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ABSTRACTS 

Despite the great development in human medicine, cancer is still a serious threat to 

public health. It is a well-known leading cause of morbidity and mortality worldwide, 

consequently, research on new anticancer agents ought to be continued. Natural 

products from medicinal plants represent a major resource of novel therapeutic 

substances for combating serious diseases including cancer. The Plectranthus genus 

(Family: Lamiaceae) represents a large and widespread group of species with a diversity 

of traditional uses for the treatment of several ailments.  Cytotoxicity screenings have 

identified Plectranthus plants as potential sources of antitumor lead compounds.  They 

are rich in diterpenoids which are reported to be responsible for various 

pharmacological activities such as cytotoxic activity.  

In this project, sixteen plants from the Plectranthus genus were studied. The acetonic 

extracts were prepared by the ultrasound-assisted extraction method (10 % (w/v)). The 

prepared extracts were screened for their antimicrobial, antioxidant, general toxicity, 

and cytotoxicity.  The antimicrobial activity of each extract was screened against yeasts, 

Gram-positive and Gram-negative bacteria. P. hadiensis and P. mutabilis extracts were 

the most active using the well diffusion method. Their MIC and MBC (microdilution 

method) were determined, and they possessed significant activity against 

Staphylococcus aureus and Candida albicans with MIC values ranging from 3.91 µg/mL 

to 125 µg/mL and MBC from 62.5 to 250 µg/mL.  

The antioxidant activity of the extracts was quantitatively determined using the DPPH 

(2,2-diphenyl-1-picrylhydrazyl) scavenging radical assay. P. hadiensis and P. mutabilis 

extracts having the highest scavenging activities of 46.14% and 36.24% respectively. The 

general toxicity of all the extracts was determined using the Brine Shrimp Lethality assay 

(BSLA) and the cytotoxicity of the most toxic extract was determined.  P. hadiensis and 

P. mutabilis we found to be the most bioactive and the compounds responsible for their 

bioactivity identified. The HPLC analysis of P. hadiensis leaves showed that the known 

abietane diterpene, 7α-acetoxy-6β-hydroxyroyleanone (Roy) was the major compound 

in this extract. Roy was isolated using preparative TLC and tested against the aggressive 

type triple-negative breast cancer (MDA-MB-231S). P. hadiensis extract and 7α-acetoxy-

6β-hydroxyroyleanone reduced the viability of MDA-MB-231S cancer cell line cells, 
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showing an IC50 value of 25.6 µg/mL and 5.5 µM (2.15 µg/mL) respectively, suggesting 

that this lead molecule could be responsible for the bioactivity of this extract. 

The phytochemistry of the second bioactive extract (P. mutabilis) was done. Bio-guided 

fractionation of ultrasound-assisted acetonic extract of P. mutabilis leaves resulted in 

the isolation of a new nor-abietane diterpene, (+)-(5S,10R)-10,11,12-trihydroxy-6,7-

dioxo-20-nor-abieta-8,11,13-triene (1) alongside three known abietane-type 

diterpenoids Coleon-U-quinone (2), 8α,9α-epoxycoleon-U-quinone (3), and Coleon U 

(4). From the ESI+ MS/MS fragmentation patterns analysis, compound (5) was 

tentatively identified as acetoxy derivative of an abietane diterpenoid.  HPLC analysis 

revealed Coleon U (96 ± 0.048 µg/mg) to be the major compound of the P. mutabilis 

extract in the wavelengths analyzed. Computational data indicates a biosynthetic 

relation between 2, 3, and 4. These results suggest that both the quinone (2) and the 

epoxyquinone (3) are formed directly from Coleon U (4). 

Coleon U, coleon U quinone, and 8α,9α-Epoxycoleon U quinone were found to be 

selective towards the cancer cell lines and their anticancer effect was not compromised 

by P-gp activity in NCI-H460/R cells. Importantly, 2, 3, and 4 were able to inhibit P-gp 

activity in NCI-H460/R cells at longer exposure of 72 h and consequently revert 

doxorubicin (DOX) resistance in subsequent combined treatment. Compound 1 was 

inactive against all three cell lines in the range of concentrations (2 to 50 microM) tested. 

All compounds did not influence the ABCB1 expression in NCI-H460/R cells, while the 

extract significantly increased it. This work identified P. hadiensis leaves and P. mutabilis 

extracts as a potential source of bioactive compounds to fight MDR.  Cytotoxic 7α-

acetoxy-6β-hydroxyroyleanone previously isolated from P. hadiensis, its hemisynthetic 

derivative 7α-acetoxy-6β-benzoyloxyroyleanone (12BzRoy) and 6,7-dehydroroyleanone 

(DHR) isolated from the essential oil of P. madagascariensis were employed in the 

present work as lead molecules for the synthesis of self-assembled nanoparticles. Roy-

OA, DHR-sq, and 12BzRoy-sq conjugates were successfully synthesized and their 

nanoassemblies characterized. Roy-OA NPs were most promising and was characterized 

based on size (509.33 nm), Pdl (0.249), zeta potential (-46.2mV), and morphology. The 

release profile of Roy was determined from Roy-OA NPs at physiological pH 7.4. The 

biological activity of DHR.sq and, Roy-OA NPs were evaluated, and both were found to 

have less bioactivity when compared with DHR and Roy respectively. These results 
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suggested that these nanoassemblies act as prodrugs for the release of cytotoxic lead 

molecules. 

 

RESUMEN 

A pesar del gran desarrollo de la medicina, el cáncer continúa siendo una amenaza para 

la salud pública. Esta enfermedad es una de las principales causas de morbilidad y 

mortalidad a nivel mundial, y es por ello por lo que la investigación de nuevos agentes 

antitumorales debe continuar. Los productos naturales aislados de plantas medicinales 

representan la mayor fuente de nuevos compuestos bioactivos para combatir graves 

enfermedades como el cáncer. El género Plectranthus (Familia: Lamiaceae) comprende 

numerosas especies ampliamente distribuidas, empleadas tradicionalmente para el 

tratamiento de distintas enfermedades. Los cribados de citotoxicidad han identificado 

cuáles de las especies de Plectranthus pueden proporcionar posibles nuevos fármacos 

antitumorales, ya que son ricas en diterpenos los cuáles son responsables de varias 

actividades farmacológicas como la citotóxica. 

En este proyecto, dieciséis plantas del género Plectranthus fueron estudiadas. Se 

prepararon extractos acetónicos mediante el método de extracción asistido por 

ultrasonidos (10% m/v). A continuación, se ensayó la actividad antimicrobiana, 

antioxidante, la toxicidad general y la citotoxicidad de los extractos previamente 

preparados. La actividad antimicrobiana de cada extracto fue estudiada frente a 

levaduras, bacterias Gram-positivas y Gram-negativas. De los extractos estudiados, los 

de P. hadiensis y P. mutabilis fueron los más activos en el Método de Difusión por Pozos 

(Well Difussion Method). Empleando el método de microdilución, fueron determinados 

los valores de MIC (Minimal Inhibitory Concentration - Concentración Mínima 

Inhibitoria) y MBC (Minimal Bactericidal Concentration - Concentración Mínima 

Bactericida) de los extractos. Estos mostraron una actividad significativa frente a 

Staphylococcus aureus y Candida albicans con valores de MIC entre los 3.91 g/mL y los 

125 g/mL y de MBC entre 62.5 g/mL y 250 g/mL. 

La actividad antioxidante de los extractos fue determinada cuantitativamente usando el 

ensayo del difenilpicrilhidrazilo (DPPH). Los extractos de P. hadiensis y P. mutabilis 
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mostraron las mayores actividades antioxidantes con unos valores de 46.14% y 36.24% 

respectivamente. La toxicidad general de todos los extractos fue determinada mediante 

el ensayo de letalidad con Artemia salina, y a continuación, la citotoxicidad del extracto 

más tóxico fue determinado, mostrando en ambos casos la mayor actividad los extractos 

de P. hadiensis y P. mutabilis.  El análisis por cromatografía líquida de alta resolución 

(HPLC, High Liquid Column Chromatography) del extracto de hojas de P. hadiensis reveló 

que el conocido diterpeno abietano, 7-acetoxi-6- hidroxiroileanona (Roy) fue el 

compuesto mayoritario de este extracto.  Roy fue aislada empleando Cromatografia en 

Capa Fina Preparativa y su actividad fue testada frente a la agresiva línea de cáncer de 

mama triple negativo MDA-MB-231S. Tanto el extracto de P. hadiensis como Roy 

redujeron la viabilidad de las líneas celulares de cáncer MDA-MB-231S, mostrando un 

valor de IC50 de 25.6 g/mL y de 5.5 M (2.15 L/mL), sugiriendo que esta molécula 

principal podía ser la responsable de la bioactividad del extracto. 

Por otro lado, fue realizado el estudio fitoquímico del segundo extracto bioactivo (P. 

mutabilis). El fraccionamiento biodirigido del extracto acetónico previamente 

preparado mediante ultrasonidos resultó en el aislamiento de un nuevo nor-abietano 

diterpeno, (+)-(5S,10R)-10,11,12-trihidroxy-6,7-dioxo-20-nor-abieta-8,11,13-trieno (1), 

junto con otros tres diterpenoides de tipo abietano previamente conocidos Coleon-U-

quinona (2), 8α,9α-epoxicoleon-U-quinona (3) y Coleon U (4). De los patrones de 

fragmentaión del análisis por ESI+ MS/MS, el compuesto (5) fue identificado en principio 

como un derivado acetoxi de un diterpeno abietano. El análisis por HPLC manifestó que 

Coleon U (96 ± 0.048 µg/mg) era el compuesto mayoritario del extracto de P. mutabilis 

entre las longitudes de onda analizadas y comparadas. Los datos in silico de estos 

compuestos indicaron una relación biosintética entre los compuestos 2,3 y 4. Estos 

resultados sugieren que tanto la quinona (2) como la epoxiquinona (3) se biosintetizaron 

directamente desde Coleon U (4). Coleon-U-quinona (2), 8α,9α-epoxicoleon-U-quinona 

(3) y Coleon U (4) fueron selectivos frente a las líneas celulares de cáncer y su efecto 

antitumoral no estuvo comprometido por la actividad P-gp en líneas celulares NCI-

H460/R. Cabe destacar que 2,3 y 4 fueron capaces de inhibir la actividad P-gp en células 

NCI-H460/R en una exposición larga de 72h, consiguiendo revertir consecuentemente la 

resistencia a Doxorrubicina (DOX) al emplear el tratamiento combinado compuesto 
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aislado + DOX. El compuesto 1 fue inactivo frente a las tres líneas celulares ensayadas 

en un rango de concentración de 2 a 50 M. Ninguno de los compuestos aislados tuvo 

influencia en la expresión de ABCB1 en la línea celular NCI-H460/R, mientras que el 

extracto la incrementó significativamente. Este trabajo identificó los extractos de hojas 

de P. hadiensis y el extracto de P. mutabilis como fuentes potenciales para la obtención 

de nuevos compuestos bioactivos frente a la resistencia a múltiples fármacos (MDR, 

MultiDrug- Resistance) para el tratamiento del cáncer. El compuesto citotóxico 

previamente aislado de P. hadiensis 7α-acetoxi-6β-hidroxiroileanona, su derivado 

hemisintético 7α-acetoxi-6β-benzoiloxiroileanona (12BzRoy) y el compuesto 6,7-

dehidroroileanona (DHR) aislado del aceite esencial de P. madagascariensis fueron 

empleados en este trabajo como los compuestos principales para la síntesis de 

nanopartículas de autoensamblaje. Los conjugados Roy-OA (OA, Oleic Acido- Ácido 

Oleico), DHR-sq (sq, Squalene- Escualeno) y 12BzRoy-sq fueron sintetizados con éxito y 

su nanoensamblaje fue caracterizado. Las nanopartículas (NPs) Roy-OA fueron las más 

prometedoras y fueron caracterizada en base a su tamaño (509.33 nm), PdI (0.249), 

potencial zeta (-46.2 mV) y morfología. El perfil de liberación de Roy fue determinado 

de las nanopartículas de Roy-OA a pH fisiológico de 7.4. La actividad biológica de las 

nanopartículas de DHR-sq y Roy-OA fue evaluada, y ambas tenían menor actividad que 

los compuestos de partida DHR y Roy respectivamente. Estos resultados ponen de 

manifiesto que los nanoensamblajes actúan como profármacos en la liberación de 

molécula citotóxicas. 
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BACKGROUND  

Cancer is one of the most important causes of mortality and morbidity worldwide. It is 

the second leading cause of death globally with about 1 in 6 deaths resulting from cancer 

(“World Health Organization (WHO), fact sheet on Cancer,” 2018). Despite 

improvements in diagnosis and therapies, cancer remains a major concern in public 

health [2]. Different types of therapies are available to treat cancer, however, these have 

limitations such as non-specificity at a single target causing side effects [3,4]. More so, 

Multidrug resistance (MDR) is a challenge in cancer therapy and is associated with the 

overexpression of P-glycoprotein (P-gp), resulting in the increased efflux of 

chemotherapeutics from cancer cells [5]. 

