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Title: Synergized Anticancer Activity of Honeybee Royal Jelly and Thymoquinone 
Against Aggressive Human Breast Cancer 

 
 

 
Thymoquinone, the main constituent of Nigella sativa seeds and royal jelly (RJ), the 
honeybee secretion fed to queens, are effective against cancer. The anticancer activity 

of the combination of TQ and RJ against breast cancer is still unknown. Here, we 
investigated the effects of TQ alone, RJ alone, and combinations on the viability and 

cell cycle regulation in MDA-MB-231 human metastatic breast cancer cells and 
determined the cell death mechanism. Our study is the first to report prominent 
anticancer synergistic effects of the combination of TQ and RJ against MDA-MB-231 

breast cancer cells. TQ alone inhibited cell viability in a dose-dependent manner at 
concentrations below and above the IC50, which was established at 19 µM. A dose of 15 

µM of TQ caused a significant increase in the pre-G1 population, while a more 
pronounced effect was observed in response to TQ and RJ combination. Royal jelly 
exhibited relatively nontoxic effects against MDA-MB-231 cells and FHS 74 Int small 

intestinal cells at concentrations below 5 µg/ml. High doses of RJ (200 µg/ml) had 
greater toxicity against MDA-MB-231 cells. Interestingly, the combination of both 

compounds synergistically inhibited cell viability and cell death was most pronounced 
in response to 15 µM TQ and 5 µg/ml RJ. Immunofluorescent staining showed that TQ 
was the main inducer of caspase 3-dependent apoptosis when applied alone and in 

combination with RJ. In contrast, no significant regulation of Ki67 expression was 
observed, indicating that the decrease in cell viability was due to apoptosis induction 

rather than to the inhibition of cell proliferation. In summary, RJ synergizes with TQ to 
inhibit the viability of MDA-MB-231 metastatic breast cancer cells and thus could 
confer an advantage for cancer therapy. 
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CHAPTER I 

INTRODUCTION 
 

A. Global burden of cancer: current and future 

 

     According to the World Health Organization (WHO), cancer is the second 

leading cause of death worldwide, causing 9.6 million deaths, or one in six deaths, 

among 18.1 million cases in 2018 globally. For both sexes collectively, the most 

frequently diagnosed cancer is lung cancer (11.6% of all cases), followed by female 

breast 11.6%), colorectal cancers (10.2%) and prostate cancer (7.1%). Lung cancer is 

considered the primary cause of cancer deaths (18.4% of all deaths), followed by 

colorectal (9.2%), stomach and prostate cancers (8.2%) (Bray et al., 2018; WHO, 2018). 

Lung and breast cancer account for 2.09 million cases causing 1.76 million and 627,000 

deaths, respectively (WHO, 2018). 

 

Figure 1. Estimated number of new cases in 2018, worldwide, both sexes, all ages. 

(As adapted from IARC, WHO 2018, Cancer Today).  
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                       In 2003, WHO declared that 10 million new cancer cases are diagnosed 

each year worldwide, and the number will rise to 20 million in the year 2020 unless 

preventive action is taken to scale down cancer rates. Among the United States 

population, 1,806,590 new cancer cases and 606,520 cancer deaths are predicted in 

2020 by the American Cancer Society (Siegel RL, 2020). The World Health 

Organization predicted that the global burden of cancer would double to about 29–37 

million new cancer cases by 2040. Their report estimated the trend of future cancer 

cases by which breast cancer will account for 2,778,850 cases, while lung cancer will 

account for 3,299,640 cases worldwide in 2040 (WHO, 2020b).  

 

B. Cancer management and prevention 

 

          New cases are emerging, and deaths continue to rise because of increasing life 

expectancy and epidemiological and demographic changes. The successful fight 

against infections has helped to decrease mortality from infectious diseases over the 

past 60 years, while the burden of non-communicable diseases and cancer has 

increased. Also, the prevalence of risk factors is proportional to the incidence of cancer 

among populations and strongly affects the incidence of certain types of cancers. For 

example, the smoking epidemic is the primary cause of lung cancer incidence in 

countries with the prevalence of tobacco. In addition to the effect of risk factors, social 

and economic inequalities such as education, diet, gender, and environment affect 

cancer prevalence. For instance, preventable cancers are more likely to occur in 

economically disadvantaged populations due to late diagnosis, poor prognosis, and 
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inadequate access to treatment. Early detection and screening serve to decrease the 

burden of cancer, especially of types that could not be prevented. Cancer treatment has 

progressed over the past years, and include surgery, radiotherapy, and systemic 

therapies (e.g., chemotherapy, immunotherapy, endocrine therapy). Despite this 

tremendous improvement in therapeutic approaches, management of cancer should 

take place through awareness, vaccination against oncoviruses, and implementation of 

health care programs that are accessible for all people of all ages and particularly to 

disadvantaged groups (WHO, 2020c). 

 

 

Figure 2. Leading sites of new cancer cases and deaths – 2020 estimates. 

Deaths estimates among the United States population rounded to the nearest ten excluding 

basal cell and squamous cell skin cancers and in situ carcinoma except for urinary 
bladder. Estimates do not include Puerto Rico or other US territories. The ranking is based 
on modeled projections and may differ from the most recent observed data. (As adapted 

from American Cancer Society, Cancer Facts & Figures 2020). 
 

  



4 
 

C. Carcinogenesis  

 

            Carcinogenesis is known to be a multistep process that reflects accumulated 

genetic mutations causing the transition from normal to malignant cells. It consists of 

four steps: initiation, promotion, malignant conversion, and tumor progression. Tumor 

development is initiated upon the irreversible damage in the cell genome due to errors 

in DNA replication, depurination of DNA, or an intrinsic attack by reactive oxygen 

species (Bertram, 2000; Loeb and Cheng, 1990). Initiated cells are then promoted to 

clonally expand into a larger population of cells that are at risk of further genetic 

changes and malignant conversion (Marks et al., 2007). Tumor progression then takes 

place as tumor cells express a malignant phenotype and acquire more aggressive 

characteristics, including the ability of rapid proliferation, local invasion, and metastasis 

(Nowell, 1986). 

            Cancer research has generated a rich and complex body of knowledge revealing 

distinct types of cancer and subtypes classified as carcinomas, sarcomas, and leukemias, 

or lymphomas. Carcinomas account for nearly 90% of human cancers and are 

characterized by malignancies of epithelial cells. Sarcomas are solid tumors of 

connective tissues, such as muscle, bone, cartilage, and fibrous tissue. Leukemias and 

lymphomas constitute 8% of human malignancies coming from the blood-forming cells 

and cells of the immune system (Cooper, 2000).   
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D. Cancer hallmarks 

 

            Most types of human tumors share typical hallmarks that enable their growth, 

including self-sufficiency in growth signals, evasion of apoptosis, limitless replicative 

potential, angiogenesis, tissue invasion capacity and metastatic disseminatio n  (Hanahan 

and Weinberg, 2000).  

