany), and the results were 

presented as the percentage of the control with the following Equation. 

Cell viability (%) =
(Absorbance sample − Absorbance blank)

(Absorbance control − Absorbance blank)
× 100 

In this study, RAW 264.7 cells were stimulated with LPS (100 ng/mL) plus IFN-γ (10 

U/mL). Therefore, the cytotoxicity of T. boudieri and T. claveryi extracts in the presence 

of LPS/ IFN-γ was also evaluated. RAW 264.7 cells were stimulated with LPS/IFN-γ (100 

ng/10 U/mL) and co-incubated with the non-cytotoxic concentrations of T. boudieri and T. 

claveryi extracts 5, 10, and 20 µg/mL for 24 h in a 96-well plate. Sulforaphane (SFN) (1 

µl) was used as a positive control in all further experiments, so its cytotoxicity on RAW 

264.7 cells with or without LPS/ IFN-γ was also examined. The cell viability was then 

measured with MTT as previously mentioned.  

2.5 Nitrite assay  

RAW 264.7 cells were seeded at a density of 2 × 105 cells/well in a 96-well plate and 

incubated for 4 h. The cells were then stimulated with LPS/IFN-γ (100 ng/10 U/mL)  and 

co-incubated with T. boudieri and T. claveryi extracts at concentrations of 5, 10, and 20 

µg/mL for 24 h at 37°C in a 5% CO2 incubator. SFN (1 µM)  was used as a positive control. 

The nitrite accumulated in the culture medium was measured as an indicator of NO 

production using the Griess Reagent Kit by mixing 150 µL of the culture supernatant from 

each well with 130 µL deionized water and 20 µL of Griess reagent [1:1 mixture (v/v) of 

0.1% N-(1-naphthyl) ethylenediamine dihydrochloride and 1% sulfanilamide in 5% 

phosphoric acid] and incubating at room temperature for 30 min in the dark according to 

the manufacturer’s instructions. The absorbance of the mixture was measured at 548 nm 
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using SPECTROstar® Nano microplate reader. The concentration of nitrite in each sample 

was calculated based on a standard curve prepared with NaNO2 (Table 2.2).  

Table 2.2 Standard curve of nitrite concentration versus absorbance 

Nitrite conc. (μM) Absorbance 

0 0 

10 0.1118 

20 0.2134 

30 0.3168 

40 0.4098 

50 0.5256 

 

2.6 Total RNA isolation  

RAW 264.7 cells were seeded at a density of 1 × 106 cells/well in a 6-well plate and 

incubated overnight. Then, the cells were stimulated with LPS/IFN-γ (100 ng/10 U/mL)  

and co-incubated with T. boudieri and T. claveryi extracts at concentrations of 5, 10, and 

20 µg/mL for 6 h at 37°C in a 5% CO2 incubator. SFN (1 µM)  was used as a positive 

control. Total RNA was extracted from the cells using QiAzol lysis reagent according to 

the manufacturer’s instructions. In brief, cells were washed with cold PBS and 

homogenized with QiAzol lysis reagent (1 mL in each well) followed by incubation for 5 

min at room temperature to allow the complete dissociation of the nucleoprotein 

complexes. Chloroform was then added (0.2 mL of chloroform per 1 mL QiAzol) to each 

tube containing the homogenized sample and incubated for 2-3 min at room temperature. 

The sample tubes were then centrifuged at 12,000 x g for 15 min at 4°C. Following 

centrifugation, the homogenate separated into colorless upper aqueous phase in which the 

RNA exclusively remains, an interphase and lower red, phenol-chloroform phase. The 
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upper aqueous phase was then transferred into a new tube and mixed with isopropanol (0.5 

mL of isopropanol per 1 mL QiAzol) to precipitate the RNA from the aqueous phase. The 

sample tubes were incubated for 10 min at room temperature, and centrifuged at 12,000 x 

g for 15 min at 4°C. After centrifugation, the supernatant was discarded, and the RNA 

pellet was washed with 75% ethanol (1 mL per 1 mL of QiAzol). This was followed with 

brief vertexing and centrifugation at 7500 x g for 5 min at 4°C. After that, the supernatant 

was completely removed, and the RNA pellet was left to air-dry for 5-10 min. RNA pellet 

was then resuspended in 20 µl RNase-free water and RNA concentration and purity were 

determined using NanoDrop™ One Microvolume UV-Vis Spectrophotometer (Thermo 

Fisher Scientific, MA, USA).  

2.7 cDNA Synthesis 

2.7.1 cDNA synthesis for quantitative analysis of mRNA 

For mRNA, cDNA synthesis was prepared from the total RNA using Thermo 

Scientific™ RevertAid™ First Strand cDNA Synthesis Kit according to the manufacturer's 

instructions. Briefly, 1μg of total RNA isolated from each sample was diluted with 

nuclease-free water up to 10 μL. Then, 10 μL from the RevertAid cDNA reaction (Table 

2.3) were added to each sample for a final volume reaction of 20 μL. The cDNA reaction 

master mix contains 4.0 μL 5X Reaction Buffer, 2.0 μL 10 mM dNTP Mix, 1.0 μL Oligo 

(dT)18 primer, 1.0 μL RT Random Hexamer primer, 1.0 μL RiboLock RNase Inhibitor (20 

U/μL), and 1.0 μL RevertAid M-MuLV RT (200 U/μL). The cDNA was synthesized under 

the following conditions: 25 °C for 5 min, followed by 42°C for 60 min, and then 70 °C 

for 5 min to terminate the reaction, and finally cooled to 4 °C in 96-well Thermal cycler 
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(Applied Biosystems, CA, USA). The completed reaction was stored at -20°C to prevent 

cDNA degradation. 

Table 2.3 RevertAid cDNA reaction components 

Kit component Per reaction (μL) 

5X Reaction Buffer 4 

10 mM dNTP Mix 2 

Oligo (dT)18 primer 1 

RT Random Hexamer primer 1 

RiboLock RNase Inhibitor (20 U/μL) 1 

RevertAid M-MuLV RT (200 U/μL) 1 

Total Volume 10 

 

2.7.2 cDNA synthesis for quantitative analysis of miRNA 

For the miRNA, cDNA synthesis was prepared from the total RNA using miScript® II 

RT Kit according to the manufacturer’s instructions. Briefly, 2 μg of total RNA isolated 

from each sample were diluted with nuclease-free water up to 12 μL. Then, 8 μL of 

miScript® II RT cDNA reaction (Table 2.4) were added to each sample for a final reaction 

volume of 20 μL. The cDNA reaction master mix contains 4.0 μL 5x miScript HiSpec 

Buffer, 2.0 μL 10x miScript Nucleics Mix and 2.0 μL miScript Reverse Transcriptase Mix. 

The cDNA was synthesized through incubation of the reaction mixture in 96-well Thermal 

cycler at 37°C for 1 h followed by 5 min at 95ºC to inactivate the miScript Reverse 

Transcriptase enzyme. The completed reaction was stored at -20°C to prevent cDNA 

degradation. 
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Table 2.4 miScript® II RT cDNA reaction components  

Kit component Per reaction (μL) 

5x miScript HiSpec Buffer 4 

10x miScript Nucleics Mix 2 

miScript Reverse Transcriptase Mix 2 

Total Volume 8 

 

2.8 Quantitative real-time polymerase chain reaction (qPCR)  

2.8.1 Relative quantification of mRNA using qPCR 

The qPCR analysis was performed using PowerUp™ SYBR™ Green Master Mix to 

quantify the mRNA expression of iNOS, COX-2, TNF-α, IL-6, HO-1, OSGIN1 and 

GPADH (as a housekeeping gene).  