Natural products from medicinal plants have been used for thousands of years, as 

traditional medicines for the treatment of many ailments [6–8]. Their vast 

ethnomedicinal and ethnopharmacological applications have inspired current research 

in drug discovery [9]. According to the estimation by the World Health Organization, 

about 80% of people on the globe are still dependent on traditional herb-based 

medications due to their low cost, easy accessibility, and likely negligible side effects in 

comparison to allopathic medicines [10]. As reported in the literature, plants are the 

first medical treatment used by humankind [11].  

Natural products and their derivatives have been and continue to be rich sources for 

lead compounds. They play a valuable role in the drug discovery process, particularly in 

the areas of cancer and infectious diseases [12]. Natural products continue to provide 

greater structural diversity than standard combinatorial chemistry and so they offer 

major opportunities for finding novel low molecular weight lead structures that are 

active against a wide range of assayed targets [13]. This has led to the exploration and 

exploitation of new plant sources for their medicinal properties. It has been estimated 

that over 60% of all commercial anticancer agents originate from natural sources [14]. 

By so doing, a substantial number of anticancer agents used in the clinic are either 

natural or derived from natural products [15,16], for example, Vincristine, irinotecan, 

etoposide, and paclitaxel are classic examples of plant-derived compounds [17]. Thus, 

plants have an important role in pharmacological research and drug development. 
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The Lamiaceae members of plant species belonging to commercially important genera, 

such as Plectranthus, Salvia, Ocimum, and Mentha, are attributed with a rich diversity 

of ethnobotanical benefits [18]. Plectranthus is an economically important genus due to 

its horticultural, floricultural, and ethnomedicinal uses [19]. In addition, over 85% of the 

literature, documentation of Plectranthus is on the therapeutic values of this genus 

attributed to its aromatic nature and essential oil-producing capability [20]. 

Corroborating the empirical medicinal uses, extracts, and isolated compounds from 

Plectranthus that have shown anti-inflammatory, antioxidant, antimicrobial, diuretic, 

and antitumoral activities [21]. The species of Plectranthus are known as producers of 

flavonoids, phenolic constituents, and essential oils [22]. They are a source of abietane-

type diterpenoids as common secondary metabolites with reported cytotoxic activities 

[18]. The more frequently found diterpenes are abietane and labdane type, in addition 

to some kaurane, pimarane, halimane, and beyranes [19]. From the abundant 

diterpenes from this genus, royleanones are the most occurrence, widely recognized for 

their antifungal, antimycobacterial, cytotoxic, and antitumor potentials [23]. 

This work describes the screening of sixteen Plectranthus species for their antioxidant, 

antimicrobial, general toxicity, and cytotoxicity. The phytochemistry of the two most 

bioactive extracts was done to identify the compounds that may be responsible for their 

biological activity. In addition, the cytotoxic 7α-acetoxy-6β-hydroxyroyleanone (Roy) 

from the most active extract (P. hadiensis) and its derivative with improved cytotoxicity 

7α-acetoxy-6β-benzoyloxyroyleanone (12BzRoy) were used to prepare self-assembling 

nanoparticles to improve the solubility of these two bioactive molecules. 

HYPOTHESIS  

The Lamiaceae members of plant species belonging to commercially important genera, 

such as Plectranthus are attributed with a rich diversity of ethnobotanical benefits. In this work, 

we established the following hypothesis: 

➢ Would the sixteen selected Plectranthus (Lamiaceae) spp. be a source of bioactive 

extracts?  

➢ Will the selected Plectranthus extracts result in potential bioactive compounds?  

➢ Will there be an advantage in using new self-assembly nanoparticles with royleanones? 
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OBJECTIVES 

Taking into account the set hypothesis, the following objectives were stipulated: 

Objective I: Artemia, commonly known as brine shrimp is highly valued for its application in 

general toxicity detection. Thus, this chapter is a Review on “Artemia:  An Important Tool to 

Screen General Toxicity Samples” 

Objective II: Artemia salina commonly known as brine shrimp is one of the Artemia species 

employed in natural product chemistry and it helps to determine the general toxicity of a 

broad number of samples. In this chapter several examples reinforce the use of this screening 

model for general toxicity study. 

Objective III: The biological activity screening of sixteen Plectranthus acetonic extracts 

prepared by ultrasound-assisted extraction method. Evaluate their antioxidant, antimicrobial, 

general toxicity, and cytotoxic activities. Identify the bioactive compound(s) from the most 

bioactive extract and compare the cytotoxic effects between the crude extract and the 

isolated compound. 

Objective IV: Phytochemical study of P. mutabilis Codd. acetonic extract to identify, 

characterise, and evaluate the cytotoxicity of its isolated compounds that may be responsible 

for its cytotoxic activity. Studies for the modulation of P-gp activity by both the P. mutabilis 

acetonic extract and its isolated compounds. 

Objective V: The optimization of royleanone conjugates for self-assembly nanoparticles in 

order to obtain a pro-drug nanosystem with improved aqueous solubility.  
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Using Artemia salina model as a screening method for general toxicity 

 

This chapter resume that Artemia salina is a good model for screening general toxicity used 

to identify toxic samples (synthetic and natural product compounds or even nanosystems) 

and was used in the following 9 articles:  

 

1. Ntungwe N, E.; Marçalo, J.; Garcia, C.; Reis, C.; Teodósio, C.; Oliveira, C.; Oliveira, C.; 

Roberto, A. Biological activity screening of seven Plectranthus species. J. Biomed. 

Biopharm. Res. 2017, 14, 95–108, doi:10.19277/BBR.14.1.153. 

2. Luís M T Frija, Ntungwe Epole, Przemysław Sitarek, Armando J. L. Pombeiro. In Vitro 

Assessment of Antimicrobial, Antioxidant, and Cytotoxic Properties of Saccharin–

Tetrazolyl and –Thiadiazolyl Derivatives: The Simple Dependence of the pH Value on 

Antimicrobial. 2019, 12(4):167, Pharmaceuticals, DOI: 10.3390/ph12040167 

3. Garcia C, Ntungwe E, Rebelo A, Bessa C, Stankovic T, Dinic J, Díaz-Lanza A, P Reis C, 

Roberto A, Pereira P, Cebola MJ, Saraiva L, Pesic M, Duarte N, Rijo P. Parvifloron D 

from Plectranthus strigosus: Cytotoxicity Screening of Plectranthus spp. Extracts. 

Biomolecules. 2019 Oct 17;9(10). pii: E616. doi: 10.3390/biom9100616. 

4. Ribeiro, N., Galvão, A. M., Gomes, C. S. B., Ramos, H., Pinheiro, R., Saraiva, L., Epole 

N., Vera I., Patrícia R., Isabel C.,  Filipa R., Rita C., João C., Isabel C. (2019). 

Naphthoylhydrazones: coordination to metal ions and biological screening. New 

Journal of Chemistry. 1 - 44 doi:10.1039/c9nj01816f  

5. Tatu Rimpiläinen, Joana Andrade, Alexandra Nunes, Epole Ntungwe, Ana S. Fernandes, 

João R. Vale, João Rodrigues, João Paulo Gomes, Patricia Rijo and Nuno R. Candeias. 

Aminobenzylated 4‑Nitrophenols as Antibacterial Agents Obtained from 

5‑Nitrosalicylaldehyde through a Petasis Borono−Mannich Reaction. ACS Omega 

2018, 3, 16191−16202. 

6. Mota Ana Henriques, Andrade Joana Marçalo, Ntungwe Epole, Pereira Paula, Cebola 

Maria João, Bernardo-Gil Maria Gabriela, Molpeceres Jesús, Rijo Patrícia, Viana Ana 

Semedo, Ascensão Lia, and Pinto Reis Catarina. Green Extraction of Sambucus nigra L. 

for Potential Application in Skin Nanocarriers. Green Materials. 0 0:0, 1-13. 2020. 

https://doi.org/10.1680/jgrma.18.00074 

https://doi.org/10.1680/jgrma.18.00074
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7. Rimpilauinen T, Nunes A, Calado R, Fernandes AS, Andrade J, Ntungwe E, et al. 

Increased antibacterial properties of indoline-derived phenolic Mannich bases. 

European Journal of Medicinal Chemistry 2021: 

113459.https://doi.org/10.1016/j.ejmech.2021.113459. 

8. Neto, I;    Domínguez‐Martín, E.M.;    Ntungwe, E.; Reis, C.P.; Pesic, M.; Faustino, C.; 

Rijo, P. Dehydroabietic Acid potential as Biofilm‐Mediated    Infections Treatment. 

Pharmaceutics 2021, 13, 825. https://doi.org/ 10.3390/pharmaceutics13060825. 

9. Ntungwe, E.; Isca, V.M.S.; Díaz-lanza, A.M.; Afonso, C.A.M.; Rijo, P. General Toxicity 

screening of Royleanone derivatives using an Artemia salina model. 2021, 1–9, 

doi:10.19277/bbr.18.1.254. 

 

Introduction 

Invertebrate animals have been used as models for research since the late 1800s because of 

their unique biological characteristics, such as small body size and short lifespan. These study 

systems are cornerstones of biological and biomedical research and provide key insights into 

toxicity study [1,2]. 

In recent years Artemia salina has drawn interest as a test laboratory animal. A. salina has 

gained popularity as a test organism for short-term toxicity testing. This is because of its ease 

of culture, short generation time, and cosmopolitan distribution [3]. Its use as a test organism 

is based on cellular mechanisms that may occur via necrosis, characterized by loss of 

membrane integrity, death of cell, or apoptosis, a genetic program of controlled cell death 

[4]. The significant correlation between the brine shrimp assay and in vitro growth inhibition 

of human solid tumor cell lines demonstrated by the National Cancer Institute (NCI, USA) 

further boost the use of A. salina for toxicity testing. This was the case in the articles discussed 

below and is significant because it shows the value of this bioassay as a pre-screening tool for 

antitumor drug research [5–7] thus widely used for the screening of bioactive compounds, 

extracts, and nano formulations. These findings suggest that the A. salina test can be used as 

a preliminary test to determine the general toxicity of a wide range of samples. 
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Methodology of A. salina Bioassay employed in the papers below. 

Artemia salina eggs (dry cyst) were hatched in artificial seawater at 25–30 ºC under aeration. 

A container with two connected chambers with a simple handmade communicating vessel 

was used for brine shrimp hatching. The eggs were placed in one of two compartments of a 

container separated by a boundary plate. The compartment with the eggs was covered to 

maintain a dark ambiance. The other compartment was illuminated to attract the phototropic 

newly hatched larvae through perforations on the boundary plate. After 48 h, the brine 

shrimps that had moved to the illuminated compartment were collected and used in the 

lethality assay. The samples were evaluated for their effect on the survival of A. salina 

according to the procedure described by Alanís-Garza et al. [8]. The assay was performed in 

24 well plates containing groups of 10–15 nauplii randomly selected to a final volume of 1mL.   

The samples were exposed to the Artemia nauplii for 24 h at a concentration of 10ppm diluted 

in natural seawater. The number of dead larvae was recorded after 24 hours and used to 

calculate the lethal concentration (%). In the negative control, larvae were incubated in 

seawater and potassium dichromate was used as the positive control. Three independent 

experiments were performed. Standard deviations (SD) were calculated and results expressed 

as a mean of replicates ± SD. 

 

We employed this model during this project for preliminary toxicity study in different works 

such as: 
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ANNEX I: In this work, a test of lethality to Artemia salina (brine shrimp) was employed to 

evaluate the general toxicity of synthesised aminoalkylphenols from 5-nitrosalicyladehyde 

through a Petasis borono− Mannich multicomponent reaction. The results obtained from the 

A salina bioassay were in correlation with those of in vitro noncancer human cells model [9].  

 

ANNEX II:  Artemia salina was exploited in this study for determine the general toxicity of the 

four synthesised mixed-azole compounds of benzisothiazole–tetrazolyl and benzisothiazole–

thiadiazolyl (N-(1H-tetrazol-5-yl)-N-(1,1-dioxo-1,2-benzisothiazol-3-yl)amine (TS), N-(2-

methyl-2H-tetrazol-5-yl)-N-(1,1-dioxo-1,2-benzisothiazol-3-yl) amine (2MTS), N-(1-methyl-

2H-tetrazol-5-yl)-N-(1,1-dioxo-1,2-benzisothiazol-3-yl) amine (TSMT) and 3-[(5-methyl-1,3,4-

thiadiazol-2-yl) sulfanyl]-1,2-benzisothiazole 1,1-dioxide (MTSB). It was observed that all 

these compounds had low general toxicity in A. salina model which is in agreement with the 

cytotoxicity study as none of these compounds reduced the viability of human cancer cells in 

the range of concentrations tested [10]. 

 

ANNEX III:  In this study, the synthesis of 3-hydroxyl-2-naphthoylhydrazones containing 

pyrrole (HL1), furane (HL2), and thiophene (HL3) moieties and their V(IV)O-, Cu(II)- and Zn(II)-

complexes are reported. The general toxicity of the above compounds was evaluated with 

the help of Brine shrimp lethality bioassay with the Cu complexes being the most bioactive 

[11]. 

 

ANNEX IV: Herein, we reported the general toxicity study of 31 Plectranthus extracts obtained 

from 16 Plectranthus spp. The Preliminary evaluation of general Toxicity on A. salina Model 

reveals P. strigosus to be the most toxic [12].  