 

1. Self sufficiency in growth factors 

 

            Normal cells rely on transmembrane transmitted growth signals acquired from 

their niche to initiate cell proliferation. However, cancer cells produce their growth 

factors (GF) to which they are responsive in an autocrine loop of positive feedback. In 

turn, overexpression of tyrosine kinase GF receptors renders cancer cells to become 

hyperresponsive and proliferate in response to ambient levels of GF that usually are 

insufficient to trigger cell proliferation (Hanahan and Weinberg, 2000). Also, cancer 

cells favor the switch of their extracellular matrix receptors into pro-growth integrins 

linking the cells to the extracellular matrix (ECM) and transducing signals into cell 

cytoplasm to regulate their motility and cell cycle activation (Giancotti and Ruoslahti, 

1999; Lukashev and Werb, 1998). Pro-growth integrins and ligand-activated GF 

receptors activate the SOS-Ras-Raf-MAP kinase pathway. However, in 25% of human 

cancers, Ras proteins are structurally modified and are present in a confirmation that 

induces mitogenic interaction independent of their standard upstream regulators (Aplin 

et al., 1998; Giancotti and Ruoslahti, 1999; Medema and Bos, 1993). 
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2. Insensitivity to antigrowth signals 

 

           Antiproliferative signals inhibit proliferation by forcing the cells to enter either 

the quiescent (G0) state or postmitotic state triggering cell differentiation (Hanahan and 

Weinberg, 2000). At the molecular level, in a hypo-phosphorylated state, 

Retinoblastoma protein (pRb) sequesters and alters the conformation of E2F 

transcription factors, which in turn blocks the expression of genes responsible for G1-S 

cell cycle transition. Disruption of the pRb signaling circuit in different types of cancer 

induces cancer cell proliferation and renders them insensitive to antigrowth signals that 

operate along with the G1 phase of the cell cycle (Fynan and Reiss, 1993; Moses et al., 

1990; Weinberg, 1995). Besides their insensitivity to cytostatic antigrowth signals, 

cancer cells avoid terminal differentiation. Overexpression of the c-Myc oncoprotein in 

many tumors favors Myc–Max regulatory signals promoting cell growth over 

differentiation (Foley and Eisenman, 1999; Hanahan and Weinberg, 2000).  

 

3. Evading apoptosis 

 

            Programmed cell death is triggered in response to DNA damage, thus signaling 

imbalance caused by oncogene action, lack of survival factors, or hypoxia (Evan and 

Littlewood, 1998). Apoptotic signals converge on the mitochondria, which in turn, 

activates intracellular proteases such as Caspases 8 and 9 to execute the death program 

(Green and Reed, 1998; Wang and Youle, 2009). The p53 suppressor gene is mutated in 

almost 50% of human tumors. Mutated p53 protein accounts for the acquired resistance 

to apoptosis as it loses its pro-apoptotic function in sensing damaged DNA that triggers 

cell death in normal cells (Harris, 1996). Additionally, the PI3 kinase–AKT/PKB 

pathway, when activated by extracellular factors such as IL2 or IGF-1/2, intracellular 
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RAS protein, or loss of PTEN suppressor gene, transmits antiapoptotic signals to 

oppose cell death (Cantley and Neel, 1999; Downward, 1998; Evan and Littlewood, 

1998). 

 

4. Limitless replicative potential 

 

            Most types of tumor cells acquire the limitless replicative potential that is 

essential for in vivo tumor progression (Hayflick, 1997). The replicative potential is a 

result of telomere maintenance in malignant cells. The majority of malignant cells 

upregulate the expression of the telomerase enzyme, which adds hexanucleotide repeats 

at telomere ends, avoiding telomere erosion during replication  (Bryan and Cech, 1999). 

Besides, malignant cells activate a mechanism named alternative lengthening of 

telomeres (ALT) that sustains the telomeres through recombination-based 

intrachromosomal exchanges of sequence information (Bryan et al., 1995). 

 

5. Sustained angiogenesis 

 

            An angiogenic switch is evident in tumors as tumor cells acquire the capability 

to maintain their growth. Shifting the balance between angiogenic regulators is 

mediated by favoring the upregulation of VEFG or FGF gene expression while 

downregulating that of angiogenic inhibitors such as  thrombospondin-1 or β-interferon  

(Hanahan and Folkman, 1996; Singh et al., 1995; Volpert et al., 1997). Loss of p53 

function in human tumors triggers thrombospondin-1 level to decrease while ras 

oncogene activation or loss of VHL tumor suppressor gene mediates the elevation in 

VEGF expression (Dameron et al., 1994; Maxwell et al., 1999; Rak et al., 1995). 

Angiogenesis is also regulated through proteases liberating ECM stores and bFGF, 
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whereas plasmin, a pro-angiogenic component of the clotting system, cleaves itself into 

angiostatin as an angiogenesis inhibitor (Gately et al., 1997; Whitelock et al., 1996). 

 

6. Tissue invasion and metastasis 

 

            A general parameter of tumor cellular invasive phenotype is the altered 

cadherins and integrins responsible for cell-cell adhesion and cell-ECM connections, 

respectively. E-cadherins lose their inhibitory functions in tumor invasion and 

metastasis as they are altered in most epithelial cancers (Aplin et al., 1998; Christofori 

and Semb, 1999). Similarly, CAMs belonging to immunoglobulin superfamily as N-

CAM give up their adhesive ability rendering them to become poorly adhesive members 

in different types of cancer (Johnson, 1991). However, carcinoma cells facilitate their 

invasion capability as they shift integrin expression favoring those that bind to degraded 

stromal components over intact ECM of healthy tissues (Lukashev and Werb, 1998; 

Varner and Cheresh, 1996). Another parameter of the invasiveness and metastatic 

capability is extracellular proteases activation, whose expression is elevated opposing 

that of protease inhibitors. Shifting the balance towards matrix-degrading proteases 

facilitates cancer cell invasion into the nearby stroma, blood vessel walls, and through 

regular epithelial layers (Stetler-Stevenson, 1999; Werb, 1997). 
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E. Breast cancer 

 

1. Breast architect and tumor subtypes 

 

            The human breast is a multilobed structure composed of lobes, and each lobe 

constitutes multiple lobules. Each lobule connects to a terminal interlobular duct 

connected to an outlet duct to the nipple. Breast lobules and ducts are lined with one 

layer of luminal epithelial cells surrounded by transversely oriented myoepithelial cells 

attached to a basement membrane, which separates the duct from its surrounding 

stroma. The stroma comprises a variety of discrete cells, including fibroblasts, immune 

cells, adipocytes, and organized structures as blood vessels (Bertos and Park, 2011). 