Before quantification by qPCR, the cDNA was firstly diluted with nuclease free water 

(1:3 dilution) by adding 40 μL nuclease-free water to the 20 μL cDNA reaction, from which 

3 μL used as a template for the qPCR reaction. The qPCR reaction mixture (Table 2.5) 

was carried out in a volume of 12.5 μL containing 6.25 μL of PowerUp™ SYBR™ Green 

Master Mix, 0.375 μL of 10 μM forward primer, 0.375 uL of 10 μM reverse primer, 3 μL 

of diluted cDNA sample equivalent to 50 ng cDNA, and 2.5 μL of nuclease-free water. 

qPCR analysis was conducted using ABI Prism 7500 system (Applied Biosystems) under 

the following conditions: initial activation at 95 °C for 10 min, followed by 40 PCR cycles 

of denaturation at 95 °C for 15 s and annealing/extension at 60 °C for 1 min. Melting curves 

were collected at the end of each run to check the primers specificity and the final PCR 

product purity. mRNA primers used in this study were designed using NCBI Primer-

BLAST and are listed in Table 2.6.   
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Table 2.5 qPCR reaction components for relative quantification of mRNA  

Component  Per reaction (μL) 

PowerUp™ SYBR™ Green Master Mix 6.25 

Forward primer (10 μM) 0.375 

Reverse primer (10 μM) 0.375 

cDNA 3 

Nuclease-free water 2.5 

Total Volume 12.5 

 

Table 2.6 Primer sequences used for the qPCR analysis  

Gene Forward Primer (5′–3′) Reverse Primer (5′–3′) 

iNOS GGAACCTACCAGCTCACTCTGG TGCTGAAACATTTCCTGTGCTGT 

COX-2 CTCACGAAGGAACTCAGCAC GGATTGGAACAGCAAGGATTTG 

TNF-α  GAACTCCAGGCGGTGCCTAT TGAGAGGGAGGCCATTTGGG 

IL-6 GATGCTACCAAACTGGATATAATCAG CTCTGAAGGACTCTGGCTTTG 

HO-1 CACAGATGGCGTCACTTCGTC GTGAGGACCCACTGGAGGAG 

OSGIN1 CGGTGACATCGCCCACTAC GCTCGGACTTAGCCCACTC 

GAPDH CTTTGTCAAGCTCATTTCCTGG TCTTGCTCAGTGTCCTTGC 

 

Primer’s name: Inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), tumor 

necrosis factor-α (TNF-α), interleukin-6 (IL-6), heme oxygenase-1 (HO-1), oxidative 

stress induced growth inhibitor-1 (OSGIN1), and glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH). 
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2.8.2 Relative quantification of miRNA using qPCR 

The qPCR analysis was performed using miScript SYBR® Green PCR Kit to quantify 

the miRNA expression of miR-21, miR-146a, miR-155, and RNU6-6p (as a housekeeping 

gene). 

Before quantification by qPCR, the cDNA was firstly diluted with nuclease free water 

(1:100 ratio) by taking 2 μL from the 20 μL synthesized cDNA and diluting them with 198 

μL of nuclease-free water, from which 2 μL used as a template for the qPCR reaction. The 

qPCR reaction mixture (Table 2.7) was carried out in a volume of 10 μL containing 5 μL 

of 2x QuantiTect® SYBR Green PCR Master Mix, 1 μL of 10x miScript primer assay, 1 

μL of 10x miScript universal primer, 2 μL of diluted cDNA sample, and 1 μL of nuclease-

free water. qPCR analysis was conducted using ABI Prism 7500 system (Applied 

Biosystems) under Qiagen standard protocol: initial activation at 95 °C for 15 min, 

followed by 40 PCR cycles of denaturation at 94°C for 15 s, annealing at 55°C for 30 s, 

and extension at 70°C for 30 s. Melting curves were collected at the end of each run to 

check the primers specificity and the final PCR product purity. miScript primer assays 

(miRNA-specific forward primers) were designed and purchased from Qiagen. miScript 

universal primer (miRNA reverse primer) was provided in the miScript SYBR® Green PCR 

Kit and was applied to all reactions allowing the detection of miRNAs in combination with 

miScript primer assays. Primer assays used in this study are listed in Table 2.8. 
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Table 2.7 qPCR reaction components for relative quantification of miRNA  

Component  Per reaction (μL) 

2x QuantiTect® SYBR Green PCR Master Mix 5 

10x miScript primer assay 1 

10x miScript universal primer 1 

cDNA 2 

Nuclease-free water 1 

Total Volume 10 

  

Table 2.8 Primer assays (forward primers) used for the qPCR analysis 

miRNA Primer assay sequence  

miR-21 UAGCUUAUCAGACUGAUGUUGA 

miR-146a  CCUGUGAAAUUCAGUUCUUCAG 

miR-155 UUAAUGCUAAUUGUGAUAGGGGU 

RNU6 Housekeeping gene 

 

2.9 qPCR data analysis 

qPCR data was analyzed using the relative quantification method also referred to as the 

2−ΔΔCT method (Schmittgen & Livak, 2008). The CT (cycle threshold) was calculated based 

on the number of PCR cycles at which the fluorescent signal crossed the threshold i.e., 

exceeded the background level. This method calculates relative gene expression in target 

and reference samples with a reference gene for normalization based on CT information 

produced from the qPCR machine (X. Rao et al., 2013). The final result of this method is 

displayed as the fold change of target gene expression in a target sample (treated sample) 

relative to a reference sample (untreated control), normalized to a reference gene; GAPDH 

(for mRNA) or RNU6 (for miRNA) as the following: 
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ΔCT = CT (target gene)−CT (reference gene). 

ΔΔCT = ΔCT (treated sample) − ΔCT (untreated control). 

Fold change= 2−ΔΔCT 

2.10 Enzyme-Linked Immunosorbent Assay (ELISA) for TNF-α and IL-6 

RAW 264.7 cells were seeded at a density of 1 × 106 cells/well in a 6-well plate and 

incubated overnight. The cells were then stimulated with 100 ng/mL LPS plus 10 U/mL 

IFN-γ and co-incubated with T. boudieri and T. claveryi extracts at concentrations of 5 and 

20 µg/mL for 24 h at 37°C in a 5% CO2 incubator. SFN (1 µM)  was used as a positive 

control. After incubation, the supernatants were collected, centrifuged at 1000x g for 20 

min at 4°C, and then stored at − 80 °C. The samples were subsequently analyzed for TNF-

α and IL-6 proteins.  

2.10.1 ELISA for TNF-α 

The concentration of TNF-α protein secreted into the cell culture supernatant was 

measured using an ELISA kit according to the manufacturer’s instructions. 

Reagent preparation 

The Reference Standard was diluted to different concentrations with the provided 

Reference Standard and Sample Diluent to prepare the standard curve of TNF-α 

concentrations with a detection range of 31.25- 1000 pg/mL. The 25x Concentrated Wash 

Buffer was also diluted to 1x working solution with deionized water. Moreover, the 100x 

Concentrated TNF-α Biotinylated Detection Ab was diluted to 1x working solution with 

the provided Biotinylated Detection Ab Diluent. Finally, the 100x Concentrated HRP 

Conjugate was diluted to 1x working solution with the provided HRP Conjugate Diluent. 
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Sample preparation 

Samples were brought to room temperature before use followed by brief mixing. 

Samples were also diluted with Reference Standard and Sample Diluent (1: 200 ratio) for 

detecting TNF-α protein.  

Assay procedures  

The TNF-α ELISA kit is based on the Sandwich-ELISA principle in which the ELISA 

microplate has been pre-coated with an antibody specific to the mouse TNF-α. Briefly, 

100μL of the cell culture supernatant (1:200 dilution) were added to the ELISA microplate 

wells followed by incubation for 90 min at 37°C. The liquid was then removed, and 100μL 

of 1x Biotinylated Detection Ab specific for Mouse TNF-α were added to each well and 

incubated for 1 h at 37°C. After that, the solution was decanted and 350μL of 1x wash 

buffer were added to each well (washing step was repeated 3 times). Then, 100μL of 1x  

HRP Conjugate were added to each well and incubated for 30 min at 37°C. The solution 

was decanted again after the incubation time and 350μL of 1x wash buffer were added to 

each well (washing step was repeated 5 times). This was followed by addition of 90μL 

substrate reagent to each well and incubation for 15 min at 37°C. Only wells containing   

mouse TNF-α, biotinylated detection antibody and HRP conjugate appeared blue in color 

after substrate addition. Finally, the enzyme-substrate reaction was terminated by the 

addition of 50μL stop solution to each well and the color turned into yellow. The 

absorbance of each well was immediately measured at 450 nm using SPECTROstar® Nano 

microplate reader. The concentration of the mouse TNF-α  in each sample was calculated 

by comparing the absorbance of the samples to the standard curve (Table 2.9). 
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Table 2.9 Standard curve of TNF-α  concentration versus absorbance 

TNF-α  (pg/mL) Absorbance 

1000 1.8554 

500 1.06735 

250 0.5953 

125 0.3396 

62.5 0.20395 

31.25 0.0987 

0 0 

 

2.10.2 ELISA for IL-6 

The concentration of IL-6 protein secreted into the cell culture supernatant was 

measured using an ELISA kit according to the manufacturer’s instructions. 