 

ANNEX V: In the article “Biological activity screening of seven Plectranthus species: Pesquisa 

de actividade biológica de sete espécies de Plectranthus” by Ntungwe et al, seven 

Plectranthus speies were evaluated by the brine shrimp lethality assay to screen for their 

toxicity [13].  

 

ANNEX VII: In this work, we studied the supercritical fluids extracts obtained from fresh and 

dried elderberries of Sambucus nigra L.: A (dried berries, ethanol absolute), B (dried berries, 
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ethanol 96%), C (dried berries, ethanol 70%) and D (fresh berries, ethanol 96%). Their 

preliminary toxicity was evaluated in other to select the most active extract for encapsulation 

in polymeric nano particles (NPs). Although no toxic effect was observed in A. salina model, 

this model once more proven to be useful in toxicity study [14].  

 

ANNEX VII: Here, novel aminoalkylphenols were identified as particularly promising, after 

MIC and minimum bactericidal concentrations (MBC) determination against a panel of 

reference strain Gram-positive bacteria, and further confirmed against 40 clinical isolates 

(Staphylococcus aureus, Staphylococcus epidermidis, Enterococcus faecalis, Enterococcus 

faecium, and Listeria monocytogenes). The A. salina was used to determine the general 

toxicity and these same two aminoalkylphenols displayed low toxicity against this model [15]. 

 

ANNEX VIII: In this work, dehydroabietic acid (DHA) was studied. DHA is an abietane 

diterpenoid and possesses a characteristic aromatic ring C, particularly for these types of 

compounds. The abietic acids are strong antibacterial agents with DHA generally being the most 

potent. The present work is focused on the antimicrobial and toxicological studies of DHA, and DHA‐

alginate beads were produced for protection of DHA from degradation and A. salina was used to 

assess if the compound had antimicrobial and not cytotoxic properties [16]. 

 

ANNEX IX: In this work, the A. salina bioassay was used for the preliminary assessment of general 

toxicity in natural products thereby guiding the determination of possible biological activities. We 

report the general toxicity of some derivatives from 6,7-dehydroroyleanone and 7α-acetoxy-6β-

hydroxyroyleanone compounds [17]. 
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Highlights 

• One new C20-nor-abietane (1) and three abietane-type diterpenes (2 – 4) were 

isolated from P. mutabilis acetone extract. 

• The acetone extract and isolated diterpenes 1 - 4 are not substrates for P-

glycoprotein.  

• Diterpenes 1 - 4 do not affect the expression of P-glycoprotein, while the extract 

significantly increases P-glycoprotein expression. 

• Diterpenes 2 – 4 inhibit P-glycoprotein activity after longer exposure. 

• Diterpenes 2 - 4 show selectivity towards cancer cells and have the potential to 

reverse doxorubicin resistance. 

 

Abstract  

The emergence of drug resistance greatly hinders the efficacy of chemotherapy. P-gp is one 

of the major contributors to multidrug resistance (MDR) as it protects MDR cancer cells by 

effluxing cytotoxic drugs. Diterpenoids from Plectranthus spp. are known as P-gp modulators. 

Bioguided fractionation of P. mutabilis extract was performed by chromatographic methods, 

and structure elucidation of the isolated compounds done by spectroscopic methods. 

Moreover, the extract profile and quantification of each isolated compound were determined 

by HPLC-DAD.  In this extract, one new nor-abietane diterpene, mutabilol (1), was isolated 

along with three known abietanes, coleon-U-quinone (2), 8α,9α-epoxycoleon-U-quinone (3), 

and coleon U (4). Moreover, an additional acetoxy derivative of an abietane diterpenoid (5) 

was tentatively identified using HPLC-MS/MS. The concentration of coleon U in this acetone 

extract was found to be 96 ± 0.048 µg/mg. Compounds 2 - 4 were found to be selective 

towards the cancer cell lines and their anticancer effect was not compromised by P-gp activity 

in NCI-H460/R cells. Importantly 2, 3, and 4 were able to inhibit P-gp activity in NCI-H460/R 

cells at longer exposure of 72 h and consequently revert doxorubicin (DOX) resistance in 

subsequent combined treatment. None of the compounds influenced the P-gp expression in 

NCI-H460/R cells, while the extract significantly increased it. Our study identified abietane 
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diterpenoids from P. mutabilis that can evade MDR in cancer cells and inhibit P-gp activity in 

prolonged treatment. 

 

 

Graphical Abstract 

 

 

Keywords: Plectranthus mutabilis, abietane diterpenoids, anticancer effect, multidrug 

resistance, P-glycoprotein 

 

Introduction 

The resistance of cancer cells to a wide spectrum of anticancer agents continues to be a major 

obstacle to successful cancer chemotherapy. Potential factors for multidrug resistance (MDR) 

includes enhanced drug detoxification, decreased drug uptake, increased intracellular levels 

of reactive oxygen species (ROS), enhanced DNA repair, overexpression of drug efflux 

transporters belonging to the ATP Binding Cassette (ABC) family of transporters such as P-

glycoprotein (P-gp/ABCB1), multidrug resistance-associated proteins (MRP1, MRP2), and 

breast cancer resistance protein (BCRP) [1,2]. In order to combat MDR in cancer, three 

strategies have been under study: 1) developing inhibitor/modulators of ABC-transporters 

that block the ligand-binding site of the transporter thus impeding the efflux of anticancer 

drugs. ii) searching for anticancer drugs that are not substrates for ABC-transporters [3],  and 

iii) exploiting collateral sensitivity to selectively kill MDR cancer cells [4]. ABC transporters 
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possess a wide substrate spectrum including toxic compounds, metabolic products, 

antibiotics, proteins, lipids, sugars, ions, and anticancer drugs [5,6]. There is no final list of 

substrates and therefore it is of utmost importance to study the interaction between new 

anticancer agents and ABC transporters. 

 

The most well-known and widely studied ABC transporter is P-glycoprotein (P-gp). P-gp  is an 

energy-dependent efflux protein that actively exports lipophilic compounds across extra and 

intra-cellular membranes [7]. It extrudes a wide range of therapeutic drugs from cancer cells 

including paclitaxel, doxorubicin, daunorubicin, epirubicin, mitoxantrone, vincristine, and 

vinblastine [8], decreasing their intracellular concentration and rendering their efficacy [9]. 

 In this context, natural products are considered as an alternative source of drugs to fight 

cancer MDR [10] and have emerged as the fourth generation of MDR inhibitors. 

Phytochemical studies on Plectranthus (Lamiaceae) genus revealed the presence of bioactive 

compounds, in particular abietane-type diterpenoids [11–15]. Previous studies from our 

group showed that royleanones from the Plectranthus genus can inhibit P-gp activity [16,17] 

suggesting that abietanes may constitute a new class of P-gp modulators. 

 

P. mutabilis Codd. is a succulent herb grown mainly in South Africa [18].  The essential oils 

analysis of this plant only revealed the presence of nepetoidins A and B [19]. Besides, in a 

preliminary screening study, P. mutabilis extract was found to have cytotoxic activity in 

different cancer cell lines [20]. It is, therefore, necessary to enrich the phytochemical 

information of this plant in literature and identify the compounds that may be responsible for 

its cytotoxicity. In this work, the isolated compounds and the acetone extract were tested 

against sensitive and MDR non-small cell lung carcinoma cells as well as normal embryonic 

lung fibroblasts to assess: i) their selectivity towards cancer cells, ii) their effects against MDR 

phenotype, iii) the interaction with P-gp, and iv) the potential to sensitize MDR cancer cells to 

doxorubicin (DOX).  
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Material and methods 

General experimental procedures 

Optical rotations were obtained using a Jasco P-2000 polarimeter. IR spectra were 

determined on an FTIR PerkinElmer® Spectrum 400 (PerkinElmer Inc, Waltham, MA, USA) 

equipped with an attenuated total reflectance (ATR) device. NMR spectra of compounds 1, 3 

and 4 were recorded on a Bruker® - Biospin Fourier spectrometer (1H 300 MHz; 13C 75), and 

compound 2 recorded on a Bruker Avance NEO 500 MHz spectrometer (1H 500 MHz; 13C 126. 

MHz), using CDCl3 and CD3OD as solvent. Low-resolution mass spectra were recorded on a 

Kratos MS25RF spectrometer (70 eV). HRMS were performed in a Thermo Scientific Q Exactive 

hybrid quadrupole-Orbitrap mass spectrometer (Thermo ScientificTM Q ExactiveTM Plus). 

Column chromatography was carried out on SiO2 (Merck 9385), Combiflash Rf+ instrument 

(Teledyne ISCO, Lincoln, NE, USA) equipped with diode array and evaporative light scattering 

detection (DAD-ELSD), and preparative HPLC on kinetex 5u XB-C18 100A, 250 x 21.2mm using 

spot prep II liquid chromatography. TLC was performed on precoated SiO2 F254 plates (Merck 

7747, Darmstadt, Germany) and visualized under UV light (λ 254 and 366 nm) and by spraying 

with a mixture of H2SO4: AcOH: H2O (1:20:4) followed by heating. The extracts were 

evaporated using a Rotavapor® R-300 system (Buchi, Interface I-300, 9230 Flawil Switzerland).  

HPLC was carried out on Agilent Technologies 1260 Infinity II Series system with diode array 

detector (DAD; Agilent, Santa Clara, CA, USA), equipped with an Eclipse XDB-C18, (250 x 4.0 

mm i.d., 5µm) column, from Merck and ChemStation Software (Hewlett-Packard, Alto Palo, 

CA, USA). 

Plant material 

Plectranthus mutabilis Codd. was grown in the Parque Botânico da Tapada da Ajuda in Lisbon, 

Portugal from cuttings provided by the Kirstenbosch National Botanical Gardens, South Africa, 

and were collected between 2007 and 2008, always in June and September. The plant was 

dried at room temperature and stored protected from light and humidity. Voucher specimens 

were deposited in the Herbarium “João de Carvalho e Vasconcellos” of the “Instituto Superior 

de Agronomia”, Lisboa (LISI), Portugal with a voucher number of 651/2007. The plant name 

has been checked with www.theplantlist.org [21]. 

http://www.theplantlist.org/
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Extraction, bioguided fractionation and isolation 

The air-dried powdered P. mutabilis Codd. leaves (0.71 kg) were extracted with acetone (5 x 

8.75 L each 1h) at room temperature for 4 weeks using the ultrasound-assisted extraction 

method (ultrasound apparatus from VWR). After filtration and evaporation of the solvent 

under reduced pressure at 40 °C a crude extract (44.07 g) was obtained. This extract was 

subjected to flash column chromatography over silica gel (Merck 9385, 200 g) using mixtures 

of n-hexane: EtOAc (1:0 to 0:1) and EtOAc: MeOH (1:0 to 0:1) as eluents.  According to 

differences in composition as indicated by TLC, ten crude fractions were obtained (A1 to A10).  

A bioguided isolation was done by evaluating the general toxicity of the crude fractions using 

the Artemia salina model [22].  The most bioactive fraction (A7), eluted with n-hexane: EtOAc 

(80:20), was fractionated by column chromatography over silica gel (100g) using n-hexane: 

EtOAc (9:1) as eluent to give 9 fractions (B1-1 to B1-9). The fractions B1-5 were subjected to 

column chromatography (silica gel, 152g) using n-hexane: CH2Cl2 (3:2) as eluent to obtain five 

fractions (C1-1 to C1-5). Fraction C1-4 was purified employing a Combiflash instrument on 

polyamide stationary phase (100 g) using gradient elution with CH2Cl2: MeOH (1: 0 to 3: 22) 

at a flow rate of 60 mL/min that afforded compound 2 (3.7 mg; 0.0084 % m/m). 

Subsequently, fraction C1-5 (divided into two aliquots) was successively rechromatographed 

using the Combiflash system with polyamide columns (120 g and 25g), and with flow rates of 

60 mL/min and 30 mL/min respectively in gradient elution mode with CH2Cl2: MeOH (1: 0 to 

9:1) as eluents, to afford compound 4 (152.1 mg; 0.3451% m/m).  

Fraction E2-1 was further separated by means of preparative reverse- phase high performance 

liquid chromatography (RP-HPLC) using 53% aqueous acetonitrile as mobile phase, to afford 

compound 3 (63 mg; 0.143 % m/m). Fraction C1-3 was further purified by flash column 

chromatography (silica gel, 24g; 25 mL/min) on the Combiflash instrument with n-hexane: 

EtOAc (87.5:12.5) and subsequently, by reverse-phase flash chromatography (C18; 30 g; 35 

mL/min) with MeOH: H2O (55% to 100% MeOH) to afford compound 1 (10.2 mg; 0.023 % 

m/m).  
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NMR analysis 

Compound 1: (Mutabilol). Purple solid; m.p., 119-120 ºC; [α]D
22 +121.2 (c 1.2, acetone); IR νmax 

cm-1 (ATR): 3388.3, 1779.3, 1656.3. For NMR data, see Table IV.1; HRMS m/z 333.1694 [M + 

H]+ (calcd. for C19H25O5, 333.1697). 