Invasive ductal carcinoma (IDC) is the most frequent type of breast tumor, followed by 

invasive lobular carcinoma (ILC). Together they make up 90% of breast cancers while 

the remaining 10% is caused by particular types of none-ILC/none-IDC tumors (Bertos 

and Park, 2011; Li et al., 2005; Weigelt et al., 2010).  

            Breast cancer is the most common cancer among women, accounting for 2.1 

million cases each year, and is the cause of the majority of cancer-related deaths among 

women (WHO, 2020a). Specific markers, including estrogen receptor (ER), 

progesterone receptor (PR), and human epidermal receptor 2 (HER2), are associated 

with different breast tumors subtypes defining their prognosis and possible therapy. 

Differential expression of hormonal biomarkers yields specific tumor subtypes, namely 

ER+ (ER+/HER2–), HER2+ (ER–/HER2+), triple-negative (TN; ER–/PR–/HER2–), 

and triple positive (ER+/PR+/HER2+) breast cancers (Bertos and Park, 2011). ER status 

identifies tumors that may respond to anti-estrogen (endocrine) therapeutics that target 

ER-dependent signaling, such as ER antagonists or aromatase inhibitors (Jordan and 

Brodie, 2007; Patel et al., 2007). PR status is generally correlated with ER status, 
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however specific types of endocrine therapy do not exert anti-cancer activity on  

ER+/PR+ breast cancers (Bartlett et al., 2011; Dowsett et al., 2008). Targeted therapies 

utilizing monoclonal antibodies are used to treat HER2+ cases as it disrupts HER2-

dependent signaling and mediates antibody-dependent cytotoxicity (Clynes et al., 2000; 

Junttila et al., 2009). The level of gene expression accounts for the molecular 

heterogeneity of tumor subtypes. ER+ breast cancers are divided into two luminal 

subtypes (A and B) that differ in the expression of ER regulated genes (Bertos and Park, 

2011). The absence of specific markers characterizes triple-negative breast cancers 

(TNBCs). Existing heterogeneity within this group has further subdivided it into 

subgroups that respond to chemotherapeutic regimens with differential expression of 

basal-specific, immunomodulatory, mesenchymal, mesenchymal stem-like, and 

androgen receptor-related genes (Bertos and Park, 2011; Lehmann et al., 2011). 

 

2. Risk factors and cancer susceptibility 

 

            Several factors contribute to the incidence and pathogenesis of breast cancer. 

Aging is considered a fundamental factor as the frequency of ER (+) tumors diagnosed 

in women increases after menopause while it is less frequent in women below 45 years 

old (Ban and Godellas, 2014). Genetic predisposition increases in women, especially in 

those whose first-degree relatives develop breast cancer due to mutations in breast 

cancer-related genes such as BRCA1 and BRCA2 (Brewer et al., 2017; Sun et al., 

2017). Other intrinsic risk factors that influence breast cancer incidence include 

reproductive and hormonal changes during maturation. For instance, every 1-year delay 

in menopause increases the risk of breast cancer by 3% while a delay in menarche, early 

pregnancy, and prolonged breastfeeding decreases the risk of breast cancer occurrence 
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(Ban and Godellas, 2014; Hsieh et al., 1990; Sun et al., 2017). Proliferative lesions in 

mammary glands possessing benign phenotype increases both the risk of occurrence of 

malignant lesions and breast cancer in women with a cancer-related family history 

(Hartmann et al., 2005). 

           Moreover, several extrinsic factors, such as lifestyle and dietary habits, correlate 

with breast cancer incidence. Diets rich in fats and processed products promote the 

neoplastic transformation in mammary gland cells during the postmenopausal period 

(Thiebaut et al., 2007). Low-fat diet in women treated for neoplastic disease post-

menopause decreased the probability of neoplasm relapse after surgical procedure. 

Also, regular physical activity not only reduces the risk of breast cancer occurrence by 

20-40%  but also improves the immune system, fitness, and quality of life (Lynch et al., 

2011; Saxe et al., 1999). Diets rich in Vitamin D or anti-oxidants reduce the relative risk 

of breast cancer by 20% (Bauer et al., 2013; Saxe et al., 1999). However, breast cancer 

risk increases as a result of smoking and alcohol consumption (Knight et al., 2017). 

 

3. Cell culture model 

 

            Studying cancer development and tumor progression relies on the use of cellular 

models for the identification of drug effects and molecular players. Triple-negative 

breast cancer is an aggressive type of breast cancer with limited treatment options. To 

investigate the drug-induced effect, MDA-MB-231 human breast cancer cell line, a 

highly invasive and poorly differentiated triple-negative breast cancer has been 

employed in our study. Being one of the most commonly used breast cancer cell lines in 

medical research, MDA-MB-231 derives from pleural effusion in metastatic mammary 

adenocarcinomas (Cailleau et al., 1978). Absence of ER, PR, and HER2 expression 
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renders them nonresponsive to hormonal treatments (Chavez et al., 2010). However, 

these cells possess high invasive capacity and metastatic potential as they degrade the 

extracellular matrix of tissues and metastasize into the lung, bone, or brain-specific 

cancers (Kang et al., 2003; Minn et al., 2005; Palmieri et al., 2006). Specific gene 

expression alternations identify the target site to which MDA-MB-231 cells metastasize  

(Wright et al., 2016).  

           The MDA-MB231 cell line was initially classified as a basal cancer cell line due 

to the absence of hormone receptors. It is now grouped into claudin- low subtype as it 

exhibits low expression for claudin-3, claudin-4, and Ki67 proliferation marker, 

upgraded expression of epithelial-mesenchymal transition-related markers as well as 

low CD44+CD24- profile featuring mammary cancer stem cells (CSCs) phenotype 

(Holliday and Speirs, 2011). 

 

4. Treatment of breast cancer 

 

            Although breast cancer is the most prevalent cancer among women worldwide, 

early diagnosis and improved treatments account for the increased survival rate. 

Conventional treatment of breast cancer is comprised of surgical procedures, 

radiotherapy, and systemic therapy, including chemotherapy, endocrine (hormonal) 

therapy, and targeted therapies.  

           Surgery for breast cancer has undergone significant progress over the past 

decade. A total mastectomy removes the entire breast, including breast parenchyma, 

nipple-areolar complex, and extra skin from the chest wall. However, skin-sparing 

mastectomy and nipple areolar-sparing mastectomy remain as options for the majority 

of patients willing to undergo breast reconstructive surgeries (Moo et al., 2018). Breast-
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conserving therapy (BCT) has been established as an alternative to radical mastectomy. 

BCT involves the removal of the tumor (lumpectomy) followed by adjuvant whole-

breast irradiation (WBI) to eliminate the residual microscopic disease that may remain 

in the breast even when negative margins are obtained (Holland et al., 1985). 

Otherwise, neoadjuvant chemotherapy (NAC) is used in women with massive tumors 

relative to breast size before surgical excision to facilitate breast conservation (Moo et 

al., 2018). 