Reagent preparation 

The Reference Standard was diluted to different concentrations with the provided 

Reference Standard and Sample Diluent to prepare the standard curve of IL-6 

concentrations with a detection range of 31.25- 2000 pg/mL. The 25x Concentrated Wash 

Buffer was also diluted to 1x working solution with deionized water. Moreover, the 100x 

Concentrated IL-6 Biotinylated Detection Ab was diluted to 1x working solution with the 

provided Biotinylated Detection Ab Diluent. Finally, the 100x Concentrated HRP 

Conjugate was diluted to 1x working solution with the provided HRP Conjugate Diluent. 
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Sample preparation  

Samples were brought to room temperature before use followed by brief mixing. 

Samples were also diluted with Reference Standard and Sample Diluent (1: 20 ratio) for 

detecting IL-6 protein. 

Assay procedures  

The IL-6 ELISA kit is based on the Sandwich-ELISA principle in which the ELISA 

microplate has been pre-coated with an antibody specific to the mouse IL-6. Briefly, 100μL 

of the cell culture supernatant (1:20 dilution) were added to the ELISA microplate wells 

followed by incubation for 90 min at 37°C. The liquid was then removed, and 100μL of 1x 

Biotinylated Detection Ab specific for Mouse IL-6 were added to each well and incubated 

for 1 h at 37°C. After that, the solution was decanted and 350μL of 1x wash buffer were 

added to each well (washing step was repeated 3 times). Then, 100μL of 1x  HRP 

Conjugate were added to each well and incubated for 30 min at 37°C. The solution was 

decanted again after the incubation time and 350μL of 1x wash buffer was added to each 

well (washing step was repeated 5 times). This was followed by addition of 90μL substrate 

reagent to each well and incubation for 15 min at 37°C. Only wells containing  mouse IL-

6, biotinylated detection antibody and HRP conjugate appeared blue in color after substrate 

addition. Finally, the enzyme-substrate reaction was terminated by the addition of 50μL 

stop solution to each well and the color turned into yellow. The absorbance of each well 

was immediately measured at 450 nm using SPECTROstar® Nano microplate reader. The 

concentration of the mouse IL-6 in each sample was calculated by comparing the 

absorbance of the samples to the standard curve (Table 2.10). 
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Table 2.10 Standard curve of IL-6  concentration versus absorbance 

IL-6  (pg/mL) Absorbance 

2000 2.35105 

1000 1.31855 

500 0.63385 

250 0.30825 

125 0.30385 

62.5 0.1525 

31.25 0.1124 

0 0 

 

2.11 Western Blotting 

Preparation of whole cell lysate 

RAW 264.7 cells were seeded at a density of 1 × 106 cells/well in a 6-well plate and 

incubated overnight. The cells were then stimulated with 100 ng/ml LPS plus 10 U/ml IFN-

γ and co-incubated with T. boudieri and T. claveryi extracts at concentrations of 20 µg/mL 

for 24 h at 37°C in 5% CO2 incubator. SFN (1 µM)  was used as a positive control. Briefly, 

cells were washed with ice-cold PBS and kept on ice throughout. PBS was then discarded 

and replaced by new ice-cold PBS. Cells were subsequently harvested using cell scraper to 

dislodge the adherent cells from the plate. This was followed by transferring the cell 

suspension into pre-cooled microcentrifuge tubes and centrifugation at 125 x g for 10 min 

at 4°C. The supernatant was then discarded, and the pellet was resuspended in 100 μL of 

1x ice-cold cell lysis buffer containing 1x protease inhibitor cocktail. Cell lysates were 

incubated for 30 min on ice followed by centrifugation at 14,000 x g for 15 min at 4°C. 

After centrifugation, the supernatant containing the whole cell lysates was collected and 
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stored at -80°C. The protein concentration was measured using Pierce™ BCA Protein 

Assay Kit.  

Total protein quantification  

Pierce™ BCA Protein Assay Kit was used to quantify the total protein in the samples 

according to the the manufacturer’s instructions. 

Assay procedures  

This method is based on bicinchoninic acid (BCA) for the colorimetric detection and 

quantification of total protein. Before determining the protein concentration, the protein 

was firstly diluted with 1x cell lysis buffer (1:5 ratio) by taking 5 μL from the whole cell 

lysate of each sample and diluting them with 20 μL of  1x cell lysis buffer. Then, 25 µL of 

each standard or unknown diluted sample were added into a 96-well plate. This was 

followed by adding 200 µL of the BCA working reagent (50:1, Reagent A: B) to each well 

and shaking the plate for 30 seconds. The plate was then covered and incubated for 30 min 

at 37°C. After incubation, the absorbance of each well was measured at 562 nm using the 

SPECTROstar® Nano microplate reader. The protein concentration of each unknown 

sample was calculated based on a standard curve prepared with bovine serum albumin 

(Table 2.11 and Table 2.12). 
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Table 2.11 Preparation of diluted BSA standard 

Dilution Scheme (Working Range = 20–2,000 µg/mL) 

Vial Volume of Diluent 

(µL) 

Volume and Source of 

BSA (µL) 

Final BSA 

Concentration (µg/mL) 

A 0 300 of Stock 2000 

B 125 375 of Stock 1500 

C 325 325 of Stock 1000 

D 175 175 of vial B dilution 750 

E 325 325 of vial C dilution 500 

F 325 325 of vial E dilution 250 

G 325 325 of vial F dilution 125 

H 400 100 of vial G dilution 25 

I 400 0 0 = Blank 

 

Table 2.12 Standard curve of BSA concentration versus absorbance 

BSA concentration (µg/ml) Absorbance 

2000 2.0557 

1500 1.5747 

1000 1.0607 

750 0.8505 

500 0.5913 

250 0.3365 

125 0.1880 

25 0.0438 

0 0 
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Sample preparation  

After measuring the protein concentration for each cell lysate, samples were reduced 

and denatured for gel electrophoresis. In brief, 10 μg of the protein was added into a 

microcentrifuge tube containing 5 μL of NuPAGE® LDS Sample Buffer (4X), 2 μL of 

NuPAGE® Reducing Agent (10X), and Deionized Water up to 13 μL. The reducing and 

denaturing reaction was carried out in a volume of 20 μL (Table 2.13). Samples were then 

heated for 10 min at 70°C.  

Table 2.13 Reducing and denaturing reaction components for gel electrophoresis  

Reagent  Reduced sample  

Sample x μL equivalent to 10 μg protein 

NuPAGE® LDS Sample Buffer (4X) 5 μL 

NuPAGE® Reducing Agent (10X) 2 μL 

Deionized Water to 13 μL 

Total Volume 20 μL 

  

Buffer preparation 

The 20x NuPAGE™ MES SDS Running Buffer was diluted to 1x working solution 

with deionized water. The 20x  NuPAGE™ Transfer Buffer was also diluted to 1x working 

solution with deionized water and 10% methanol. Furthermore, Pierce™ 20X TBS 

Tween™ 20 Buffer was diluted to 1x TBST working solution with deionized water. 