Compound 2: (Coleon U quinone). Orange solid; m.p. 113-115 ºC; IR νmax cm-1 (ATR) 3657.2, 

3476.9, 1167.6, 2925.9, 1651.3, 1458.8, 1334.1, 1269.2; HRMS m/z 345.1711 [M + H]+ (calcd. 

for C20H25O5, 345.1697).   

Compound 3: (8α,9α-Epoxycoleon U quinone). Yellow solid; m.p. 137–141 ºC; IR νmax cm-1 

(ATR): 3450.0, 3357.0, 2965.3, 2920.9, 2875.4, 1682.5, 1614.5, 1462.0, 1328.1, 1249.6, 

1166.2. 1H NMR (300 MHz, CDCl3): δ 7.02 (1H, s, OH), 6.34 (1H, s, OH), 3.13 (1H, sept, p, J = 

7.1, H-15), 2.78 (1H, s, H-1β), 1.77 (d, J = 2.0, H-1α), 1.75 (1H, s, H-2β), 1.73 (1H, s, H-3α), 1.61 

(1H, s, H-2α), 1.53 (s, 3H, H-20), 1.40 (1H, s, H-3β),), 1.39 (s, 3H, H-19), 1.36 (s, 3H, H-18), 1.24 

(d, J = 2.5 , 3H, H-16), 1.21 (d, J = 2.6 , 3H, H-17). To the best of our knowledge, 1H data is fully 

described here for the first time. 

13C NMR data were in agreement with the literature [22]. HRMS m/z 361.1658 [M + H]+ (calcd. 

for C20H25O6, 361.1646).  

Compound 4: (Coleon U). Orange solid; m.p. 158–161 ºC; IR (ATR, cm-1): 3458.8, 3407.8, 

2957.8, 2934,.9, 2871.9, 1621.5, 1594.6; HRMS m/z 345.1708 [M-H]- (calcd. for C20H25O5, 

345.1707). For NMR data of compounds 2, 3 and 4 see supplementary information S.IV. 

UHPLC-MS/MS Analysis 

The UHPLC-MS/MS experiments were carried out on a Waters AcquityTM Ultra High 

Performance LC (Waters®, Ireland) system equipped with a binary pump, solvent degasser, 

auto sampler, and column oven.  

Chromatographic separation was achieved on a Purospher® STAR RP-18 2 µm (2.1 x 50 mm) 

column with an injection volume of 10 μL and column temperature 35ºC.  A mobile phase 

consisting of 0.1% HCOOH in Milli-Q water (eluent A) and acetonitrile (eluent B) was used with 

the following gradient program at 0.3 mL/min flow rate: 0–6 min 60%A, 6–10 min 5%A, and 

10.10–15 min at 16% A. Tandem mass spectrometry (MS/MS) detection was performed on a 

Waters AcquityTM triple quadrupole (Waters®, Ireland) using an electrospray ionization 

source in positive mode (ESI+) and negative (ESI-) ionization modes, which was set to operate 

at 120 ºC. The search for compounds in the extract was done in MRM (multiple reaction 

monitoring) mode, using cone voltages and collision energies previously optimized for each 
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compound and two mass transitions (MRM1 and MRM2), to optimize the selectivity and 

sensitivity. MassLynx® software (Waters, version 4.1) was used for data acquisition and 

processing. The samples were diluted (1:10) in acetonitrile and filtered through PTFE filters 

before analysis. 

 

 

 

HPLC-DAD Analysis 

The identification and quantification of major compounds (Coleon U quinone (1), 8α,9α-

Epoxycoleon U quinone (2), Coleon U (3), Mutabilol (4), in P. mutabilis extracts were 

performed using high-performance liquid chromatography (HPLC-DAD). The mobile phase 

consisted of a mixture of methanol (A), acetonitrile (B), and 0.3% trifluoroacetic acid in water 

(C) used as follows: 0 min, 15% A, 5% B, and 80% C; 2 min, 70% A, 30% B, and 0% C; 10 min, 

70% A, 30% B, and 0% C; and 15 min, 15% A, 5% B, and 80% C. The time of analysis was 15 

min, including the stabilization of the RP-18 column. The injection volume was 20 µL, the flow 

rate was set at 1 mL/min and the detection wavelength was 270nm for compounds 2 and 3, 

and 254nm for compounds 1 and 4. P. mutabilis extract was dissolved in acetone at 10mg/mL. 

Reference standards were prepared in a concentration range of 0.750–0.030 mg/mL for 

Coleon U, 0.580–0.020 mg/mL for Coleon U quinone, 0.380–0.050 mg/mL for mutabilol and 

0.460–0.040 mg/mL for 8α,9α-epoxycoleon U quinone. Compound identification was based 

on the comparison of retention time and ultraviolet (UV) spectra overlay with authentic 

standards. All analyses were performed in triplicate. The limit of detection (LOD) and limit of 

quantification (LOQ) were calculated based on the standard deviation of the response and 

the slope using three independent analysis curves. LOD and LOQ were calculated as 3.3σ/S 

and 10 σ/S, respectively, where σ is the standard deviation of the response and S is the slope 

of the calibration curve.  

 

Computational Studies 

All calculations were carried out using the Gaussian09 (Gaussian09, 2019) software package 

without symmetry constraints. Density Functional Theory (DFT) [24] was used for optimizing 

geometries of the quinones in the gas phase. All calculations have been performed using the 
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PBE1PBE functional and 6-31G (d, p) basis set [25–28]. That functional uses a hybrid 

generalized gradient approximation (GGA), including a 25% mixture of Hartree-Fock Hehre et 

al., 1986) exchange with DFT exchange-correlation, given by Perdew, Burke, and Ernzerhof 

functional (PBE) [30,31]. Frequency calculations were performed to confirm the nature of the 

stationary points, yielding nonimaginary frequency for the optimized geometries. Natural 

Population Analysis (NPA) [31–38] was performed as implemented on Gaussian 16 to study 

the electronic structure of the optimized species.  Fukui functions were plotted with Multiwfn 

[39] and visualized with Chemcraft 1.8 (Zhurko, G. A. Chemcraft). The parameters used to 

visualize the Fukui function in the Chemcraft program were a style of lines, a scale of 0.75, 

values ranging from -0.001 to 0.005, and a contour value of 0.002609. The condensed Fukui 

functions were calculated according to the following equations [37,40]: 

𝑓𝑘
+ = [𝑞𝑘(𝑁 + 1) −  𝑞𝑘(𝑁)], for nucleophilic attack (1) 

𝑓𝑘
− = [𝑞𝑘(𝑁) −  𝑞𝑘(𝑁 − 1)], for electrophilic attack (2) 

𝑓𝑘
0 = [

𝑞𝑘(𝑁+1)− 𝑞𝑘(𝑁−1)

2
], for radical attack (3) 

where k is the numbering of the atomic site and qK stands for the total natural population in 

the neutral (N), anionic (N+1), and cationic (N-1) species. 

 

Cytotoxicity study 

Cell culture  

NCI-H460 (human non-small cell lung carcinoma) and normal embryonic lung fibroblast (MRC-

5) cell lines were purchased from the American Type Culture Collection, Rockville, MD. NCI-

H460/R cells were selected from NCI-H460 cells by continuous exposure to stepwise 

increasing concentrations of DOX and possess the overexpression of P-gp as well as MDR 

phenotype [41]. MDR cancer cell line (NCI-H460/R) and its sensitive counterpart (NCI-H460) 

were grown in RPMI 1640 medium supplemented with 10% FBS, 2 mM L-glutamine, and 

10,000 U/ml penicillin, 10 mg/ml streptomycin, 25 μg/ml amphotericin B solution. MRC-5 cells 

were cultured in DMEM supplemented with 10% FBS, 4 g/l glucose, 2 mM L-glutamine, and 

5000 U/ml penicillin, 5 mg/ml streptomycin solution. All cell lines were sub-cultured at 72 h 
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intervals using 0.25% trypsin/EDTA and seeded into a fresh medium at 16 000 cells/cm2 and 

maintained at 37°C in a humidified 5% CO2 atmosphere. 

 

MTT assay 

MTT assay was used to assess the viability of NCI-H460, NCI-H460/R, and MRC-5 cells 

(AppliChem GmbH, Taufkirchen, Germany). After reaching the confluence in 25 cm2 tissue 

flasks, NCI-H460, NCI-H460/R, and MRC-5 cells were trypsinized. Cells were seeded at the 

optimal density determined in initial experiments: 2000 cell/well into flat-bottomed 96-well 

tissue culture plates. Following the overnight incubation in 100 μl of the appropriate medium, 

cells were treated with 1, 2, 3, 4 (2, 5, 10, 20, and 50 µM) or extract (2, 5, 10, 20 and 50 μg/mL) 

for 72 h. Besides, the combined effects of 2, 3, and 4 with DOX were evaluated in NCI-H460/R 

cells. Therefore, increasing concentrations of DOX (0.1, 0.2, 0.5, 1, and 2 μM) were 

administrated after 72 h pre-treatment with 2, 3, and 4 applied in 3 different concentrations 

(1, 2, and 5 μM).  The sensitization of NCI-H460/R cells was studied 72 h after DOX 

administration. After treatment, MTT was added to each well in a final concentration of 0.2 

mg/ml for 4 h. Formazan product was dissolved in 200 µl of DMSO, and the absorbance was 

measured at 540 nm using an automatic LKB 5060-006 Micro Plate Reader (Vienna, Austria). 

IC50 values were defined as a concentration of the drug that inhibited cell growth by 50% and 

was obtained by nonlinear regression analysis using GraphPad Prism 6.0 software (La Jolla, 

CA, USA), while Dunnett's multiple comparisons test in Two-way ANOVA was used to 

determine significant differences among treatment strategies (doxorubicin alone vs. 

combinations with 2, 3, and 4). Relative selectivity towards cancer cells was calculated as a 

relation between IC50 value obtained in MRC-5 cells and IC50 for NCI-H460 or NCI-H460/R cells. 

 

Rhodamine 123 accumulation assay 

The accumulation of rhodamine 123 (Rho123), which is a fluorescent P-gp substrate, was 

measured by flow cytometry. The intensity of the fluorescence is proportional to Rho123 

accumulation in the cell. NCI-H460 and NCI-H460/R cell lines were seeded in adherent 6-well 

plates and grown overnight. Cells were treated with 5 and 10 µM of 1, 2, 3, and 4 and with 10 

µg/ml of extract for 30 min. Tariquidar (TQ) applied at 50 nM was used as a positive control 

for Rho123 accumulation. Rho123 (2.5 µM) was simultaneously added with the investigated 

compounds and the cells were incubated at 37°C in 5% CO2 for 30 min. To assess the indirect 
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effect on P-gp activity, NCI-H460 and NCI-H460/R cells were treated with the 1, 2, 3, and 4 (5, 

and 10 µM) and extract (5, and 10 µg/ml) 72 h before Rho123 administration. The cells were 

then trypsinized, pelleted by centrifugation, washed with PBS, and placed in ice-cold PBS. The 

samples were kept on ice in the dark until the analysis on CyFlow Space Partec flow cytometer 

(Sysmex Partec GmbH, Görlitz, Germany). The fluorescence of Rho123 was detected on 

fluorescence channel 1 (FL1-H) at 530 nm. A minimum of 20,000 events was collected for each 

sample and the obtained results were analyzed using Summit software v. 4.3 (Dako Colorado 

Inc., Fort Collins, CO, USA). 

 

Flow cytometric analysis of P-gp expression 

P-gp expression level in NCI-H460, NCI-H460/R cells was measured by flow cytometry. All cell 

lines were seeded in adherent 6-well plates and treated with 5 and 10 µM of 1, 2, 3, and 4 

and with 5 and 10 µg/ml of extract for 72 h. Cells were also treated with 50 nM TQ, a non-

competitive P-gp inhibitor, which served as a positive control. NCI-H460 cells with almost null 

expression of P-gp were used as a negative control. At the end of the incubation period, cells 

were collected by trypsinization, washed with PBS, and directly immuno-stained by FITC-

conjugated anti-ABCB1 antibody according to the protocol provided by the manufacturer (BD 

Biosciences, Winnersh, Berkshire, UK). The samples were kept in the dark until the analysis. 

The fluorescence of FITC-conjugated anti-ABCB1 was detected on fluorescence channel 1 

(FL1-H) at 530 nm of CyFlow Space Partec flow cytometer (Sysmex Partec GmbH, Görlitz, 

Germany). A minimum of 20,000 events was collected for each sample after gating to exclude 

cell debris and dead cells. The obtained results were analyzed using Summit software v. 4.3 

(Dako Colorado Inc., Fort Collins, CO, USA). 

 

Results and Discussion 

The acetone extract of the air-dried powdered leaves of P. mutabilis was subject to a 

bioguided chromatographic fractionation based on its toxicity on the Artemia salina model 

[20](supplementary information).  Crude fraction A7 was the most active against this model 

and was further studied. A new C-20 nor-abietane, named mutabilol [(+)-5S,10R-10,11,12-

trihydroxy-6,7-dioxo-20-norabieta-8,11,13-triene, 1) was isolated, together with three known 

abietane diterpenes, coleon-U-quinone (2), 8α,9α-epoxycoleon-U-quinone (3) and coleon U 
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(4) (Figure IV.1). Their structures were elucidated by spectroscopic methods (IR, and 1D and 

2D-NMR) and HRMS. Compound 2 was previously isolated from P. argentatus [42], P. 

sanguineus [43], P. madagascariensis [44–46], and P. forsteri [47]. Compound 3 was found in 

P. punctatus [48], P. sanguineus [43], and compound 4 was isolated from P. madagascariensis 

[13,45,49], P. forsteri [47], P. grandidentatus [50], and  P. argentatus [47]. Their spectroscopic 

data were in agreement with those reported in the literature [23,42,47]. 