            Radiotherapy is known to reduce local relapse; however, this does not lead to a 

reduction in mortality. Usually, distant micrometastasis is reduced upon systemic 

therapy followed by radiotherapy, which plays a curative role when applied to the 

locoregional sites preventing secondary dissemination (Joshi et al., 2007). Most breast 

cancer types are classified as non-inflamed or immune 'cold' tumors as they are likely 

unresponsive to immunotherapy. Stimulating the immune response could be possible 

after priming the tumor's microenvironment using radiation therapy as an in situ-cancer 

vaccine, especially in patients with high-risk of developing breast cancer (Joshi et al., 

2007; Krombach et al., 2019). In order to avoid local recurrence, radiotherapy is applied 

to the regional lymph nodes and chest wall after mastectomy, while it is often given to 

the residual breast in patients undergoing breast-conserving surgery (BCS) (Joshi et al., 

2007). 

            On the other hand, chemotherapy (CT) is recommended to treat ER-negative 

tumors, TNBC, HER2-positive breast cancers, and high-risk luminal tumors. Endocrine 

therapy is applied either to balance or to block hormones in hormone receptor (HR)-

positive breast cancer (Michaels et al., 2016; Nounou et al., 2015). Targeted therapy is 

used to treat breast cancer cells overexpressing proteins aiding in their abnormal 
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growth. At present, targeting the HER2 protein is the most effective breast cancer 

therapy. Targeted therapies work by inhibiting cancer cells from receiving energy 

supplies and growth signals, as well as blocking their proper vascularization (Masoud 

and Pages, 2017). 

            Despite all their therapeutic impact, conventional treatments of breast cancer 

exert additive side effects, which in turn affect both the disease-free interval (DFI) and 

overall survival (OS) (Bovelli et al., 2010). For instance, systemic therapy disrupts key 

processes in normal cells such as wound healing, immune response, and coagulation 

cascade (Teven et al., 2017). Most chemotherapeutic drugs lead to dose-related 

cardiotoxicity and increase the risk of cardiovascular diseases (CVD) as it causes 

chronic cardiovascular complications, including congestive heart failure (CHF), long 

QT syndrome (LQTS) and bradycardia (Bodai and Tuso, 2015). In addition to 

mucositis, systemic therapy often yields bone marrow, neuronal and renal toxicities 

(Plenderleith, 1990). Similarly, breast radiation may result in cardiac injury in addition 

to secondary malignancies in tissues with proximity to the breast, such as the lung and 

esophagus (Brownlee et al., 2018). Hormonal blockade using tamoxifen, a selective 

estrogen receptor modulator (SERM), yields side effects like those that accompany the 

onset of menopause such as hot flashes, mood swings, depression, and vaginal dryness. 

Also, it increases the risk of thromboembolic complications and endometrial cancer 

(Bodai and Tuso, 2015). 

            Almost all effective treatments for cancer have the potential to yield various side 

effects. Particularly anti-cancer chemotherapeutic agents (CCAs) could produce lethal 

toxicity as they eradicate normal cells owing to the lack of tumor specificity, high dose 

requirement, and systemic toxicity. Therefore, extensive research is conducted on 
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alternative treatments utilizing natural, relatively non-toxic compounds with less 

toxicity and high therapeutic potential. 

            In line with the progress in the field of optimum nutrition, plants are advertised 

not only as a primary source of food but also as curative medicines. The interest in 

phytomedicine resurged due to the easy accessibility of natural resources, low cost, and 

less harmful effects as compared to synthetic medicines (Yimer et al., 2019). 

            Nigella sativa L. (Ranunculaceae), commonly known as the black seed, is one 

of the most treasured nutrient-rich herbs. Historically, the black seed is used to treat 

various ailments, including airway disorders, chronic headache, diabetes, inflammation, 

hypertension, and digestive tract problems. In addition to its traditional medicinal uses, 

black seed possesses remarkable pharmacological activities. It is composed of 20-85% 

protein, 38.20% fat, 7-94% fiber, and 31.94% total carbohydrates, in addition to various 

amino acids as glutamate, arginine, aspartate, cysteine, and methionine. Fixed oil 

constitutes 26-34% of black seed composition, and essential oils make up 0.4%–2.5% 

of the fixed oil. The essential oils include trans-anethole, p-cymene, limonene, carvone, 

𝛼-thujene, thymoquinone (TQ), thymohydroquinone (THQ), dithymoquinone, 

carvacrol, and 𝛽-Pinene  (Yimer et al., 2019).  

           The black seed exhibits various pharmacological activities, including anti-

oxidant, anti-diabetic, neuroprotective, anti-inflammatory, and anti-cancer activities. 

These activities are mainly attributed to its main bioactive constituent Thymoquinone 

(TQ) (Abulfadl et al., 2018; Amin and Hosseinzadeh, 2016; El Rabey et al., 2017; 

Schneider-Stock et al., 2014; Sultan et al., 2015). 
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F. Thymoquinone  

 

            Thymoquinone (TQ ) is a yellow crystalline molecule  (2-methyl-5-isopropyl-

1,4-benzoquinone) having a  quinone structure consisting of a para-substituted dione 

linked to a benzene ring with methyl and an isopropyl side chain groups added in 

positions 2 and 5, respectively (Yimer et al., 2019). Immunomodulatory, cytoprotective, 

hepatoprotective, and neuroprotective properties of TQ were reported. Besides, TQ 

showed potent anti-oxidant, anti-inflammatory and anti-cancer activities (Abulfadl et 

al., 2018; Aycan et al., 2014; Khader and Eckl, 2014; Mahmoud and Abdelrazek, 2019).  

 

Figure 3. Thymoquinone (TQ) chemical structure. 

(As adapted from Schneider-Stock et al., 2014. Drug Discovery Today, Vol. 19(1):18-

30).  
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           Thymoquinone (TQ) modulates almost all the hallmarks associated with most 

tumor types. Among the modulated hallmarks, sustained proliferative signaling is 

blocked via the downregulated mitogen-activated protein kinase (MAPK) and protein 

kinase B (AKT/PKB) signaling pathways (Arafa el et al., 2011; Das et al., 2012; 

Hussain et al., 2011; Yi et al., 2008). Growth inhibition and apoptosis were induced in 

response to TQ by the upregulation of the expression of the tumor suppressor p53 

protein and its transcriptional target p21 in addition to reactive oxygen species (ROS) 

generation, thus overriding cell death resistance (Arafa el et al., 2011; Dergarabetian et 

al., 2013; Gali-Muhtasib et al., 2004b; Hussain et al., 2011; Kaseb et al., 2007). 