Blocker™ BSA (10X) in PBS was finally diluted with 1x TBST to prepare 5% blocking 

buffer.  
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Electrophoresis  

Equal volume of protein (20 μl) was loaded into each lane of the NuPAGE™ 4 to 12%, 

Bis-Tris Gel along with the Prestained Protein Marker. The gel was running into 1x  

NuPAGE™ MES SDS Running Buffer for 35 min at 200 Volts. The gel electrophoresis 

was conducted using the XCell SureLock™ Mini-Cell (Thermo Fisher Scientific, MA, 

USA). After electrophoresis, the protein was transferred into a PVDF membrane through 

electrotransfer process.  

Electrotransfer  

Prior to the electrotransfer process, the PVDF membrane was activated with methanol 

for 30 seconds followed by rinsing in deionized water. The membrane was then placed into 

1x NuPAGE™ Transfer Buffer. After membrane activation, the electrotransfer process 

was performed for 60 min at 30 Volts to transfer the protein from the gel to the PVDF 

membrane via 1x NuPAGE™ Transfer Buffer using the  XCell II™ Blot Module (Thermo 

Fisher Scientific, MA, USA).  

Membrane blocking and antibody incubations 

Following transfer, the PVDF membrane was blocked in 5% Blocker™ BSA for 1 h at 

room temperature. The membrane was then washed three times for 5 min each with 1x 

TBST. This was followed by incubating the membrane overnight at 4°C with primary 

antibodies diluted in 1x TBST;  Rabbit polyclonal anti-iNOS antibody (1: 2000), Rabbit 

polyclonal anti-COX-2 antibody (1: 1000), and Rabbit polyclonal anti-GAPDH antibody 

(1: 2500). After overnight incubation, the membrane was washed three times for 5 min 

each with 1x TBST. The membrane was then incubated for 1 h at room temperature with 
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Goat anti-Rabbit IgG (H+L) secondary antibody, horseradish peroxidase (HRP)-

conjugated diluted in 5% Blocker™ BSA (1: 15000). After incubation, the membrane was 

washed three times for 5 min each with 1x TBST and incubated for 1 min with the Pierce™ 

ECL Western Blotting Substrate. Finally, the membrane was covered with plastic wrap and 

exposed to chemiluminescence. Proteins were visualized with the Pierce™ ECL Western 

Blotting Substrate using ChemiDoc MP Imaging System (Bio-Rad Laboratories, CA, 

USA). The density of western blotting bands was quantified using the ImageLab software 

(Bio-Rad). The density of the protein bands was normalized to that of GAPDH. The density 

values were relatively expressed to the average value for the untreated control group, which 

was designated as 1.0. 

2.12 Statistical analysis 

Data are expressed as mean ± standard error of the mean (SEM) for the indicated 

number of independently performed experiments. Statistical analysis was performed using 

SigmaPlot Version 14.0 (Systat Software, Inc., San Jose, CA, USA). Statistical 

significance between multiple groups was calculated by one-way ANOVA followed by 

Student–Newman–Keuls (SNK) post-hoc test, where P-value < 0.05 was considered 

statistically significant. All values obtained from the Griess assay, ELISA, and BCA assay 

were subjected to linear regression analysis.  
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Chapter 3: Results 
 

 

3.1 Effect of T. boudieri and T. claveryi extracts on the viability of RAW 264.7 cells 

Before examining the effect of T. boudieri and T. claveryi extracts on LPS/IFN-γ-

induced inflammation in RAW 264.7 cells, MTT assay was performed to determine the 

optimal concentrations to be used in the study i.e., effective in providing anti-inflammatory 

with minimum cytotoxicity. RAW 264.7 cells were incubated with increasing 

concentrations of T. boudieri and T. claveryi extracts (5–160 μg/mL) in the presence or 

absence of LPS/IFN-γ (100 ng/10 U/mL) for 24 h. SFN (1 µM) was used as a positive 

control. Both extracts did not significantly affect the cell viability at concentrations below 

40 μg/mL compared to the untreated control. However, cell viability was decreased by 

approximately 63% with T. boudieri and 46% with T. claveryi  when the concentration was 

increased to 160 μg/mL, revealing that T. boudieri has more cytotoxic effect on RAW 

264.7 cells (Figure 3.1A,B). When the cells were incubated with LPS/IFN-γ, similar 

results were observed with no cytotoxicity at concentrations of 5, 10, and 20 µg/mL for 

both extracts (Figure 3.1C). SFN (1 µM) alone and in combination with LPS/IFN-γ did not 

show any cytotoxicity on RAW 264.7 cells (Figure 3.1D). Therefore, T. boudieri and T. 

claveryi extracts were used at concentrations of 5, 10, 20 μg/mL in all subsequent 

experiments to investigate their effects on inflammation induced by LPS/IFN-γ in RAW 

264.7 cells.  
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Figure 3.1 Effect of T. boudieri and T. claveryi extracts on the viability of RAW 264.7 

cells.   RAW 264.7 cells were separately incubated with increasing concentrations (5–160 

μg/mL) of T. boudieri (A) and T. claveryi (B) extracts or with LPS/IFN-γ (100 ng/10 

U/mL) (C), and SFN (1 µM) as a positive control (D) for 24 h. Cell viability was measured 

using MTT assay. Data are expressed as a percentage of control (100%) ± SEM (n = 8). 

Statistical significance was calculated by one-way ANOVA followed by Student–

Newman–Keuls (SNK) post-hoc test. $ P < 0.05 vs. control.
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3.2 Effect of T. boudieri and T. claveryi extracts on nitrite production in LPS/IFN-γ-

stimulated RAW 264.7 cells 

To investigate the anti-inflammatory effects of T. boudieri and T. claveryi extracts on 

nitrite production, RAW 264.7 cells were treated with T. boudieri and T. claveryi extracts 

at concentrations of 5, 10, and 20 µg/mL in the presence of LPS/IFN-γ (100 ng/10 U/mL) 

for 24 h. SFN (1 µM) was used as a positive control. As shown in Figure 3.2, the nitrite 

levels in the cell culture medium were measured using the Griess Reagent Kit. Nitrite levels 

exhibited a substantial increase by 200% compared to the untreated control after 

stimulating cells with LPS/IFN-γ. However, treatment with both Terfezia extracts inhibited 

nitrite production in LPS/IFN-γ-stimulated cells in a dose-dependent manner. T. boudieri 

extract at concentrations of 5, 10, and 20 µg/mL significantly inhibited nitrite production 

by 11, 31, and 45%, respectively, and T. claveryi at concentrations of 10 and 20 µg/mL 

showed a statistically significant inhibition of nitrite production by 38 and 41%, 

respectively. SFN (1 µM) also decreased nitrite levels by 29%.  
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Figure 3.2 Effect of T. boudieri and T. claveryi extracts on nitrite production in 

LPS/IFN-γ-stimulated RAW 264.7 cells. RAW 264.7 cells were stimulated with 

LPS/IFN-γ (100 ng/10 U/mL) and co-incubated with T. boudieri and T. claveryi extracts 

at concentrations of 5, 10, and 20 µg/mL for 24 h. SFN (1 µM) was used as a positive 

control. Nitrite levels were analyzed by the Griess Reagent Kit. Data are expressed as mean 

± SEM (n = 8). Statistical significance was calculated by one-way ANOVA followed by 

Student–Newman–Keuls (SNK) post-hoc test. $ P < 0.05 vs. control. * P < 0.05 vs. 