 

 

Figure IV.1. Structures of compounds 1–4 from P. mutabilis 

 

Compound 1, named mutabilol, was isolated as a purple solid. Its molecular formula was 

determined as C19H24O5 from the HRMS that showed a protonated molecular ion at 333.1694 

indicative of 8 degrees of unsaturation. In the IR spectrum, characteristic absorption bands 

for a hydroxyl group (3388.3 cm−1) and carbonyl groups (1779.3), including a conjugated one 

(1656.3 cm−1) were observed. The 1H-NMR spectrum (Supplementary information) indicated 

the presence of an isopropyl substituent evidenced from the characteristic downfield signal 

at δH 3.16 (1H, sept, J = 7.1 Hz, H-15) and two doublet methyl groups at δH 1.18 (3H, d, J = 6.9 

Hz, CH3-16), and 1.17 (3H, d, J = 6.9 Hz, CH3-17). Moreover, 1H NMR spectrum also showed 

the signals for one aromatic proton at δH 7.23 (H-14), a tertiary methine signal at δH 1.26 (H-

5), two singlet methyl groups at δH 1.29 and 0.94 (H-18 and H-19), and three hydroxyl groups 

at δH 8.05 (12-OH), 7.76 (10-OH), and 7.56 (11-OH). The 13C-NMR, HMBC and HSQC 

(supplementary information) displayed resonances of nineteen carbons corresponding to 

four methyl groups, three methylenes, three methines (one sp2 carbon at 115.9), and nine 

quaternary carbons (including one oxygenated at 54.2 and two carbonyl groups at 176.4 and 

178.9). 
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 The 1H- and 13C-NMR spectra of compound 1 were similar to those of coleon V 

(Supplementary information) [23]. The main differences were the absence of the C-20 methyl 

group signal (δc 23.6) that together with a downfield quaternary carbon at δc 54.2 suggested 

the presence of an extra hydroxyl group at C-10 and the nor-abietane structure. Moreover, 

the absence of a hydroxyl group at C-14 was indicated by the signal at δH 7.23 instead of δH 

13.47, and the downfield shift of C-14 (δc 115.9). 

These structural features were confirmed by 2D NMR data analysis (COSY, HMQC and HMBC 

(Figure IV.2). In particular, the 2JC-H correlations observed between the quaternary carbon at 

δc 54.2 and H1-β (δH 2.85) and H-5 (δH 1.26) corroborated the presence of the hydroxyl group 

at C-10. The cross-peak between the carbonyl signal at δc 176.4 and H-5 was used to assign 

its position at C-6. Furthermore, the long-range correlation of C-14 (115.96) to H-15 (δH 3.16) 

confirmed the absence of a hydroxyl group at C-14. 

Based on the above evidence, the structure of compound 1 was identified as (+)-(5S,10R)-

10,11,12-trihydroxy-6,7-dioxo-20-nor-abieta-8,11,13-triene. 

 

 

Figure IV.2. Key 1H–1H COSY (bold lines) and HMBC (blue arrows) correlations of compound 

1 
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Table IV.1. NMR data of compound 1 (CD3OD, 1H 500 MHz, 13C 126 MHz; δ in ppm, J in Hz) 

Position δH  δc  

1α 1.78 (m) 
35.8 

1β 2.84  (m) 

2α 1.56 (m, J = 3.4) 

18.7 
2β 

1.70 (m, J = 14.0, 

3.4 Hz) 

3α 2.89 (m) 
32.9 

3β 1.64 (m) 

4  34.7 

5 1.26 (s) 42.4 

6  176.4 

7  178.9 

8  125.3 

9  153.2 

10-OH 7.76 (s) 54.2 

11-OH 7.56 (s) 170.6 

12-OH 8.05 (s) 175.5 

13  118.8 

14 7.23 (s) 115.96 

15 
3.16 (sept, J = 

7.1) 
24.8 

16 1.18 (d, J = 6.9) 21.5 

17 1.17 (d, J = 6.9) 19.5 

18 0.94 (d, J = 4.9) 28.2 
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LC-MS/MS was used to study the fragmentation pattern of the isolated compounds and 

further analyse the presence of diterpenoids in the acetone extract. Compound 1 yielded its 

deprotonated ion at m/z 331 [M-H]-. Its MS/MS spectra showed fragments at 303 due to the 

loss of -CO group [M-H-CO]- and m/z 313 resulting from the loss of water [M-H-H2O]-. Other 

product ions at m/z 298 [M-H-H2O-CH3]-, 285 [M-H-CO-H2O]- and 259 [M-2H-CO-C3H7]- were 

19 1.29 (d, J = 4.9) 30.3 
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also detected at low abundance.  Compound (2) showed a protonated ion at m/z 345 M+H]+ 

that generated fragments m/z 111 and m/z 233 resulting from the fragmentation at the 

11,13-positions of the C-ring [51]. Fragment m/z 303 corresponds to the loss of the propene 

unit [M+H-43Da]+ and 327 from the loss of H2O [M+H-H2O]+. The fragmentation of the parent 

ion of compound 3 (m/z 359 [M-H]- produced an ion at m/z 300 [M-H-C3H7O]- and a base peak 

at m/z 285 [M-H-2CO-H2O]-[42]. The fragment ion at m/z 272 [M-H-C3H7O-CO]- was also 

observed. Compound 4 showed a deprotonated ion at m/z 345 [M-H]- and a base peak at m/z 

330 due to the loss of a methyl group.  

The UHPLC-MS/MS analysis revealed an additional compound in the extract. This compound 

exhibited a protonated ion at 389 [M+H]+. Its MS/MS spectrum showed an abundant fragment 

ion at m/z 347 that was attributed to the loss of a propene unit [M+H-C3H6] +, suggesting the 

presence of the characteristic isopropyl group of abietane diterpenoids. The presence of a 

small fragment ion at m/z 330 [M+H-C2H3O2]+ suggested the loss of an acetoxy group (59 Da) 

(Supplementary information). The above finding suggests that this compound could be an 

acetoxy derivative of an abietane diterpenoid. More work is ongoing for the proper 

identification of this compound.  

HPLC–DAD Profiling of P. mutabilis acetonic extract  

In the present study, P. mutabilis extract was found to contain four abietane diterpenoids. 

HPLC analysis revealed the presence of the following compounds mutabilol tR = 9.20 (1), 

Coleon U quinone tR = 10.22 (2), 8α,9α-Epoxycoleon U quinone, tR = 9.43 (3), Coleon U, tR = 

11.80 (4). The HPLC quantification of the four isolated abietane diterpenoids is represented 

in Table IV.2 below with compound 4 being the major compound in the extract. Coleon U 

quinone appears to be an oxidation product of coleon U, as it was only present in the crude 

extract in small quantities. These were in agreement with the results obtained by Diogo et al, 

from P. madagascariensis Benth. [13] and Wellsow et al., 2006, where Coleon U quinone only 

appeared in significant amounts during the isolation process [47]. 
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Table IV.2. Abietane Diterpenoids compositions of the extract from P. mutabilis by HPLC–

DAD 

Compounds Concentration 
µg/mg 

LOD 
µg/mg 

LOQ 
µg/mg 

Mutabilol (1) 51±0.008 1.120 3.39 

Coleon U quinone (2)  35±0.005 0.102 0.310 

8α,9α-Epoxycoleon U quinone (3)  36±0.018 0.828 2.510 
Coleon U (4)  96±0.048 0.78 2.35 

Results are expressed as average ± standard deviation (SD) of three determinations. LOD 

(limit of detection) and LOQ (limit of quantification). Compounds 2 and 3 were quantified at 

270 nm and compounds 1 and 4 at 254 nm. 

Biosynthetic relation between 2-4 

The biosynthetic relationship between compounds 2-4 was considered employing a 

computational study. While Coleon U 4 is the undoubted precursor of 2 and 3, the formation 

of epoxyquinone 3 can be formulated straight from Coleon U 4 or from its quinone 2. To get 

insight into the formation of epoxyquinone 3, the electron density-based local reactivity 

descriptors condensed Fukui indexes have been determined for the three compounds, 

together with the bond dissociations energies (BDEs) of the O-H bonds of Coleon U 4. Herein, 

Fukui functions have the capability of identifying nucleophilic and electrophilic regions in 

molecules, as well as the propensity of certain regions to undergo a radical attack.  

Figure IV.3 depicts the results of the electrophilic (fk
-), nucleophilic (fk

+), and radical (fk
0) Fukui 

functions in the gas phase, where the positions with higher Fukui indexes have been 

indicated. In Table IV.3 is presented the bond dissociation energies of the O-H bonds present 

in Coleon U 4. The BDE of the O-H at the C11 position is significantly lower than any of the 

other O-H bonds, which indicates that under oxidative radical conditions the removal of this 

hydrogen radical will trigger the oxidative process of the hydroquinone to quinone 2. The 

analysis of the Fukui reactivity descriptors of 2 and 4 point to the carbon atoms of the 

hydroquinone moiety as the most nucleophilic region of the molecule while the quinone 

portion becomes the most electrophilic region in 2. This observation suggests that the 

installation of epoxide in 2 to form 3 would occur via the nucleophilic conjugate addition by 

an oxygen-carrier group (eg. hydroperoxide). On the other hand, the oxygen atom in the 

epoxide of 3 is more likely to have its origin in electrophilic molecular oxygen making Coleon 

U 4 a suitable biosynthetic precursor considering its nucleophilic character around the 



 

66 
 

hydroquinone core.  With this in mind, the formation of anions 411 and 414 was considered, 

and the electrophilic Fukui functions (fk
-) of both anions were analyzed (Figure IV.4). The 

difference of 25 kcal/mol in the Gibbs free energy of formation of both anions indicates that 

the hydroxyl deprotonation at position 11 is preferable. The analysis of the electrophilic Fukui 

function (fk
-) indicates position C9 as the second most nucleophilic atom (0.136 condensed 

index), only overpassed by the anionic oxygen. A similar analysis for the electrophilic Fukui 

function (fk
-) for anion 414 indicates C11 as the most nucleophilic carbon, although having a 

close condensed index to C9 and C13 (0.138 vs 0.122-0.124).  

 

 

 

 

 

 

 

Figure IV.3. Electrophilic (fk-), nucleophilic (fk+) and radical (fk0) Fukui functions of 2-4. The 

higher condensed Fukui indexes are indicated as green circles, red triangles, and blue 

arrows, respectively representing the sites in the molecules that are most susceptible for a 

radical attack, most nucleophilic, and most electrophilic. 

Table IV.3. Hydrogen Bond Dissociation Energies (BDEs; kcal/mol) of O-H bonds in 4. 

 

 

 

 

 

 

 

 

Position of OH in 4 
O-H Bond Dissociation 

Energy (kcal/mol) 

C6 103.8 

C11 84.1 

C12 103.0 

C14 116.5 

 
4 2 3 
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Figure IV.4. Electrophilic Fukui functions (fk-) and Gibbs energy for the formation of anions 

derived from deprotonation of Coleun U (4) at hydroxyl positions on C11 a) and C14 b) 

 

With this in mind, two paths are suggested as plausible for the formation of epoxide 3 from 4 

(Scheme IV.1). Upon hydroxyl deprotonation of 4 at the C11 position, the anion 411 reacts 

with molecular oxygen at C9 to form a hydroperoxide, which undergoes nucleophilic attack 

at C11 carbonyl to deliver a dioxetane. A proton exchange places the anion at the oxygen at 

C14 position, followed by dioxetane opening delivers the epoxide. Alternatively, the same 

dioxetane can be reached from anion 414 through the electrophilic attack at molecular oxygen 

by C11, as corroborated by the higher nucleophilic Fukui condensed index, followed by 

conjugate addition. While the formation of 411 is more favorable than the formation of 414, 

given its lower Gibbs free energy of formation, the oxygen electrophilic addition to C9 

formulated in the first path should be hampered by stereochemical constraints. Furthermore, 

the formation of epoxyquinones [52,53] through electrophilic attack by phenol bearing 

carbons (such as in C11) has been reported in bacteria [54], fungi [55] and in mammals in the 

biosynthesis of vitamin K epoxide [56,57].  

a) b) 

ΔG
f
 = 154.4 kcal/mol ΔG

f
 = 179.2 kcal/mol 

411 414 
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Scheme IV.1 

 

Selectivity towards cancer cells  

The viability of human cancer cells was compared with that of human normal cells upon 

treatment with the acetone extract and diterpenes 1-4, isolated from P. mutabilis. The model 

system used in the study comprises human non-small cell lung carcinoma cells (NCI-H460), its 

MDR variant with P-gp expression (NCI-H460/R), and human embryonic pulmonary 

fibroblasts (MRC-5). Cell viability was assessed by the MTT assay. The largest reduction of 

cancer cell viability (metabolic activity) was observed with coleon U - compound 4 (IC50 ≈ 14 

μM) against the NCI-H460 and NCI-H460/R expressed with P-gp which also showed the 

highest selectivity index at 2.5 (Table IV.4). Compounds 2 and 3 (coleon U quinone and 8α,9α-

epoxycoleon U quinone, respectively) showed similar inhibition of cancer cell viability (IC50 ≈ 

20 μM) and a similar selectivity index of 2.0 (Table IV.4). New identified compound 1 - 

mutabilol was inactive against all three cell lines displaying IC50 over the highest concentration 

for compounds used in the study (Table IV.4). The acetone extract showed similar activity 

against cancer and normal cells with a selectivity index of 1.0 (Table IV.4). Previous results on 

coleon U activity against NCI-H460 cells assessed by sulforhodamine B (SRB) test showed 

significantly lower IC50 value  ≈ 3 μM [13,58]. Due to different detection methods of SRB 

(labeling cellular proteins,[59] and MTT (labeling vital mitochondria, (Cory et al., 1991), we 

can assume that the anticancer effect of coleon U is rather cytostatic or antiproliferative than 

cytotoxic. This could be also true for coleon U quinone, and 8α,9α-epoxycoleon U quinone. 