Moreover, TQ inhibits telomere attrition during DNA replication (Gurung et al., 2010), 

and reduces the invasive and metastatic capacity of cancer cells (Gali-Muhtasib et al., 

2008b; Jafri et al., 2010; Kolli-Bouhafs et al., 2012) in addition to having both anti-

angiogenic and anti-inflammatory potentials (Chehl et al., 2009; Sethi et al., 2008; Yi et 

al., 2008). 
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Figure 4. Thymoquinone inhibits the hallmarks of cancer. 

(As adapted from Schneider-Stock et al., 2014. Drug Discovery Today, Vol. 19(1):18-

30). 

 

            Thymoquinone is an effective anti-cancer molecule in various types of cancers, 

among which are brain, bone, liver, colon, lung, prostate, kidney, bladder, skin in 

addition to ovarian, cervical, and breast cancer (Imran et al., 2018). TQ abrogates the 

toxic effects of several chemotherapeutic agents, highlighting its cytoprotective effects 

(Schneider-Stock et al., 2014). Therefore, being selective to tumor cells and 

cytoprotective to normal tissues is an attractive feature that distinguishes TQ from 

amongst plant-derived compounds. 
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1. Thymoquinone: a therapeutic molecule against breast cancer 

 

           TQ, in combination with piperine, lowered VEGF expression and enhanced 

serum INF-γ levels yielding angiogenesis inhibition, apoptosis induction, and shifting 

the immune response toward T helper1 responses in EMT6 epithelial breast cancer cell 

line (Talib, 2017). Similarly, TQ in combination with resveratrol (RES), decreased 

VEGF expression, elevated IFN-γ in addition to inducing necrosis, enhancing apoptosis, 

and decreasing tumor size (Alobaedi et al., 2017). TQ alone or in combination with 

tamoxifen (TAM) induced apoptosis in both MDA-MB-231 and MCF-7 human breast 

cancer cells (Ganji-Harsini et al., 2016). TQ also suppressed the growth, viability, and 

invasion of MDA-MB 231 and MCF7 cell lines through the inhibition of Akt 

phosphorylation leading to DNA damage and activation of the mitochondrial pro-

apoptotic pathway (Attoub et al., 2013). TQ's anti-neoplastic and pro-apoptotic 

activities against MDA-MB-468 and T-47D cells were mediated through the regulation 

of Akt signaling pathway and induction of G1 cell cycle arrest (Rajput et al., 2013).  

           In TNBC cells, TQ interrupted cell cycle progression by targeting various 

proteins, including cyclin E, cyclin D1, and p27 proteins resulting in cell cycle arrest at 

G1 to S phase. In addition, TQ inhibited the histone deacetylase (HDAC), targeted p21 

and Maspin, induced Bax, downregulated the Bcl-2 and upregulated the expression of 

epidermal growth factor (EGF), vascular endothelial growth factor (VEGF), and tensin 

homolog (PTEN) (Barkat et al., 2018). Using in vivo and in vitro approaches, Sakalar et 

al. (2016) showed that the treatment of TNBC with TQ resulted in elevated expression 

of Brca1, p21, and Hic1 tumor suppressor genes, EGF and VEGF growth factors, 

Caspase-3, Caspase-7, Caspase-12 and poly (ADP-ribose) polymerase (PARP) and 

reduced phosphorylated p65 and Akt1 proteins. Another study conducted by Sutton et 
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al. (2014), reported the activation of Caspases- 8 and 9, Poly(ADP-ribose) polymerase 

cleavage, increased γH2AX as well as reduced Akt phosphorylation and X-linked 

inhibitor of apoptosis expression in TNBC cell lines with mutant p53 in response to TQ 

treatment .  

            Overexpression of the eukaryotic epidermal factor 2 kinase (eEF-2K) in TNBC 

accounts for its aggressive phenotype and resistance to chemotherapy (Hamurcu et al., 

2016). Concomitantly with its anti-metastatic activity, TQ reduced the expression of 

TWIST1 and its target protein N-cadherin in MDA-MB-435 and BT549 cell lines and 

increased E-cadherin expression in the 4T1 breast cancer cell line. Furthermore, TQ 

inhibited TNBC cancer initiation, progression and metastasis by targeting the mediators 

of epithelial to mesenchymal transition (EMT) (Khan et al., 2015). 

            The anti-tumor activities of TQ against breast carcinoma have been extensively 

tested in animal models. In 2013, an elegant study conducted by Woo et al. (2013), 

documented the antiproliferative and pro-apoptotic effects of TQ in nude mice 

xenografted with MDA-MB231 human breast cancer cell line. This study showed 

induction of p38 phosphorylation, production of ROS, suppression of tumor growth, 

inhibition of XIAP, survivin, Bcl-xL and Bcl-2 gene expression. Additionally, lowered 

Ki67 expression and a significant augmentation in anti-oxidant enzymes, including 

superoxide dismutase, catalase, and glutathione in mouse liver tissues were also 

observed.  

            Overexpression of chemokine receptor type 4 (CXCR4) is often associated with 

poor prognosis and breast cancer metastasis. Thymoquinone's anti-metastatic effect 

against bone metastasis was further investigated by Shanmugam et al. (2018) in breast 

cancer mouse and chick chorioallantoic membrane assay models. Their study showed 
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that TQ negatively regulated both nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-κB) and CXCR4 expression. Consequently, TQ-mediated 

inhibition of NF-κB activation cascade suppressed breast to bone metastasis as well as 

the migration and invasion capacity of MDA-MB 231 TNBC cells. 

            In summary, TQ exerts anti-cancer activities through different mechanisms 

against many types of cancers, particularly against breast cancer. Being inexpensive, 

abundant, tumor-selective, and easily extracted facilitates its clinical translation as a 

relatively non-toxic natural compound with significant therapeutic value. 

 

2. Limitations of clinical translation of thymoquinone 

 

            Clinal trials utilizing TQ as a therapeutic agent in humans is limited due to its 

chemical properties and reduced membrane permeability. Being hydrophobic reduces 

its solubility and bioavailability in biological mediums. TQ proved to be a relatively 

safe compound, particularly when given orally to experimental animals. In mice, the 

LD50 of TQ was 104.7 mg/kg after intraperitoneal injection and 870.9 mg/kg after oral 

ingestion, while 57.5 mg/kg and 794.3 mg/kg were the LD50 values in rats after 

intraperitoneal and oral ingestion, respectively (Al-Ali et al., 2008). The oral 

administration of TQ facilitates its biotransformation by DT-diaphorase, a quinine 

reductase phase II liver enzyme, which catalyzes its reduction into hydroquinone (Nagi 

and Almakki, 2009). In a phase I clinical trial, TQ administration at high doses ranging 

between 75mg/day to 2600mg/day was safe and well-tolerated in adult humans with 

solid tumors or hematological malignancies who had failed or relapsed from standard 

therapy. Unfortunately, the poor solubility and limited bioavailability of TQ could 
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explain its failure to exert any therapeutic effects on the studied malignancies (Al-Amri 

and MBBS, 2009).  