LPS/IFN-γ. 
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3.3 Effect of T. boudieri and T. claveryi extracts on the mRNA expression of iNOS in 

LPS/IFN-γ-stimulated RAW 264.7 cells 

To investigate whereas the reduction of nitrite production following treatment with 

Terfezia extracts was due to suppression of iNOS gene expression, RAW 264.7 cells were 

treated with T. boudieri and T. claveryi extracts at concentrations of 5, 10, and 20 µg/mL 

in the presence of LPS/IFN-γ (100 ng/10 U/mL) for 6 h. SFN (1 µM) was used as a positive 

control. iNOS mRNA expression was then determined using qPCR. As shown in Figure 

3.3, LPS/IFN-γ remarkably upregulated the mRNA expression of iNOS by 354% compared 

to the untreated control. Nevertheless, when the LPS/IFN-γ-stimulated cells were co-

treated with Terfezia extracts, T. boudieri at concentrations of 5, 10, and 20 µg/mL dose-

dependently suppressed the upregulation of iNOS mRNA expression by 23, 28, and 30%, 

respectively, and T. claveryi extract at concentrations of 5, 10, and 20 µg/mL 

downregulated iNOS mRNA expression by 24, 34, and 42%, respectively, in a dose-

dependent manner. SFN (1 µM) also inhibited the iNOS mRNA expression by 38%. These 

results indicate that Terfezia extracts decreased nitrite production in LPS/IFN-γ-stimulated 

macrophages by downregulating iNOS transcription.  
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Figure 3.3 Effect of T. boudieri and T. claveryi extracts on the mRNA expression of 

iNOS in LPS/IFN-γ-stimulated RAW 264.7 cells. RAW 264.7 cells were stimulated with 

LPS/IFN-γ (100 ng/10 U/mL) and co-incubated with T. boudieri and T. claveryi extracts 

at concentrations of 5, 10, and 20 µg/mL for 6 h. SFN (1 µM) was used as a positive control. 

iNOS mRNA expression level was analyzed by qPCR. Data are expressed as mean ± SEM 

(n = 3). Statistical significance was calculated by one-way ANOVA followed by Student–

Newman–Keuls (SNK) post-hoc test. $ P < 0.05 vs. control. * P < 0.05 vs. LPS/IFN-γ. 
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3.4 Effect of T. boudieri and T. claveryi extracts on the mRNA expression of COX-2 

in LPS/IFN-γ-stimulated RAW 264.7 cells 

To examine the suppressive effect of Terfezia extracts on the COX-2 mRNA 

expression, RAW 264.7 cells were treated with T. boudieri and T. claveryi extracts at 

concentrations of 5, 10, and 20 µg/mL in the presence of LPS/IFN-γ (100 ng/10 U/mL) for 

6 h. SFN (1 µM) was used as a positive control. COX-2 mRNA expression was then 

determined using qPCR. Figure 3.4 shows that the mRNA expression of COX-2 was 

significantly induced by 409% compared to the untreated control following stimulation by 

LPS/IFN-γ. However, when the LPS/IFN-γ-stimulated cells were co-treated with Terfezia 

extracts, T. boudieri strongly downregulated the mRNA expression of COX-2 by 

approximately 60% (5 –20 µg/mL), and T. claveryi extract at only 20 µg/mL significantly 

downregulated the mRNA expression of COX-2 by 35%. Significant differences were also 

observed in the inhibitory effects of both Terfezia extracts on the COX-2 mRNA 

expression, with T. boudieri being statistically significant compared to T. claveryi at 5, 10, 

and 20 µg/mL. SFN (1 µM) also inhibited the COX-2 mRNA expression by 31%.  
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Figure 3.4 Effect of T. boudieri and T. claveryi extracts on the mRNA expression of 

COX-2 in LPS/IFN-γ-stimulated RAW 264.7 cells. RAW 264.7 cells were stimulated 

with LPS/IFN-γ (100 ng/10 U/mL) and co-incubated with T. boudieri and T. claveryi 

extracts at concentrations of 5, 10, and 20 µg/mL for 6 h. SFN (1 µM) was used as a positive 

control. COX-2 mRNA expression level was analyzed by qPCR. Data are expressed as 

mean ± SEM (n = 3). Statistical significance was calculated by one-way ANOVA followed 

by Student–Newman–Keuls (SNK) post-hoc test. $ P < 0.05 vs. control. * P < 0.05 vs. 

LPS/IFN- γ. # P < 0.05, T. boudieri at any given concentration vs. T. claveryi at the 

corresponding concentration.  
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3.5 Effect of T. boudieri and T. claveryi extracts on the mRNA expression of TNF-α 

and IL-6 in LPS/IFN-γ-stimulated RAW 264.7 cells 

To examine the potential anti-inflammatory effects of Terfezia extracts on the mRNA 

expression of pro-inflammatory cytokines TNF-α and IL-6, RAW 264.7 cells were treated 

with T. boudieri and T. claveryi extracts at concentrations of 5, 10, and 20 µg/mL in the 

presence of LPS/IFN-γ (100 ng/10 U/mL) for 6 h. SFN (1 µM) was used as a positive 

control. The mRNA expression of TNF-α and IL-6 was then determined using qPCR. 

Figure 3.5 shows that incubation with LPS/IFN-γ significantly increased the mRNA 

expression of TNF-α and IL-6 by 447 and 5278%, respectively, compared to the untreated 

controls. However, when the LPS/IFN-γ-stimulated cells were co-treated with Terfezia 

extracts, T. boudieri and T. claveryi at only 20 µg/mL significantly reduced the mRNA 

expression of TNF-α by 23, and 30%, respectively (Figure 3.5A). Moreover, the mRNA 

expression of IL-6 was significantly downregulated by treatment with T. boudieri (5, 10, 

and 20 µg/mL) by 23, 25, and 30%, respectively, and also downregulated by treatment with 

T. claveryi (5, 10, and 20 µg/mL) by 20, 27, and 40%, respectively, as shown in Figure 

3.5B. Both extracts suppressed the LPS/IFN-γ-induced upregulation of TNF-α and IL-6 

mRNA expression levels in a concentration-dependent manner. SFN (1 µM) also achieved 

a statistically significant inhibition of TNF-α and IL-6 by 58%.  
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Figure 3.5 Effect of T. boudieri and T. claveryi extracts on the mRNA expression of 

TNF-α and IL-6 in LPS/IFN-γ-stimulated RAW 264.7 cells. RAW 264.7 cells were 

stimulated with LPS/IFN-γ (100 ng/10 U/mL) and co-incubated with T. boudieri and T. 

claveryi extracts at concentrations of 5, 10, and 20 µg/mL for 6 h. SFN (1 µM) was used 

as a positive control. TNF-α (A) and IL-6 (B) mRNA expression levels were analyzed by 

qPCR. Data are expressed as mean ± SEM (n = 3). Statistical significance was calculated 

by one-way ANOVA followed by Student–Newman–Keuls (SNK) post-hoc test. $ P < 

0.05 vs. control. * P < 0.05 vs. LPS/IFN-γ. 



 

67 
 

3.6 Effect of T. boudieri and T. claveryi extracts on the mRNA expression of HO-1 

and OSGIN1 in LPS/IFN-γ-stimulated RAW 264.7 cells 

To determine whether the anti-inflammatory effects of Terfezia extracts were related 

to modulation of the Nrf2 signaling pathway, RAW 264.7 cells were firstly treated with T. 

boudieri and T. claveryi extracts at concentrations of 5, 10, and 20 µg/mL in the presence 

of LPS/IFN-γ (100 ng/10 U/mL) for 6 h. SFN (1 µM) was used as a positive control. qPCR 

was then performed to measure the mRNA expression of Nrf2 targets (HO-1 and OSGIN1). 

Figure 3.6A,C shows that T. boudieri, T. claveryi and SFN did not shown any significant 

upregulation on the mRNA expression of HO-1 and OSGIN1 at any tested concentration. 