Further investigations should be directed to elucidate the mechanism of abietane 

diterpenoids against cancer cell growth. 

4

11 

4

14 

414 

411 
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Coleon U quinone was tested by another research group, in normal human keratinocytes  

(HaCaT) using the MTT assay  [45]. The IC50 value obtained was two-fold higher (≈ 98 μM) than 

that obtained in MRC-5 cells (Table IV.4) suggesting even a greater selectivity of coleon U 

quinone (compound 2) towards cancer cells. 

 Importantly, the presence of MDR phenotype (P-gp overexpression) in NCI-H460/R did 

not affect the inhibitory effect of 2, 3, 4, and the extract, implying that they are not substrates 

for P-gp. Similar results were obtained with another representative of abietane diterpenoids 

– namely, 6,7-dehydroroyleanone, 7α-acetoxy-6β- hydroxyroyleanone 6β,7α-

dihydroxyroyleanone, 7α-formyloxy-6β-hydroxyroyleanone and coleon U, which showed 

selectivity for non-small lung carcinoma cells and their multidrug-resistant variant [13]. These 

royleanones equally significantly inhibited sensitive and P-gp overexpressing cancer in NCI-

H460/R cell lines [12,16].  

 

 

Table IV.4. Inhibition of cell viability assayed by MTT in non-small cell lung cancer cells (NCI-

H460 and NCI-H460/R) and embryonic pulmonary fibroblasts (MRC-5). 

Compounds NCI-H460 NCI-H460/R MRC-5 
Selectivity 

index a 

1 ˃ 50 ˃ 50 ˃ 50 n.a. 

2 22.96±0.56b 20.37±0.43 44.13±1.19  2.0 

3 20.23±0.59 17.26±0.26 40.22±0.44  2.0 

4 14.11±0.19 14.50±0.18 35.47±0.56 2.5 

extract 15.30±0.37c 15.66±0.47 16.68±0.69  1.0 

Paclitaxel 0.0006 ± 0.0001 0.117 ± 0.013 0.523 ± 0.001 872 

 
aSelectivity index was calculated as a relation between IC50 for MRC-5 cells and IC50 for 

NCI-H460 or NCI-H460/R cells 
bIC50 values in μM for compounds,  
cIC50 values in μg/mL for extract 
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Interaction with P-gp activity 

We further investigated the influence of compounds and extract on P-gp activity using Rho123 

accumulation assay in MDR NCI-H460/R cells. Rho123 is a P-gp substrate suitable for studying 

by flow cytometry. Increased accumulation of Rho123 implies P-gp inhibition, while its 

decreased accumulation implies P-gp stimulation. Compounds (1, 2, 3, and 4) were applied in 

concentrations of 5 or 10 μM, while the extract was applied in concentrations of 5 or 10 

μg/mL. Compounds and extract were simultaneously combined with 2.5 μM of Rho123 for 

short exposure of only 30 min. Tariquidar (TQ), a known third-generation inhibitor of P-gp, 

efficient in the nanomolar range, was used as a positive control for Rho123 accumulation as 

well as untreated sensitive NCI-H460 cells (Table IV.5). Fluorescent activity ratio (FAR) and 

sensitivity index (SI) clearly showed that TQ increases the accumulation of Rho123 and thus 

inhibits P-gp activity. All tested compounds, as well as extract, showed the opposite effect on 

P-gp activity by decreasing the Rho123 accumulation in NCI-H460/R cells. This finding implies 

that compounds and extract stimulate P-gp activity in a direct interaction assessed after 30 

min.  

Table IV.5. Rho123 accumulation assay, 30 min simultaneous treatment with tested 

compounds, shows direct interaction with P-gp and interference with its activity (inhibition 

or stimulation) 

 

Compounds/(Cell 
Lines) 

MFIa FAR±S.E.b SI±S.E.c 

NCI-H460d 2479.3 3.06±0.61  

NCI-H460/R 811.1  32.71±1.65 

TQ 50 nM 3004.0 3.70±0.54e 121.16±0.88e 

Extract 

5 
µg/mL 

339.5 0.42±0.20f 13.69±3.24f 

10 
µg/mL 

307.7 0.38±0.20 12.41±3.15 

1 5 µM 265.9 0.33±0.21 10.72±3.55 
 10 µM 254.5 0.31±0.22 10.26±3.63 

2 
5 µM 277.3 0.34±0.20 11.18±3.29 

10 µM 242.0 0.30±0.20 9.76±3.44 
3 5 µM 289.7 0.36±0.20 11.68±3.29 
 10 µM 276.6 0.34±0.21 11.16±3.41 

4 
5 µM 173.5 0.21±0.24 7.00±3.99 

10 µM 109.7 0.14±0.29 4.43±4.71 
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a The measured mean fluorescence intensity (MFI) was used for the calculation of the 
fluorescence activity ratio (FAR). 

b via the following equation: FAR = MFIMDRtreated/MFIMDRcontrol. 
c The sensitivity index (SI) was calculated based on the measured mean fluorescence 

intensity (MFI) expressed via the following equation: SI = (MFIMDRtreated x 100)/MFIsensitive control. 
d Sensitive cancer cell lines and their MDR counterparts used in the study: non-small cell 

lung carcinoma-NSCLC (NCI-H460 and NCI-H460/R). 
e TQ was applied as a positive control for P-gp inhibition (red labeled FAR and SI values). 
f Extract and 4 tested compounds exerted a stimulating effect on P-gp (blue labeled FAR 

and SI values). 
 

To show whether this stimulation persists over a longer treatment period, we studied Rho123 

accumulation after 72 h treatment with compounds and extract (Table IV.6). After 72 h 

treatment, all compounds, as well as extract, increased the Rho123 accumulation when lower 

concentration was applied (5 μM or 5 μg/mL, respectively) (Table IV.5). All compounds except 

4 and extract increased Rho123 accumulation when 10 μM was administrated. Compound 2 

showed a concentration-dependent effect according to FAR and SI values (Table IV.6). 

However, 10 μM of 4 decreased the accumulation of Rho123 as well as 10 μg/mL of extract. 

Considering that 4 is the most abundant compound in the extract (Table IV.2), this result was 

not surprising. Therefore, 4 exerted the strongest inhibition of P-gp with 5 μM (FAR = 2.45) 

but also the strongest stimulation of P-gp with 10 μM (FAR = 0.49) (Table IV.6).  

According to the Rho123 accumulation profile, we assume that these compounds, also 

present in the extract, bind close or within the nucleotide-binding domain region (NBD) of P-

gp inducing its stimulation and consequent high consumption of ATP necessary for the P-gp 

functioning. Therefore, compounds and extract can exhaust or even deplete ATP over a longer 

period of treatment. This we confirmed in the Rho123 accumulation study after 72 h 

treatment with compounds and extract. However, the strongest stimulation of P-gp achieved 

with 10 μM of 4 (FAR = 0.14, Table IV.5) was reduced but persisted over time (FAR = 0.49, 

Table IV.6). As 4 is the most abundant and the most potent component of the extract, its 

Rho123 accumulation profile was similar to the one obtained with the extract (Table IV.6). 

Further studies should be undertaken to reveal the effect of abietane diterpenoids on the P-

gp ATPase activity. 
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Table IV.6. Rho123 accumulation assay, 30 min load after 72 h treatment with tested 

compounds and extract, shows the indirect effect on P-gp activity (inhibition or stimulation) 

 

a The measured mean fluorescence intensity (MFI) was used for the calculation of the 
fluorescence activity ratio (FAR). 

b via the following equation: FAR = MFIMDRtreated/MFIMDRcontrol. 
c The sensitivity index (SI) was calculated based on the measured mean fluorescence 

intensity (MFI) expressed via the following equation: SI = (MFIMDRtreated x 100)/MFIsensitive control. 
d Sensitive cancer cell lines and their MDR counterparts used in the study: non-small cell 

lung carcinoma-NSCLC (NCI-H460 and NCI-H460/R). 
e Red labeled FAR and SI values indicate P-gp inhibiting activity of tested 

compounds/concentrations. 
f Blue labeled FAR, and SI values indicate P-gp stimulating effect of tested 

compounds/concentrations. 
 

Effects on P-gp expression 

The effect on P-gp (ABCB1) expression was assessed by flow cytometry using FITC 

conjugated ABCB1 antibody after 72 h treatment of NCI-H460/R cells with compounds and 

extract. NCI-H460 cells with almost null expression of ABCB1 were used as a negative control, 

while treatment with TQ in NCI-H460/R cells was used as a positive control. Namely, TQ 

inhibition of P-gp activity strongly induces P-gp expression as a compensative mechanism. 

The results showed that none of the tested compounds had influence on ABCB1 expression 

in NCI-H460/R cells, while the extract significantly increased ABCB1 expression in a 

concentration-dependent manner (Figure IV.5). The increase in ABCB1 expression induced by 

10 μg/mL of extract was like the one achieved by 50 nM of TQ (Figure IV.5). According to our 

Compounds/(Cell Lines) MFIa FAR±S.E.b SI±S.E.c 

NCI-H460d 2151.0 4.19±0.45  
NCI-H460/R 513.7  23.88±2.22 

TQ 50nM 3004.0 3.70±0.54e 121.16±0.88e 

Еxtract 
5μg/mL 654.0 1.27±0.96e 30.40±2.14 

10μg/mL 473.4 0.92±0.96f 22.01±2.14 
1 5 μM 595.3 1.16±0.98 27.68±2.18 
 10 μM 573.0 1.12±1.03 26.64±2.29 

2 
5 μM 669.6 1.30±1.00 31.13±2.22 
10μM 991.3 1.93±0.86 46.09±1.90 

3 5 μM 711.6 1.39±0.98 33.08±2.19 
 10 μM 666.1 1.30±1.02 30.97±2.26 

4 

5 μM 1258.8 2.45±0.78 58.52±1.73 

10 μM 253.0 0.49±1.25 11.76±2.78 
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results, the extract can increase resistance by stimulating P-gp expression. Therefore, it would 

not be wise to use the extract in combination with chemotherapeutics which are P-gp 

substrates.  

 

.  

 

Figure IV.5. Effects of compounds and extract on the ABCB1 expression. Mean fluorescence 

of untreated NCI-H460/R cells was set to 100 and used for the comparison of other mean 

fluorescence (untreated NCI-H460 cells and treated NCI-H460/R cells) in GraphPad Prism 6 

software (unpaired t-test). Mean fluorescence was calculated from three independent 

experiments. Significant difference to untreated NCI-H460/R cells was considered if p < 0.05 

(*), p < 0.001 (***). 

 

Our findings prompted us to investigate the sensitizing effect of 2, 3, and 4 in NCI-H460/R 

cells. These three compounds showed an anticancer effect in MTT assay (Table IV.4); a 

considerable increase of Rho123 accumulation after 72 h when applied in 5 μM (Table IV.6); 

and no influence on the ABCB1 expression in NCI-H460/R cells (Figure IV.5). 

 

Reversal of DOX resistance 

NCI-H460/R cells were developed by the continuous exposure of NCI-H460 cells to the step-

wise increasing concentrations of DOX [41]. Therefore, we studied the sensitization of NCI-
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H460/R cells to DOX which was combined with 2, 3, and 4. DOX (0.1, 0.2, 0.5, 1 and 2 μM) was 

administrated after 72 h pre-treatment with 2, 3, and 4 applied in three concentrations below 

their IC50 (1, 2, and 5 μM). 