           Extensive binding to plasma proteins is another factor affecting TQ's anti-cancer 

effects in vivo. Pharmacokinetic analysis of TQ reported its low recovery from serum 

with nearly 95%  and 99% of TQ bound to bovine serum albumin (BSA) and alpha -1 

acid glycoprotein (AGP), respectively (El-Najjar et al., 2011). Moreover, TQ exhibits 

low bioavailability due to rapid elimination and relatively slower absorption following 

its administration in vivo (Alkharfy et al., 2015). Besides, TQ is relatively unstable in 

basic pH and when exposed to light (Goyal et al., 2017).  

 

G. Royal jelly 

 

            Bees, flying insects belonging to the order Hymenoptera that are closely related 

to wasps and ants, are known for their ecological role in pollination and nutritious 

commercial products including honey, beeswax, propolis, and royal jelly. Indeed, due to 

their potent bioactivities in apitherapy, bee products attracted the attention for their 

potential use in cancer therapy, particularly the naturally derived royal jelly (RJ). 

            Royal jelly (RJ) is a yellowish, creamy, and acidic material with a slightly sharp 

odor and taste that is secreted from the mandibular and hypopharyngeal glands of 

worker bees Apis mellifera (Hymenoptera, Apidae). Royal jelly is fed temporarily up to 

3 days to the bee workers and drones, while it is the only food of the queen bee at her 

larval and adult life and is responsible for sex determination, ovary development, 

fertility and prolonged life span (Kamakura, 2011; Leung et al., 1997; Melliou and 

Chinou, 2005). 
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1. Royal jelly composition 

 

           The chemical composition of RJ varies depending on the honeybee species, 

physiological state of the colony, environmental conditions, and production period. 

Generally, crude RJ is composed of water (50-60%), nitrogen compounds (18%), sugars 

(15%), lipids (3-6%), mineral salts (1.5%), and traces of vitamins (Gismondi et al., 

2017). Fructose is the most abundant carbohydrate in RJ, followed by glucose, sucrose, 

and other minor saccharides, including maltose, trehalose, melibiose, and ribose (Fratini 

et al., 2016; Gismondi et al., 2017).  

            Among the nitrogen compounds, there are major royal jelly proteins (MRJP) 

constituting 80%–90% of the total protein content and other proteins as glucose oxidase 

α-glucosidase, α-amylase, 1-peroxiredoin, and glutathione S-transferase (Ahmad et al., 

2020; Furusawa et al., 2008; Zhang et al., 2014). Also, the protein fraction contains a 

calcium-binding protein called regucalcin, a lipid-binding protein named apolipophorin-

III, in addition to royalisin, phosphorylated icarapin (venom protein-II) and 

apolipophorin III-like (Ahmad et al., 2020; Fratini et al., 2016; Furusawa et al., 2008; 

Han et al., 2014; Schmitzova et al., 1998). Nine genes arranged in 60-kb tandem array 

encode the major royal jelly proteins MRJPs (1–9) of molecular mass 49–87 kDa 

(Drapeau et al., 2006; Schmitzova et al., 1998). .MRJP-1, a weak acidic glycoprotein, 

accounts for 48% of water-soluble RJ proteins and is present either as a monomer 

(mono MRJP-1) or as an oligomer known as apisin, a polymer of apisimin used to 

determine the quality of RJ. Mainly, MRJPs are responsible for honeybee queen 

differentiation, growth, nutrition, and formation of bee products as pollen-pellet and 

pollen-bread (Fratini et al., 2016). This protein family provides the essential amino 

acids as nutritive components of RJ, such as arginine, leucine, isoleucine, histidine, 
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lysine, threonine, tryptophan, methionine, valine, and phenylalanine. For instance, 

valine and leucine are most prominent in MRJP-1, MRJP-2, and MRJP-4, while 

arginine and lysine are common in MRJP-3. However, MRJP-5 is rich in methionine 

and arginine, leucine is plentiful in MRJP-(6–8), and isoleucine is most abundant in 

MRJP-9 (Ahmad et al., 2020; Scarselli et al., 2005; Schmitzova et al., 1998).  

           Similar to proteins, anti-bacterial peptides as apisimin, apalbumin α, royalactin 

and jelleines (I-IV) in addition to apidaecin, defensin and hymenoptaecin are found in 

RJ and are responsible for its biological effects (Ahmad et al., 2020; Bulet and Stocklin, 

2005; Fontana et al., 2004; Han et al., 2014). 

            The lipidome of RJ consists mainly of medium-chained (8-12 carbon atoms) 

free fatty acids that are either hydroxyl fatty acids or dicarboxylic acids. It also contains 

phenolic compounds (4–10%), waxes (5–6%), steroids (3–4%), and phospholipids (0.4–

0.8% ) (Ahmad et al., 2020; Li et al., 2013). 10-Hydroxy-2decanoic acid (10-HDA) is 

the main acid in the fatty acid fraction; it constitutes 0.75 to 3.39% of RJ contents and is 

mostly responsible for its biological activities. The presence of 10-HDA in RJ is unique 

and is not reported in any natural raw material or any other product of apiculture. Being 

chemically stable, 10-HDA became a standard marker for the quality and freshness of 

RJ (Ahmad et al., 2020). Other carboxylic acids in RJ include 10-hydroxydecenoic acid 

(10-HDDA), sebacic acid (SEA), gluconic acid and dicarboxylic acids (Ahmad et al., 

2020; Fratini et al., 2016; Gismondi et al., 2017; Kocot et al., 2018; Terada et al., 2011). 

In addition to 8-hydroxy octanoic acid (8-HOC), 3,10-dihydroxydecanedioic acid (3,10-

HDecDA), 1,10-decanedioic acid (DecDA), 9-hydroxy-2-decenoic acid (9-HDA), 3-

hydroxydecanoic acid (3-HHDA), and 2-decene-1,10-dioic acid (2-DecDA) are found 

among RJ fatty acids  (Ahmad et al., 2020; Isidorov et al., 2012). 
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            Vitamin and mineral salts content of RJ is affected by the seasonal changes; B 

group vitamins are the most abundant. In contrast, vitamin PP, vitamin C, mineral salts, 

among which are sodium (Na), calcium (Ca), potassium (k), aluminum (Al), 

Magnesium (Mg) and Zinc (Zn), are a minority (Fratini et al., 2016). 

 

 
Figure 5. Royal jelly detailed composition. 