Consequently, the concentration of T. boudieri and T. claveryi was increased to a non-

cytotoxic concentration of 40 µg/mL. SFN was also increased up to 5 µM. As shown in 

Figure 3.6B,D, SFN (5 µM) significantly upregulated the mRNA expression of HO-1 and 

OSGIN1 by 407 and 248%, respectively, whereas T. boudieri and T. claveryi (40 µg/mL) 

did not show any significant effect on either HO-1 or OSGIN1 mRNA expression.  
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Figure 3.6 Effect of T. boudieri and T. claveryi extracts on the mRNA expression of 

HO-1 and OSGIN1 in LPS/IFN-γ-stimulated RAW 264.7 cells. RAW 264.7 cells were 

stimulated with LPS/IFN-γ (100 ng/10 U/mL) and co-incubated with T. boudieri and T. 

claveryi extracts at concentrations of 5, 10, 20 and 40 µg/mL for 6 h. SFN at concentrations 

of 1 and 5 µM was used as a positive control. The mRNA expression levels of  HO-1 (A, 

B) and OSGIN1 (C, D) were analyzed by qPCR. Data are expressed as mean ± SEM (n = 

3). Statistical significance was calculated by one-way ANOVA followed by Student–

Newman–Keuls (SNK) post-hoc test. $ P < 0.05 vs. control. * P < 0.05 vs. LPS/IFN-γ. 
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3.7 Effect of T. boudieri and T. claveryi extracts on the miRNA expression of miR-21, 

miR-146a, and miR-155 in LPS/IFN-γ-stimulated RAW 264.7 cells 

To investigate whether the anti-inflammatory effects of Terfezia extracts were 

associated with epigenetic modulation of gene expression, RAW 264.7 cells were treated 

with T. boudieri and T. claveryi extracts at concentrations of 5, 10, and 20 µg/mL in the 

presence of LPS/IFN-γ (100 ng/10 U/mL) for 6 h. SFN (1 µM) was used as a positive 

control. qPCR was then performed to measure the miRNA expression of miR-21, miR-

146a, and miR-155. As shown in Figure 3.7, miR-21, miR-146a, and miR-155 were 

significantly upregulated by 206, 263, and 247%, respectively, in LPS/IFN-γ-induced cells 

compared to the untreated controls, and significantly reduced by treatment with Terfezia 

extracts in a dose-dependent manner. Significant differences were also observed in the 

inhibitory effects of Terfezia extracts on the miR-21, and miR-146a, with T. claveryi (20 

µg/mL) being statistically significant compared to T. boudieri (20 µg/mL). Figure 3.7A 

illustrates that T. boudieri (10 and 20 µg/mL) significantly reduced the upregulation of 

miR-21 by approximately 35%, and T. claveryi (5, 10, and 20 µg/mL) showed a significant 

inhibition of the upregulated miR-21 by 21, 50, and 64%, respectively. Figure 3.7B 

demonstrates that T. boudieri (5, 10, and 20 µg/mL) significantly reduced the upregulation 

of miR-146a by 28, 54, and 58%, respectively, and T. claveryi (5, 10, and 20 µg/mL) 

showed a highly significant inhibition of the upregulated miR-146a by 46, 70, and 85%, 

respectively. Figure 3.7C shows that T. boudieri and T. claveryi at only 20 µg/mL 

significantly decreased the upregulation of miR-155 by 28 and 35%, respectively. SFN (1 

µM) also downregulated the expression of miR-21, miR-146a, and miR-155 by 55, 72 and 

36%, respectively.  
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Figure 3.7 Effect of T. boudieri and T. claveryi extracts on the miRNA expression of 

miR-21, miR-146a, and miR-155 in LPS/IFN-γ-stimulated RAW 264.7 cells. RAW 

264.7 cells were stimulated with LPS/IFN-γ (100 ng/10 U/mL) and co-incubated with T. 

boudieri and T. claveryi extracts at concentrations of 5, 10, and 20 µg/mL for 6 h. SFN (1 

µM) was used as a positive control. The miRNA expression levels of  miR-21 (A), miR-

146a (B), and miR-155 (C) were analyzed by qPCR. Data are expressed as mean ± SEM 

(n = 3). Statistical significance was calculated by one-way ANOVA followed by Student–

Newman–Keuls (SNK) post-hoc test. $ P < 0.05 vs. control. * P < 0.05 vs. LPS/IFN- γ. # 

P < 0.05, T. boudieri at any given concentration vs. T. claveryi at the corresponding 

concentration.  
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Effect of T. boudieri and T. claveryi extracts on the secretion of TNF-α and IL-6 

proteins in LPS/IFN-γ-stimulated RAW 264.7 cells 

To relate Terfezia-mediated inhibition of the mRNA expression of cytokines TNF-α 

and IL-6 to cytokines secretion, RAW 264.7 cells were treated with T. boudieri and T. 

claveryi extracts at concentrations of 5 and 20 µg/mL in the presence of LPS/IFN-γ (100 

ng/10 U/mL) for 24 h. SFN (1 µM) was used as a positive control. The concentration of 

TNF-α and IL-6 proteins secreted into the cell culture supernatant was measured using 

ELISA. As shown in Figure 3.8, the production of TNF-α and IL-6 proteins was 

significantly increased in the cell culture medium of LPS/IFN-γ-induced cells, compared 

to the untreated controls. However, when the cells were co-treated with Terfezia extracts, 

T. boudieri at 20 µg/mL significantly reduced TNF-α and IL-6 production by 24, and 14%, 

respectively. It was also found that T. claveryi at 20 µg/mL and SFN (1 µM) displayed a 

significant decrease in TNF-α production by 27, and 34%, respectively, but they did not 

show any significant inhibition on IL-6 production (Figure 3.8A,B). 
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Figure 3.8 Effect of T. boudieri and T. claveryi extracts on the secretion of TNF-α and 

IL-6 proteins in LPS/IFN-γ-stimulated RAW 264.7 cells. RAW 264.7 cells were 

stimulated with LPS/IFN-γ (100 ng/10 U/mL) and co-incubated with T. boudieri and T. 

claveryi extracts at concentrations of 5 and 20 µg/mL for 24 h. SFN (1 µM) was used as a 

positive control. TNF-α (A) and IL-6 (B) protein concentrations were quantified by ELISA. 

Data are expressed as mean ± SEM (n = 3). Statistical significance was calculated by one-

way ANOVA followed by Student–Newman–Keuls (SNK) post-hoc test. $ P < 0.05 vs. 

control. * P < 0.05 vs. LPS/IFN-γ. 
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3.8 Effect of T. boudieri and T. claveryi extracts on the expression of iNOS and 

COX-2 proteins in LPS/IFN-γ-stimulated RAW 264.7 cells 

To confirm the inhibitory effect of Terfezia extracts on the iNOS and COX-2 

expression at the protein level, RAW 264.7 cells were treated with T. boudieri and T. 

claveryi extracts at concentrations of 20 µg/mL in the presence of LPS/IFN-γ (100 ng/10 

U/mL) for 24 h. SFN (1 µM) was used as a positive control. The expression of iNOS and 

COX-2 proteins were examined using western blotting. As shown in Figure 3.9, LPS/IFN-

γ significantly increased the expression of iNOS and COX-2 proteins by 292 and 279%, 

respectively, compared to the untreated controls. However, when the LPS/IFN-γ-

stimulated cells were co-treated with Terfezia extracts, T. boudieri (20 µg/mL) 

significantly inhibited the iNOS and COX-2 expression by 41 and 30% respectively. 

Furthermore, T. claveryi (20 µg/mL) suppressed the expression of iNOS by 46%, but it did 

not show any significant effect on the COX-2 expression. SFN (1 µM) also inhibited the 

iNOS and COX-2 expression by 43 and 35%, respectively. The expression of the GAPDH, 

which was used as a loading control was not changed (Figure 3.9A,B). 
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Figure 3.9 Effect of T. boudieri and T. claveryi extracts on the expression of iNOS and 

COX-2 proteins in LPS/IFN-γ-stimulated RAW 264.7 cells. RAW 264.7 cells were 

stimulated with LPS/IFN-γ (100 ng/10 U/mL) and co-incubated with T. boudieri and T. 

claveryi extracts at concentrations of 20 µg/mL for 24 h. SFN (1 µM) was used as a positive 

control. iNOS (A) and COX-2 (B) protein expression levels were determined by western 

blotting. GAPDH was used as a loading control. Data are expressed as mean ± SEM (n = 

3). Statistical significance was calculated by one-way ANOVA followed by Student–

Newman–Keuls (SNK) post-hoc test. $ P < 0.05 vs. control. * P < 0.05 vs. LPS/IFN-γ. 
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Chapter 4: Discussion  
 

 

Inflammation is a protective immune response that can be triggered by noxious stimuli, 

such as pathogens and toxins. Inflammation is therefore the first immunological line of 

defense through which the body can remove infection and repair tissue damage. The extent 

of the inflammatory response has critical importance because failure to eliminate the 

inflammatory trigger during acute inflammation leads to chronic inflammation, 

autoimmune responses, and severe tissue damage. NSAIDs are the most used drugs in the 

treatment of inflammation-associated diseases but have serious side effects (Abdulkhaleq 

et al., 2018). Thus, multiple studies have been performed in order to explore alternative 

anti-inflammatory drugs of natural origin without the side effects of NSAIDs. The natural 

products are considered potential sources of novel anti-inflammatory agents, which can 

contribute to the development of innovative therapeutics (Beg et al., 2011). Desert truffles 

were reported to treat several inflammatory diseases (H. El Enshasy et al., 2013). 