 
 

Table IV.7. Reversal of DOX resistance in NCI-H460/R cells pre-treated with 1, 2, and 3, 

assayed by MTT 

 
Compounds Concentration IC50 for DOX Relative 

reversal index 

DOX  1.620±0.084  

2 1 μM 0.565±0.012 2.867*** 

2 μM 0.482±0.010 3.361*** 

5 μM 0.217±0.004 7.465*** 

3 1 μM 0.820±0.016 1.976*** 

 2 μM 0.345±0.007 4.696*** 

 5 μM 0.343±0.006 4.723*** 

4 1 μM 0.625±0.013 2.592*** 

2 μM 0.540±0.012 3.000*** 

5 μM 0.268±0.006 6.045*** 

 

All subsequent combinations of all compounds with DOX showed significant reversal potential 

expressed as Relative reversal index (Table IV.7). Relative reversal index was calculated as the 

ratio between IC50 value for DOX alone and IC50 value for DOX in combination with a 

compound. The most potent sensitization of NCI-H460/R cells to DOX was achieved with 5 

μM of 2 and 4 with relative reversal index 7.465 and 6.045, respectively (Annex 6, 

Supplementary information. Fig. SI-5). A recent study from our group showed the abietane 

diterpenoid 7α-acetoxy-6β-benzoyloxy-12-O-(4-chloro) benzoylroyleanone enhanced the 

sensitivity of cancer cells to DOX. Importantly, IC50 concentrations (0.5 and 1 μM) can reverse 

DOX resistance towards cancer cells and thus may be useful in combination with classic 

chemotherapeutics [16]. 
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Conclusion:  

Plectranthus mutabilis Codd. leaves are a valuable source of abietane diterpenoids and a C20-

nor-abietane with coleon U as a major constituent in the acetone extract. A biosynthetic 

relation between 2, 3 and 4 based on computational data indicates that both the quinone 2 

and the epoxyquinone 3 are formed directly from Coleon U. Compounds isolated from 

Plectranthus mutabilis Codd. are not P-gp substrates because the presence of MDR 

phenotype did not affect their antimetabolic activity studied by MTT. Besides, these 

compounds do not change the expression of P-gp after 72 h treatment. Although these 

diterpenoids stimulated P-gp activity in a direct interaction after 30 min application, longer 

exposure led to the decreased activity of P-gp. This unique mechanism needs to be clarified 

in further research by assessing the effects on P-gp ATPase activity and ATP levels in MDR 

cancer cells. Finally, our results showed the potential of 2, 3, and 4 to reverse DOX resistance 

and increase its efficacy towards cancer cells. Therefore, we identified diterpenoids from 

Plectranthus mutabilis Codd. which could be considered as MDR modulators in cancer. New 

derivatives and their structure-activity studies are important to reinforce abietanes as a new 

family of P-gp modulators. 
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Supplementary information S.IV 

Structure elucidation 

  

Figure S.IV.1: Key 1H–1H COSY (bold lines), HMBC (blue arrows) and NOESY (red arrows) 

correlations of 2, 3 and 4. 

S.IV.2: 1H NMR Data (δ) for Compounds 2-4  

Compound 2: (Coleon U quinone). 1H-NMR (500 MHz, CDCl3): δ 7.09 (1H, s, 6-OH ), 7.07 (s, 

1H, 12-OH), 3.22 (1H, sept, J = 7.1 Hz, H-15), 2.65 (1H, s, H-1β), 1.98 (1H, m, J = 14.9, Hz-3α), 

1.90 (1H, s, H-2β), 1.62 (1H, m, J = 16.7 Hz, H-2α), 1.60 (1H, s, H-1α), 1.64 (s, 3H, H-20), 1.45 

(1H, s, H-3β),  1.43, 1.42 (6H, d, J = 4.9, H-19, H-18), 1.25, 1.24 (6H d, J = 6.9 Hz, H-16, H-17). 

For 13C-NMR data, see Table S.IV.3. 

Compound 3: (8α,9α-Epoxycoleon U quinone). For 13C-NMR data, see Table S.IV.3.  

Compound 4: (Coleon U). 1H NMR (500 MHz, CDCl3): δ 12.92 (s, 1H, 14-OH), 6.98 (s, 1H, 6-

OH), 6.05 (s, 1H, 11-OH), 3.21 (Sept, 1H, J = 7.1, H-15), 2.88 (dt, J = 13.5, 8.9, 1H, H-3α ), 1.87 

(1H, s, H-2β), 1.86 (s, 1H, H-3β), 1.65 (s, 1H, H-1), 1.66 (s, 1H, H-2α), 1.67 (s, H-20, 3H), 1.47 

(s, 3H, H-18), 1.43 (s, 3H, H-19), 1.38 (d, J = 7.2, 3H, H-17), 1.40 (d, J = 7.2, 3H, H-16). For 13C-

NMR data, see Table S.IV.3.  

Coleon V: 1H NMR  (0 to 50 ppm, Acetone-d): δ 13.47 (s, 1H, 14-OH), 3.51 (Sept, 1H, J = 

7.0, H-15), 3.12 (s, 1H, H-5), 3.50 (H-1α ), 1.33 (s, 1H, H-1β), 1.40 (s, H-20, 3H), 1.40 (s, 

3H, H-18), 1.04 (s, 3H, H-19), 1.37 (d, J = 7.0, 3H, H-17). For 13C-NMR data, see Table 

S.IV.3 [23].  
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Table S.IV.3. 13C-NMR data of compounds 2-4 δ, (1, 3, 4-126 MHz, 2- 75 MHz) 

 2 3 4 Coleon V 

C-1 30.93  31.18  28.88  37.7 

C-2 17.84  17.19  18.35  18.7 

C-3 36.49  37.27  31.73 41.6 

C-4 36.45  36.09  36.55  32.8 

C-5 143.50  140.03 142.05 65.1 

C-6 146.93  140.91 142.98 200.8 

C-7 177.68  183.08    182.90  184.1 

C-8 126.97 57.26  105.54  109.5 

C-9 155.20  67.64  137.21 138.1 

C-10 41.57  39.25  41.13  44.7 

C-11 183.70  186.67 133.18 133.9 

C-12 150.82  150.82 150.31 157.4 

C-13 126.16  128.50  118.39  119.3 

C-14 184.48  186.32  156.74  163.6 

C-15 24.52  25.54  24.58  24.5 

C-16 19.91  19.34  20.94  19.9 

C-17 19.90  19.73  20.86  - 

C-18 27.64  28.37  27.18  21.7 

C-19 27.28  27.19  30.94  32.4 

C-20 29.20 27 28.06  23.6 

 

Phytochemistry study of chromatographic column fractions 

 

Figure S.IV.2: Screening of the P. mutabilis column fractions for general toxicity at a 

concentration of 10 ppm using the Artemia salina test 
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Formula 

Lethal concentration = 
Total 𝐴.  𝑠𝑎𝑙𝑖𝑛𝑎 – Alive 𝐴.  𝑠𝑎𝑙𝑖𝑛𝑎) 

Total  𝐴.𝑠𝑎𝑙𝑖𝑛𝑎 
     Equation (1) 

HPLC quantification 

The chromatographic runs resulted in calibration curves for the following standards: Coleon 

U quinone Y = 39655X + 1332.4 (R² = 0.9986), 8α,9α-Epoxy-coleon U quinone Y = 18522X - 

401.77 (R² = 0.9413), Coleon U Y = 15528X + 583.53 (R² = 0.9995), 7-hydro, mutabilol U Y = 

3122.5X - 84.157 (R² = 0.9865). 

    

                                      1                                                                    2 

    

                                     3                                                                    

Figure S.IV.3. Calibration curves for the HPLC quantification of diterpenoids fromthe 

acetonic extract of P. mutabilis. UV detection at 270 nm. Mutabilol (1), Coleon U quinone 

(2), 8α,9α-Epoxycoleon U quinone, (3), Coleon U (4)    
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Figure S.IV.4: 1D and 2D- NMR data 

 
Figure S.IV.4: 1H NMR– compound 1 

 
COSY – Compound 1 

 
COSY – Compound 1 
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Figure S.IV.5: HMBC– compound 1 

 
 

 
 

Figure S.IV.6: HSQC– compound 1 
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Figure S.IV.7: 13C–NMR  compound 1 

LCMS spectra 

 

Figure S.IV.8: ESI- Comparison of chromatographic profiles of isolated compounds with P. 

mutabilis leaves extract 
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Figure S.IV.12: MS/MS spectrum Mutabilol, 1 (ESI-) 

 
 

 
Figure S.IV.9: MS/MS spectrum of Coleon U quinone, 2 (ESI+). 
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Figure S.IV.10: MS/MS spectrum of 8α,9𝜶-epoxycoleon U quinone, 3 (ESI-)  

 
 
 

 

 
 

Figure S.IV.11: MS/MS spectrum of Coleon U, 4 (ESI-) 

 

 

 

 
Figure S.IV.13: MS/MS spectrum of acetoxy derivative of an abietane diterpenoid, 5 (ESI+) 

 

 

Effects of compounds’ (2, 3, and 4) pre-treatment on doxorubicin anticancer efficacy in 

NCI-H460/R cells. 
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Figure S.IV.14. Reversal of DOX resistance in NCI-H460/R cells in subsequent treatment with 

compounds 2, 3, and 4. Left panel: Cell growth inhibition induced by combined treatments 

of compounds 2, 3, and 4 with DOX. Right panel: IC50 values obtained by non-linear 

regression in GraphPad Prism 6 software. Dunnett's multiple comparisons test in Two-way 

ANOVA was used to determine the significant differences among treatment strategies 

(p≤0.01***). Results were obtained from three independent experiments (n=3). 
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Figure S.IV.15. Single treatment with compounds 2, 3, and 4 in NCI-H460/R cells assessed 

by MTT after 144 h (control treatments of combined effect with DOX). A: Cell growth 

inhibition induced by single treatments of compounds 2, 3, and 4 with DOX. B: Non-linear 

regression used to calculate the IC50 values of compounds 2, 3, and 4. IC50 values obtained 

by non-linear regression in GraphPad Prism 6 software. Results were obtained from three 

independent experiments (n=3). The results confirmed that 1 µM, 2 µM, and 5 µM used in 

combination with DOX (Annex 6) did not affect the cell viability after 144 h. Only 10 µM and 

20 µM inhibited the cell growth of NCI-H460/R but these concentrations were not used in 

combination studies 
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Supplementary table S.IV.4. Atomic coordinates for all the optimized species (PBE1PBE/6-

31G**) 