(As adapted from Fratini et al., 2016. Microbiological Research, Vol. 192:130–141). 
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2. Royal jelly biological properties 

 

            Various studies documented the biological and pharmaceutical properties of RJ 

mainly through its unique bioactive 10-HDA molecule and proteome fraction. Royal 

jelly contributes to the wound healing process in mice with picryl chloride-induced skin 

lesions through downregulating antigen-specific interferon-gamma (IFNγ) production 

and upregulating nitric oxide (NO) synthase  

(Taniguchi et al., 2003). RJ also improved healing in diabetic mice (Kim et al., 2010), 

diabetic patients (Siavash et al., 2011) and hamsters with chemotherapy- induced oral 

mucositis (Suemaru et al., 2008). Healing activity is mediated by promoting fibroblast 

migration, keratinocyte proliferation, growth and migration as well the increased levels 

of sphingolipids, defensin-I and matrix metalloproteinase-9 secretion needed for skin 

regeneration and wound closure (Bucekova et al., 2017; Kim et al., 2010; Lin et al., 

2019; Taniguchi et al., 2003). 

            In terms of anti-oxidant activity, the essential components of RJ are flavonoids, 

phenolic compounds, and anti-oxidant peptides. Anti-oxidant peptides found in RJ are 

characterized by hydroxyl, hydrogen peroxide, DPPH, and superoxide radical 

scavenging activity (Kocot et al., 2018; Liu et al., 2008). Anti-oxidant properties and 

free-radical scavenging capacity of RJ mediates RJ anti-diabetic activity against 

diabetes mellitus as it ameliorates insulin resistance (Pourmoradian et al., 2014; Shidfar 

et al., 2015). Similarly, RJ anti-oxidant activity is associated with various protective 

effects against cisplatin- induced renal and hepatotoxicity (Karadeniz et al., 2011), 

radiation- induced apoptosis in human peripheral blood leukocytes (Silici et al., 2011) 

and anti-cancer agent-induced toxicities (Abdel-Hafez et al., 2017; Yamauchi et al., 

2014; Zargar et al., 2017).                   
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            The neuroprotective effect of RJ is manifested through 10-HDA, which inhibits 

the production of oligodendrocytes, astrocytes, and induces neuronal differentiation 

from neural stem cells (NSCs) (Hattori et al., 2007). In addition to the neuroprotective 

RJ peptides (RJPs) that could serve as a potential natural product to treat 

neurodegenerative Alzheimer's disease (Zhang et al., 2019). 

            Immunomodulatory and anti-inflammatory activity of RJ has been revealed in 

many in vivo studies. Kohno et al. (2004), showed that RJ with the aid of its MRJP3 

inhibits the production of proinflammatory cytokines IL-1, IL-6, and TNF-alpha by the 

active macrophages in a dose-dependent manner. RJ administration attenuates the LPS-

induced inflammation in microglial cells (BV-2) by suppressing the phosphorylation of  

p38, and c-jun NH2-terminal kinases (JNK) and by inhibiting the nuclear translocation 

of nuclear factor kappa B (NF-kB) and p-65 (You et al., 2018). Furthermore, RJ serves 

as a protective and therapeutic agent in autoimmune diseases and inflammatory 

disorders. Through its unique 10-HDA, RJ protects against rheumatoid arthritis by 

attenuating the action of matrix metalloproteinases (MMP-1, MMP-3), p38, and the c-

Jun N-terminal kinases-activating protein-1 (JNK-AP-1) signaling pathway (Fratini et 

al., 2016). Also, it is worth noting that the 10-HDA molecule possessed better anti-

inflammatory effects compared to the other fatty acids present in RJ lipidome (Chen et 

al., 2016). 10-HDA inhibited lipopolysaccharide (LPS)-induced inhibitor of kappa-B-

zeta (IkB-z) and IL-6 production (You et al., 2018), in addition to inhibiting major 

inflammatory–mediators (Chen et al., 2016) thus contributing to protection against 

autoimmune and inflammatory diseases. Vucevic et al. (2007), confirmed the 

modulatory role of 10-HDA  and 3,10-dihydroxy-decanoic acid (3,10-DDA) on 
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dendritic cell-mediated immune response in vitro as well as the inhibition of the 

antigen-specific immune response in vivo.  

            Royal jelly is effective against a broad spectrum of microorganisms and bacteria 

such as yeast, gram-positive and gram-negative bacteria, including Bacillus subtilis, 

Staphylococcus aureus, Paenibacillus larvae, Escherichia coli, and Pseudomonas 

aeruginosa. Surprisingly, RJ can fight many multidrug-resistant bacteria such as 

methicillin-resistant Staphylococcus aureus (MRSA), which helps overcome public 

health problems with the onset of the current antibiotic-resistance phenomenon. Studies 

also documented that RJ has anti-fungal activity and antiviral activity against several 

viruses, including herpes simplex virus type 1 (HSV-1) (Ahmad et al., 2020; Fratini et 

al., 2016; Gismondi et al., 2017; Hashemipour et al., 2014). 

            Moreover, RJ exhibits anti-hypercholesterolemic (Chiu et al., 2017; Kamakura 

et al., 2006), anti-hypertensive (Fan et al., 2016), anti-aging (Pyrzanowska et al., 2014; 

Zargar et al., 2017) and anti-cancer activities (Nakaya et al., 2007; Zhang et al., 2017). 
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Figure 6. Main biological components in RJ and their functional activities.  

(As adapted from Ahmad et al., 2020. Int J Mol Sci, Vol. 21(2):382  

 
 

3. Royal jelly pharmaceutical application in cancer 

 

            Among RJ's various biological activities, its possible anti-cancer activity 

deserves attention. Endogenous hormones are associated with carcinogenesis, tumor 

growth, and progression in a variety of cancers. It is well established that estradiol as 

well as Bisphenol A (BPA), a synthetic chemical widely present in plastics and food‐

related commercial products, causes the onset of many cancer types, including breast 

cancer (Ayyanan et al., 2011; Samavat and Kurzer, 2015; Vandenberg et al., 2007). In 

2007, Nakaya et al. reported that RJ inhibits estradiol-induced cell proliferation of 

MCF-7 breast cancer cells in the presence of bisphenol by suppressing the estradiol-

related signaling (Nakaya et al., 2007). Temozolomide cytotoxic effects were enhanced 

when combined with RJ against astrocytoma (DASC), human glioblastoma multiforme 
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(U87MG), and normal human astroglia (SVGp12) cancer cell lines (Borawska et al., 

2014). Similarly, 10-HDA, together with HuIFN-αN3, inhibited the proliferation of 

human colorectal adenocarcinoma cells (CaCo-2) in vitro. However, this study showed 

the low antiproliferative activity of RJ monotherapy (Filipic et al., 2015).  

            In vivo studies have documented the effectiveness of RJ when used against a 

variety of cancer types. RJ oral administration before the inoculation of 4T1 breast 

cancer in mice models significantly reduced the volume of the mammary tumor while 

this inhibitory effect was lost when RJ was administered after tumor cell inoculation. 