Nevertheless, the mechanisms behind their anti-inflammatory activities in RAW 264.7 

macrophages remain unclear. Hence, in the present study, the anti-inflammatory properties 

of two major desert truffles, T. boudieri and T. claveryi have been examined. Both species 

have been selected for the study based on the abundance of functional anti-inflammatory 

compounds in their chemical profile. 

SFN was used a positive control in this study because it possesses a potent anti-

inflammatory activity, which is mediated through suppressing TLR4 oligomerization 

(Youn et al., 2010). Furthermore, Heiss et al. indicated that SFN reduced production of the 
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inflammatory mediators, including NO, PGE2, and TNF-α along with downregulation of 

iNOS, and COX-2 proteins in LPS-induced RAW 264.7 cells (Heiss et al., 2001). SFN-

mediated anti-inflammatory activity has been attributed in part to the activation of the Nrf2 

as reported by Lin et al (W. Lin et al., 2008). In addition to the previous studies, Saleh et 

al. demonstrated that SFN modulated the TLR-associated miRNAs, such as miR-146a and 

miR-155 in LPS/IFN-γ-induced RAW 264.7 cells (Saleh et al., 2021). Therefore, SFN 

represents an ideal positive control in evaluating the anti-inflammatory properties of other 

drugs. 

Macrophages play pivotal roles during the inflammatory response, such as 

phagocytosis of microbes, antigen presentation, and secretion of inflammatory mediators 

(Shapouri-Moghaddam et al., 2018). Moreover, macrophages are essential for maintaining 

homeostasis and tissue regeneration after injury (Watanabe et al., 2019; Wynn et al., 2013). 

Therefore, In vitro models of macrophages are important tools in evaluating the efficacy 

of the anti-inflammatory drugs through assessing the inflammatory response and 

cytotoxicity.  RAW 264.7 macrophage cells are generally  used to investigate the anti-

inflammatory properties of drugs, and significantly activated by LPS and/or IFN-γ 

(Martinez & Gordon, 2014).  IFN-γ is included in combination with LPS in the macrophage 

polarization, and the induction of macrophages with either one of them, leads to the 

secretion of several inflammatory mediators (Cassetta et al., 2011; Shapouri-Moghaddam 

et al., 2018; Sica et al., 2015). In the current study, to examine the effects of T. boudieri 

and T. claveryi extracts on the inflammatory pathways, RAW264.7 cells were stimulated 

with LPS (100 ng/mL) plus IFN-γ (10 U/mL). Our results demonstrated that LPS and IFN-

γ produced a significant inflammatory response in RAW 264.7 cells,  which is similar to 
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the findings of Saleh et al (Saleh et al., 2021). We first determined the non-cytotoxic 

concentrations of T. boudieri and T. claveryi extracts with or without LPS/IFN-γ in RAW 

264.7 cells using MTT assay. Our data showed that treatment of RAW 264.7 cells with T. 

boudieri and T. claveryi extracts in the presence or absence of LPS/IFN-γ was not 

associated with a decrease in the cellular viability at concentrations between 5-20 μg/mL. 

Therefore, the concentrations of 5, 10, and 20 μg/mL were selected for both extracts in all 

further experiments.  

The inflammatory response is mediated by a wide range of mediators forming complex 

regulatory networks that prevent further tissue damage and restore the normal physiology 

of the inflamed tissues (Medzhitov, 2008). Once macrophages are activated by LPS/IFN-

γ, production of inflammatory mediators including cytokines (e.g., TNF-α and IL-6), 

eicosanoids (e.g., prostaglandins), and NO are increased (Ahmad et al., 2006; Hong et al., 

2021). NO is a key signaling molecule that play an important role in the inflammatory 

response. NO is released as a cellular signaling molecule to increase the vasodilation in 

blood vessels by the activation of iNOS, which subsequently leads to apparent increase in 

the blood flow and recruitment of leukocytes to the region of inflammation (Alderton et 

al., 2001; K. Newton & Dixit, 2012; Tasneem et al., 2019). Therefore, to investigate the 

anti-inflammatory effects of T. boudieri and T. claveryi extracts, we analyzed the NO 

production, and the iNOS expression at the mRNA and protein levels in LPS/IFN-γ-

stimulated RAW 264.7 cells. Since NO is rapidly oxidized to nitrite, the nitrite level in the 

culture medium was measured as an indicator of NO production (Sun et al., 2003). Here, 

we found that T. boudieri and T. claveryi extracts inhibited NO production in a dose-

dependent manner, which was accompanied by a simultaneous reduction in the iNOS 
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mRNA expression. These data were consistent with our Western blotting analysis, in which 

both extracts exhibited a significant inhibition on the expression of iNOS protein. Our 

results indicate that Terfezia extracts effectively improve inflammatory conditions through 

inhibiting the overproduction of NO and the expression of iNOS in LPS/IFN-γ-stimulated 

RAW 264.7 cells.  

Prostaglandins are eicosanoid-derived molecules that participate in modulating 

numerous physiological processes, particularly during the immune responses. 

Prostaglandins are produced through metabolism of arachidonic acid by cyclooxygenases, 

which exist into two isoforms: COX-1 and COX-2. COX-1 is produced constitutively in 

most cells, whereas COX-2 is induced in response to inflammatory stimuli (Khanapure et 

al., 2007; Ricciotti & FitzGerald, 2011). Consequently, numerous anti-inflammatory drugs 

attempt to inhibit COX-2. Thus, to examine the suppressive effect of T. boudieri and T. 

claveryi extracts, we measured the mRNA and protein expression of COX-2 in LPS/IFN-

γ-stimulated RAW 264.7 cells. Our study revealed that both extracts downregulated the 

mRNA expression of COX-2, with T. boudieri being more potent in its action on the 

mRNA and protein levels. Taken together, these data suggest that the anti-inflammatory 

properties of Terfezia extracts are associated with the suppression of COX-2 expression in 

LPS/IFN-γ-stimulated macrophages. 

Cytokines are key signaling proteins, regulating the crosstalk between different cell 

types involved in the immune and inflammatory response (Turner et al., 2014). Among 

cytokines, TNF-α is the major mediator of inflammation with several effects, including 

stimulating other cytokines secretion, activating of cell adhesion molecules, and promoting 

cell growth and proliferation (Germolec et al., 2018; Turner et al., 2014). IL-6 is another 
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important cytokine released during inflammation, and its dysregulation causes a variety of 

inflammatory disorders (Balkwill & Mantovani, 2010). Hence, the dysregulation in the 

inflammatory cytokines production is commonly related to inflammatory diseases, making 

them potential therapeutic targets. In the current study, we assessed the expression of pro-

inflammatory cytokines TNF-α and IL-6 at the mRNA and protein levels in an attempt to 

identify the possible effects of T. boudieri and T. claveryi extracts on the inflammation 

mediated by LPS/IFN-γ in RAW 264.7 cells. Interestingly, T. boudieri extract decreased 

the expression of TNF-α and IL-6 in a dose-dependent manner at the mRNA and protein 

levels. On the other hand, T. claveryi reduced the mRNA expression of TNF-α and IL-6 

beside the suppression of TNF-α protein production, whereas IL-6 at the protein level was 

not reduced. Consistent with our results, Darwish et al. revealed that T. claveryi displayed 

anti-inflammatory activity by reducing the levels of TNF-α, IL-1β, and IFN-γ in LPS-

stimulated WBCs (Darwish et al., 2021b). In a previous study of subarachnoid hemorrhage, 

Echigo et al. reported that trehalose, a predominant disaccharide in T. boudieri and T. 