2 
6 -6.510598 -1.779398 1.479926 

6 -7.531096 -1.603413 0.368407 

6 -7.307474 -0.274144 -0.378671 

6 -5.812576 -0.018174 -0.593221 

6 -4.825958 -1.155550 -0.406426 

6 -5.089506 -1.926752 0.933919 

6 -5.366542 1.169179 -1.066715 

6 -3.943581 1.513549 -1.210878 

6 -2.953974 0.524590 -0.753593 

6 -3.377117 -0.723779 -0.434745 

6 -1.510904 0.937819 -0.622889 

6 -0.472386 -0.095410 -0.446381 

6 -0.894182 -1.359908 -0.221952 

6 -2.329027 -1.744994 -0.194396 

6 -8.047669 -0.299977 -1.726809 

6 -7.912939 0.853667 0.482813 

6 -5.002622 -2.112785 -1.626524 

8 -1.221045 2.121411 -0.617078 

6 0.971841 0.335494 -0.440785 

6 1.617160 0.126924 0.933379 

6 1.770777 -0.359399 -1.548369 

8 -0.074167 -2.390575 0.001545 

8 -2.564906 -2.935325 0.002661 

1 -6.749353 -2.654558 2.093775 

1 -6.564028 -0.914745 2.151569 

1 -8.549068 -1.599820 0.774760 

1 -7.486513 -2.457066 -0.318685 

1 -4.854243 -2.978326 0.758105 

1 -4.379997 -1.583076 1.693833 

8 -6.161903 2.186470 -1.447177 

8 -3.675186 2.602544 -1.711526 

1 -7.942714 0.654833 -2.247310 

1 -9.114581 -0.484354 -1.556422 

1 -7.670931 -1.092420 -2.380480 

1 -7.802699 1.826473 0.004438 

1 -7.442070 0.906951 1.468878 

1 -8.980987 0.658432 0.628634 

1 -4.336068 -2.971832 -1.527847 

1 -4.778572 -1.581526 -2.556133 

1 -6.026808 -2.480901 -1.686551 

1 0.957918 1.410772 -0.646814 

1 2.645796 0.501904 0.923930 

1 1.644007 -0.932990 1.201810 

1 1.069645 0.667305 1.711312 

1 2.796856 0.022105 -1.562115 

1 1.330132 -0.172787 -2.532362 

1 1.811879 -1.440490 -1.389355 

1 -0.667247 -3.158729 0.123952 

1 -5.524776 2.870780 -1.745435 
 
3 
6 -6.648287 -1.920306 1.398714 

6 -7.578543 -1.661558 0.227975 

6 -7.318589 -0.275319 -0.390202 

6 -5.814200 -0.000583 -0.517928 

6 -4.833267 -1.151465 -0.310408 

6 -5.193170 -2.015248 0.941757 

6 -5.376336 1.208694 -0.940049 

6 -3.966314 1.614547 -1.037916 

6 -2.918923 0.663334 -0.539225 

6 -3.392424 -0.682827 -0.121824 

6 -1.472665 0.856571 -0.960313 

6 -0.463904 -0.076639 -0.421563 

6 -0.885499 -1.296990 -0.010697 

6 -2.307902 -1.727413 -0.012737 

6 -7.992770 -0.204383 -1.771819 

6 -7.970876 0.780834 0.526030 

6 -4.857951 -2.000515 -1.605359 

8 -1.163278 1.737198 -1.737323 

6 0.986286 0.324638 -0.528563 

6 1.699007 0.251735 0.824911 

6 1.714161 -0.497542 -1.598615 

8 -0.050959 -2.275970 0.352379 

8 -2.525781 -2.918256 0.154374 

1 -6.923503 -2.842398 1.921557 

1 -6.759040 -1.111726 2.130090 

1 -8.627158 -1.700757 0.544753 

1 -7.460960 -2.453773 -0.522227 

1 -4.938619 -3.051636 0.707898 

1 -4.541494 -1.721600 1.771359 

8 -6.200604 2.218359 -1.299660 

8 -3.713876 2.738489 -1.444515 

1 -7.874686 0.784651 -2.218774 

1 -9.063991 -0.409872 -1.664477 

1 -7.577087 -0.947221 -2.459824 

1 -7.848015 1.786667 0.125447 

1 -7.543005 0.763414 1.532449 

1 -9.042667 0.569773 0.609945 

1 -4.228832 -2.887377 -1.502349 

1 -4.509025 -1.405917 -2.456032 

1 -5.871125 -2.333887 -1.832805 

1 0.979702 1.366977 -0.864337 

1 2.722705 0.626192 0.723699 

1 1.747569 -0.775651 1.195022 

1 1.189752 0.863483 1.575539 

1 2.747508 -0.149447 -1.696743 

1 1.227695 -0.388612 -2.572182 

1 1.735790 -1.558682 -1.335069 

1 -0.617776 -3.061528 0.479165 

1 -5.592493 2.946103 -1.538704 

8 -3.133581 0.332438 0.838177 

 
4 
6 -6.539897 -1.866714 1.404408 

6 -7.528184 -1.654080 0.271925 

6 -7.271879 -0.300086 -0.416740 

6 -5.766223 -0.044190 -0.567457 

6 -4.782098 -1.201830 -0.412312 

6 -5.125485 -2.051483 0.857620 

6 -5.311494 1.164463 -0.964650 

6 -3.887488 1.505751 -1.038522 

6 -2.897853 0.522539 -0.718219 

6 -3.309580 -0.789600 -0.381366 

6 -1.522950 0.884001 -0.770010 

6 -0.512496 -0.046120 -0.488727 

6 -0.936879 -1.333075 -0.167708 

6 -2.301702 -1.700976 -0.120620 

6 -7.959443 -0.273250 -1.792066 

6 -7.916025 0.789936 0.465451 

6 -4.915408 -2.086798 -1.686420 

8 -1.166100 2.127058 -1.095326 

6 0.946797 0.352766 -0.542234 

6 1.629028 0.222449 0.823449 

 

 

 

6 1.711296 -0.411152 -1.628269 

8 -0.032597 -2.288730 0.113004 

8 -2.483160 -3.049729 0.139947 

1 -6.810123 -2.737367 2.011736 

1 -6.568300 -1.002111 2.077068 

1 -8.558598 -1.662595 0.644943 
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1 -7.458368 -2.483774 -0.442579 

1 -5.009135 -3.111091 0.593207 

1 -4.410913 -1.814750 1.656950 

8 -6.103788 2.207285 -1.296959 

8 -3.618908 2.685885 -1.376549 

1 -7.831126 0.700656 -2.270452 

1 -9.033160 -0.459680 -1.672649 

1 -7.557323 -1.041041 -2.459795 

1 -7.792137 1.781695 0.032763 

1 -7.483966 0.805568 1.470607 

1 -8.987918 0.584586 0.561986 

1 -4.218866 -2.927925 -1.628658 

1 -4.678381 -1.495624 -2.574760 

1 -5.926215 -2.483750 -1.798583 

1 0.955817 1.412120 -0.815679 

1 2.658899 0.590851 0.765710 

1 1.659068 -0.818952 1.154653 

1 1.103737 0.809990 1.582720 

1 2.741764 -0.045120 -1.690745 

1 1.244709 -0.272132 -2.608260 

1 1.743618 -1.482312 -1.412310 

1 -0.546784 -3.091870 0.297128 

1 -5.469292 2.926628 -1.491434 

1 -3.154553 -3.155574 0.821621 

1 -2.004938 2.627255 -1.275839 
 
 

411 
6 -6.588713 -2.302216 1.048832 

6 -7.557057 -1.698986 0.021789 

6 -7.243777 -0.255859 -0.408492 

6 -5.754100 -0.055395 -0.711254 

6 -4.778294 -1.187374 -0.431559 

6 -5.155460 -1.756187 0.957607 

6 -5.293724 1.142333 -1.125620 

6 -3.863486 1.470623 -1.253215 

6 -2.888881 0.519420 -0.867965 

6 -3.312709 -0.771827 -0.411212 

6 -1.516584 0.888410 -0.916383 

6 -0.513219 -0.010970 -0.527492 

6 -0.949982 -1.264179 -0.111337 

6 -2.334155 -1.694427 -0.052505 

6 -8.104115 0.055550 -1.643528 

6 -7.642850 0.695189 0.736517 

6 -4.868303 -2.283662 -1.526406 

8 -1.157322 2.117283 -1.341241 

6 0.949850 0.371239 -0.571956 

6 1.587296 0.322334 0.820330 

6 1.729730 -0.502038 -1.560231 

8 -0.147148 -2.253289 0.279274 

8 -2.455942 -2.930569 0.340575 

1 -6.582791 -3.391164 0.917599 

1 -6.967439 -2.130413 2.064115 

1 -8.583656 -1.715632 0.413284 

1 -7.581223 -2.328118 -0.874290 

1 -4.421093 -2.526192 1.210682 

1 -5.021343 -0.937207 1.675215 

8 -6.076582 2.221517 -1.401973 

8 -3.617790 2.649072 -1.666614 

1 -7.976346 1.090689 -1.964533 

1 -9.164323 -0.115955 -1.414813 

1 -7.828098 -0.599596 -2.477066 

1 -7.428783 1.732863 0.470278 

1 -7.095240 0.454824 1.653576 

 

 

1 -8.716484 0.601364 0.947224 

1 -4.146719 -3.067311 -1.276458 

1 -4.602867 -1.850013 -2.495554 

1 -5.861258 -2.732138 -1.615703 

1 0.991631 1.406327 -0.928156 

1 2.641077 0.626757 0.779275 

1 1.535083 -0.691442 1.228115 

1 1.065460 0.993607 1.510011 

1 2.783970 -0.199386 -1.602992 

 

 

1 1.309858 -0.417392 -2.567731 

1 1.682769 -1.552776 -1.259379 

1 -0.909996 -2.938340 0.455328 

1 -5.400408 2.892608 -1.647350 

1 -2.008909 2.581618 -1.557241 

 

414 
6 -6.520498 -1.852272 1.409718 

6 -7.527305 -1.667740 0.287061 

6 -7.293646 -0.317173 -0.416164 

6 -5.790935 -0.042483 -0.564987 

6 -4.784920 -1.180054 -0.425877 

6 -5.107880 -2.025720 0.851928 

6 -5.342244 1.161537 -0.959507 

6 -3.898362 1.554616 -1.063391 

6 -2.897226 0.596766 -0.739348 

6 -3.311655 -0.730117 -0.406714 

6 -1.478244 0.989267 -0.772182 

6 -0.497859 -0.056914 -0.479688 

6 -0.939532 -1.318005 -0.187829 

6 -2.323002 -1.656081 -0.144593 

6 -7.985816 -0.310954 -1.788464 

6 -7.956156 0.771850 0.451222 

6 -4.909851 -2.077335 -1.688252 

8 -1.101603 2.145478 -1.036108 

6 0.961299 0.324559 -0.524476 

6 1.652595 0.168210 0.833366 

6 1.729003 -0.418330 -1.622123 

8 -0.066485 -2.332523 0.086790 

8 -2.546693 -3.024119 0.106364 

1 -6.776084 -2.716170 2.036541 

1 -6.555750 -0.975145 2.066759 

1 -8.556396 -1.693780 0.669215 

1 -7.442998 -2.501702 -0.422021 

1 -4.967015 -3.085322 0.605589 

1 -4.389849 -1.765159 1.641269 

8 -6.117267 2.214014 -1.287714 

8 -3.752793 2.741821 -1.427875 

1 -7.848651 0.659822 -2.272427 

1 -9.062882 -0.497481 -1.678117 

1 -7.573791 -1.082841 -2.446007 

1 -7.801618 1.760161 0.018044 

1 -7.541811 0.783838 1.464443 

1 -9.034513 0.579871 0.526977 

1 -4.202983 -2.909742 -1.627127 

1 -4.679389 -1.482018 -2.576081 

1 -5.918724 -2.485460 -1.803212 

1 0.942562 1.391208 -0.779613 

1 2.691620 0.521140 0.786919 

1 1.662388 -0.879214 1.151903 

1 1.132239 0.752077 1.599633 

1 2.769112 -0.069809 -1.677588 

1 1.263770 -0.248719 -2.598491 

1 1.739785 -1.496638 -1.433370 

1 -0.642484 -3.104635 0.208990 

1 -5.381816 2.875577 -1.484367 

1 -3.007706 -3.097411 0.9 
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CONCLUSIONS 

In this study, sixteen plants from the Plectranthus genus (Table III. 1) often used as 

traditional medicines for the treatment of various illnesses, including respiratory, 

digestive, and liver ailments were selected. The acetone extracts of these Plectranthus 

species were done by ultrasound-assisted extraction and were screened for their 

antioxidant, antimicrobial, and general toxicity bioactivities. Five most bioactive extracts 

(P. mutabilis, P. swynnertonii, P. hadiensis, P. ciliatus, and P. cylindraceus) were selected 

and tested in three different cancer cell lines, colon colorectal carcinoma (HCT116), 

human breast adenocarcinoma (MCF-7), and lung cancer carcinoma (NCI-H460). P. 

mutabilis, and P. hadiensis were the most bioactive and the compounds that may be 

responsible for their biological activity determined.  

P. hadiensis acetone extract was briefly profiled by HPLC-DAD and revealed 7 

-acetoxy-6-hydroxyroyleanone (Roy) to be the major compound in the extract. Roy was 

isolated from this extract and its biological activity determined. Its cytotoxicity against 

the more aggressive MDA-MB-231S cancer cell lines reveals that Roy was approximately 

12 times more cytotoxic that P. hadiensis extract. These results indicates that Roy could 

be a prospective starting point for the development of anticancer drugs. 

The phytochemical study of the second most bioactive P. mutabilis extract, with limited 

information in the literature was studied. This extract was subjected to different 

chromatographic techniques leading to the isolation of three known abietane 

diterpenes (coleon-U-quinone (2), 8α,9α-epoxycoleon-U-quinone (3) and coleon U (4)) 

and one new nor-abietane (+)-5S,10R-10,11,12-trihydroxy-6,7-dioxo-20-norabieta-

8,11,13-triene, given the common name mutabilol). The structures of these compounds 

were elucidated using different spectroscopic techniques and HRMS. In addition, the 

results from HPLC-MS/MS showed an additional peak which based on its m/z and 

fragmentation pattern was tentatively identified as 12-O-acetylcoleon-U-quinone (5). 

The HPLC profile was of P. mutabilis extract was also done and each of the isolated 

compounds quantified. The cytotoxicity of Compounds 2 – 4 was done against NCI-H460, 

its multidrug resistant variant overexpressed with P-gp NCI-H460/R and normal MRC-5 

cell lines.  

Compounds 2-4 were selective towards the cancer cell lines and were not substrates for 

P-gp as they inhibited P-gp activity in NCI-H460/R cells at longer exposure of 72 h. They 
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also showed the ability to regress doxorubicin (DOX) resistance in subsequent combined 

treatment. Compound 1 was inactive against all three cell lines in the range of 

concentrations (2 to 50 µM) tested. Most importantly, none of the isolated compounds 

suborned to P-gp expression in NCI-H460/R cells, while the extract remarkably increased 

it.  

The cytotoxicity of Roy previously isolated from P. hadiensis and its derivative 7α-

acetoxy-6β-benzoyloxyroyleanone (12BzRoy) with improved bioactivity were further 

employed in the last chapter of this work. These compounds have a very low aqueous 

solubility and therefore there was a need to address this problem. Self-assembled 

nanoparticles were thus prepared with the help squalene, oleic acid and 1-

bromododecane as linkers able to self-assemble in water. The nanoparticles from Roy-

oleic acid (Roy-OA) were the most promising and were characterized based on size, Pdl, 

zeta potential and morphology. The size of the Roy-OA NP was confirmed by the SEM ~ 

100nm. Roy release profile from the Roy-OA nano assemblies was determined and only 

small amount of Roy was released (7.99%). The bioactivity of the Roy-OA nanoparticles 

and Roy was evaluated using the Artemia salina model. These NPs had no toxicity against 

this model and thus the Roy-OA NP could act as a prodrug to release the cytotoxic Roy.  

 

Our study identified abietane diterpenoids from P. mutabilis that can evade MDR in 

cancer cells and inhibit P-gp activity in prolonged treatment. Also, Roy-OA nano 

assemblies were successfully prepared, characterized and this method has proven to be 

effective in increasing the solubility of Roy in aqueous solvents. 
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