claveryi, decreased the levels of cytokines (TNF-α, IL-1α, IL-1β, and IL-6), and the 

expression of iNOS and COX-2 in blood-induced inflammation in RAW264.7 cells 

(Echigo et al., 2012).  Previous studies showed that terpenoids presented anti-inflammatory 

properties. Monoterpenes (e.g., α-Pinene) and sesquiterpenes (e.g., α-humulene and β-

caryophyllene) were reported in the chemical profile of T. boudieri and T. claveryi. α-

pinene monoterpene suppressed the production of NO, TNF-α, and IL-6 in mouse 

peritoneal macrophages. Moreover, α-pinene downregulated the expression of iNOS and 

COX-2 along with inhibition of the NF-κB and MAPK signaling pathways as confirmed 

by Kim et al (D.-S. Kim et al., 2015). In an in vivo study to evaluate the anti-inflammatory 
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activities of α-humulene and (−)-trans-caryophyllene sesquiterpenes extracted from the 

essential oil of Cordia verbenacea, it was reported that both compounds inhibited PGE2 

production, iNOS, and COX-2 expression in carrageenan-treated rats. Furthermore, α-

Humulene suppressed TNFα and IL-1β production, while –(-)trans-caryophyllene reduced 

only TNFα secretion (Fernandes et al., 2007). Moreover, phenolics found in the 

metabolome of both extracts, such as catechin, the major phenolic compound in T. 

boudieri, suppressed the production of NO, TNF-α, IL-1β, and IL-6 in LPS-treated rats 

(Ganeshpurkar & Saluja, 2020). These results suggest that Terfezia extracts exert anti-

inflammatory properties via suppressing the pro-inflammatory cytokines involved in the 

inflammatory process.  

Nrf2 is a key transcription factor, playing a central role in the inflammation signaling 

pathways and oxidative stress responses. Therefore, the present study examined whether 

the anti-inflammatory effects of T. boudieri and T. claveryi extracts were related to 

activation of the Nrf2 signaling pathway in RAW 264.7 cells induced by LPS/IFN-γ 

through assessing the gene expression of Nrf2 target genes, HO-1 and OSGIN1.  

Inflammatory cells produce numerous inflammatory mediators, which subsequently attract 

more inflammatory cells to the site of injury, leading to increase in the level of oxidative 

stress (Saha et al., 2020). Meanwhile, persistent oxidative stress has been found to be 

associated with chronic inflammation (Tu et al., 2019). Nrf2 signaling pathway is also 

important in reducing inflammation-related disorders, including atherosclerosis, asthma, 

autoimmune diseases, and rheumatoid arthritis (J. Kim et al., 2010). Several studies have 

reported that the activation of Nrf2 signaling pathway suppressed cytokines, chemokine, 

iNOS, COX-2 secretion, which in turn modulate the NF-kB and other inflammatory 
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cascades that regulate the transcription and activity of downstream target proteins during 

the inflammation process (Ahmed et al., 2017; Kobayashi et al., 2016). Our initial findings 

showed that T. boudieri, T. claveryi (5, 10, and 20 µg/mL), and SFN (1 µM) did not induce 

the mRNA expression of HO-1 and OSGIN1. Considering the fact that SFN is a potent 

activator of Nrf2, but it did not show any significant effect on the Nrf2 targets in our study 

at concentration of 1 µM. Thus, we increased its concentration to 5 µM, and the 

concentration of T. boudieri and T. claveryi was also increased to a non-cytotoxic 

concentration of 40 µg/mL, as assessed by MTT assay. Here, we clearly showed that SFN 

(5 µM) activated the gene expression of HO-1 and OSGIN1. On the other hand, T. boudieri 

and T. claveryi (40 µg/mL) did not show any significant induction on the gene expression 

of HO-1 and OSGIN. Similarly, a study by Doss et al. indicated that SFN (5 µM) 

significantly increased the mRNA level of HO-1 in erythroid cells, while it did not display 

the same effect at lower concentrations between 100 nM-1 µM (Doss et al., 2016). These 

results illustrate that Terfezia-mediated anti-inflammatory effects are not Nrf2-dependent. 

To further elucidate the Terfezia-mediated anti-inflammatory mechanisms, the current 

study investigated the regulatory effects of T. boudieri and T. claveryi extracts on the 

expression of inflammatory miRNAs, such as miR-21, miR-146a, and miR-155 in the 

LPS/IFN-γ-activated RAW 264.7 cells. These miRNAs were selected in this study based 

on their significant relevance to the TLR4 signaling pathway (Quinn & O’Neill, 2011). 

miRNAs play major roles in regulation of immune cell functions of both the innate and 

adaptive systems through targeting inflammation-related pathways, such as TLR4 (Fabbri 

et al., 2013; Mehta & Baltimore, 2016). miR-21 is a negative regulator of the TLR4-

induced immune response that suppresses the NF-κB activity and promotes the production 
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of the anti-inflammatory cytokine IL-10 through targeting of the programmed cell death 

protein 4 (PDCD4) (Sheedy et al., 2010). Furthermore, miR-146a was identified to be a 

NF-κB-dependent gene that targets interleukin-1 receptor-associated kinases1 (IRAK1) 

and TNF receptor associated factor 6 (TRAF6) in the TLR4 signaling pathway, suggesting 

it as a negative regulator of the innate immune response (Taganov et al., 2006). 

Additionally, miR-155 has a well-characterized role in inflammation through targeting 

multiple proteins involved in the TLR4 signaling pathway (Ferrajoli et al., 2013; X. He et 

al., 2014). Ceppi et al. reported that miR-155 negatively regulated the inflammatory 

response to LPS in monocyte-derived dendritic cells. This negative regulation by miR-155 

was related to its ability to target TAB2, suppressing its activation of TAK1, and thus the 

NF-κB and MAPK (Ceppi et al., 2009). The results of the present study demonstrated 

upregulation of miR-21, miR-146a, and miR-155 in response to LPS/IFN-γ stimulation, 

consistent with previous studies (Bala et al., 2011; Feng et al., 2014; Y. He et al., 2014).  

Interestingly, treatment with T. boudieri and T. claveryi extracts was observed to inhibit 

the LPS/IFN-γ-induced upregulation of these miRNAs in a concentration-dependent 

manner, suggesting that both Terfezia extracts suppress the inflammatory response in 

activated macrophages through regulating the expression of miR-21, miR-146a, and miR-

155. 
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Chapter 5: Conclusion and Future Perspectives  
  

 

In conclusion, TLR4-mediated signaling is associated with the LPS/IFN-γ-induced 

inflammation in RAW 264.7 macrophages, and inhibition of specific inflammatory 

mediators represents a highly relevant therapeutic strategy. In the present study, we 

demonstrated that T. boudieri and T. claveryi extracts inhibited the inflammatory response 

in LPS/IFN-γ-stimulated RAW 264.7 macrophages through modulating the TLR4 

activation. T. boudieri reduced the production of NO and the expression of iNOS, COX-2, 

TNF-α, and IL-6 at the mRNA and protein levels. Although T. claveryi showed similar 

results, it did not show any inhibitory effect on the IL-6 and COX-2 at the protein level. 

Moreover, this study provided the first insight into the epigenetically suppressive 

properties of T. boudieri and T. claveryi extracts on the expression of miR-21, miR-146a, 

and miR-155 in LPS/IFN-γ-induced RAW 264.7 macrophages, suggesting that Terfezia 

extracts may have anti-inflammatory activities through inhibiting the miRNAs associated 

with the TLR4 signaling pathway.  Next, our results demonstrated that T. boudieri and T. 

claveryi mediate anti-inflammatory characteristics via an Nrf2-independent manner. The 

results of the present study show that T. boudieri and T. claveryi may be useful alternative 

agents for the treatment of inflammation. However, further in vivo studies are required to 

confirm our findings using appropriate animal models. 
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Supplementary Figures 

 

 

 

Figure 5.1 (A) Standard curve of TNF-α protein, (B) Standard curve of IL-6 (C) 

Nitrite standard curve, (D) BSA standard curve     
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