Thus, RJ intake before tumor cell inoculation promotes RJ as an active prophylactic 

agent rather than a therapeutic agent (Zhang et al., 2017). Concerning its anti-tumor and 

immunomodulatory properties, RJ raised the survival rate to 85% of Ehrlich ascites 

tumor (EAT)-bearing mice in a dose-dependent manner. The authors of this study 

suggest that the improved prognosis could be related to the decreased Prostaglandin E2 

(PGE2) levels detected in EAT-bearing mice after RJ treatment (Bincoletto et al., 

2005). Also, RJ intake for three months ameliorated the quality of life in patients with 

benign prostate hyperplasia. Treatment with RJ reduced prostatic-specific antigen 

(PSA) in blood without any significant reduction in prostate volume or side effects 

(Pajovic et al., 2016). 

           The N-acetylation process is usually catalyzed by cytosolic N-acetyl transferase 

(NAT) and is closely related to the susceptibility of the bladder, breast, and colorectal 

cancers as it activates arylamine carcinogens (Yang et al., 2000). In contrast, treatment 

with RJ  decreased the NAT activity, and the N-acetylation of 2-aminofluorene (2-AF) 

in human hepatocellular carcinoma derived (J5) cell line (Premratanachai and 

Chanchao, 2014).  
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            A study conducted in 1987 by Tamura et al., reported that RJ enhanced mice 

survival and inhibited the growth of Sarcoma-180 ascites tumor and Ehrlich ascites 

tumor (Tamura et al., 1987). Similarly, the anti-neoplastic activity of RJ was mediated 

through its lipophilic portion against the human neuroblastoma cell line (Gismondi et 

al., 2017). Despite being an exclusive bioactive component for RJ, 10-HDA anti-cancer 

activity was established nearly 60 years ago against leukemia and ascitic tumors 

(Townsend et al., 1959; Townsend et al., 1960). However, recent studies have shown 

that 10-HDA has an anti-proliferative activity in colon cancer, which was mediated by 

the regulation of inflammatory functions and oxidative stress (Townsend et al., 1960; 

Yang et al., 2018). Vascular endothelial growth factor (VEGF) is one of the pro-

angiogenic proteins that regulate cancer neovascularization and endothelial cell 

proliferation, migration, survival, and permeability (Zachary, 2003). Treatment with 10-

HDA prevented VEGF-induced migration, proliferation, and tube formation in human 

umbilical vein endothelial cells (HUVEC), as well as VEGF-induced angiogenesis, 

partly through inhibiting cell migration and proliferation (Izuta et al., 2009).  

 
H. Hypothesis, rationale, and significance of study 

 

           Previous studies have documented the therapeutic potential of TQ alone or RJ 

alone against various kinds of solid and liquid tumors, including breast cancer. It is well 

established that triple-negative breast cancer is the most aggressive and chemo-resistant 

subtype of breast cancer.  

           To our knowledge, there are no studies that have investigated the combined 

effect of both natural compounds against breast cancer. Thus, we aimed to test the anti-

cancer activity of a novel TQ and RJ combination in vitro against the MDA-MB231 
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human triple-negative breast cancer cell line. We hypothesized that TQ and RJ 

synergize to induce cell death in human breast cancer cells. In turn, this could override 

chemoresistance in triple-negative breast cancer since this combination could help 

improve TQ's bioavailability and delivery to cells, possibly through alleviating its 

extensive hydrophobicity and plasma protein binding capacity when combined with RJ. 

The rationale of our study stems from the need to develop a relatively non-toxic 

treatment with high therapeutic potential and relatively low cytotoxicity against human 

triple-negative breast cancer compared to the available breast cancer treatments. 

            Our experimental approach included investigating the effects of each compound 

alone or their combinations on the aggressive tumorigenic MDA-MB 231 cells and the 

non-tumorigenic FHs 74 Int small intestinal epithelial cell line. Using several 

concentrations of RJ ranging from 0.1 to 200 μg, we examined the effects of RJ on cell 

viability and established the safe doses at which the viability of the cells was not 

affected. We also established the concentration of TQ, at which 50% of the breast 

cancer cells were viable. Identification of TQ's IC50 value is crucial because a possible 

potentiated anti-cancer effect (i.e., synergistic or additive effects) between TQ and RJ is 

best detected at concentrations that are not highly cytotoxic to cells (i.e., less than 50% 

cell death). Furthermore, we investigated drug effects at the cellular level by 

determining whether each drug alone or their combinations induced apoptotic cell 

death.  

            Our study is the first to investigate the anti-cancer activity of a novel 

combination of TQ and RJ against aggressive human breast cancer cells. This project 

could result in marketing combinations of natural, relatively non-toxic compounds to 

treat breast cancer. It could also provide the cancer biology and therapy field with a 
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novel and effective drug combination that would serve the pharmaceutical industry and 

promote the clinical application of TQ as a potential therapeutic compound against 

triple-negative breast cancer patients in the coming future. The bio-guided chemical 

fractionation of RJ could lead to identifying the bioactive compounds that are 

responsible for enhancing TQ's anti-cancer effects. 
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CHAPTER II 

MATERIALS & METHODS 

 

 
A. Materials 

 

            MDA-MB-231 human breast cancer and FHs 74 Int human small intestinal cell 

lines were purchased from ATCC (Manassas, Virginia, USA). Dulbecco's Modified 

Eagle Medium (DMEM) and DMEM-F12 cell culture media were purchased from 

Lonza (Verviers, Belgium). Thymoquinone, trypsin–EDTA, Dulbecco's phosphate-

buffered saline (PBS), horse serum, fetal bovine serum (FBS), penicillin-streptomycin 

(P/S), dimethyl sulfoxide (DMSO), MTT (3-(4,5 Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide), trypan blue and methanol were purchased from Sigma 

Aldrich (St Louis, Missouri, USA). Insulin used for FHs 74 Int cell line culture 

(Actrapid 100IU/ml) was purchased from the pharmacy at the American University of 

Beirut Medical Center. DAPI (4′,6-diamidino-2-phenylindole) stain was purchased from 

Abcam (Cambridge, UK). Rabbit Caspase-3 polyclonal antibody (9662) was -purchased 

from Cell Signaling Technology (Danvers, Massachusetts, USA). Goat anti-rabbit 

polyclonal secondary antibody, Alexa Fluor 568 (A11011) were purchased from 

Invitrogen, Thermo Fisher Scientific (California, USA). Rabbit Ki67 monoclonal 

primary antibody (Cell Marque 275R-15) and donkey anti-rabbit Cy3 secondary 

antibody (Jackson 711-165-152) were provided by Dr. Noel Ghanem lab at the Biology 

Department of the American University of Beirut. Crude royal jelly was purchased from 

the bee farm at Rashaya al-Wadi, Lebanon, located at 1200-1600m above the sea level. 

A variety of seasonal plants predominate at this altitude and contribute to the diet of 
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bees, among which are Brassicaceae (Nasturtium), Anacardiaceae (Rhus), Ulmaceae 

(Ulmus), Rosaceae (Rosa) and Apiaceae (Eryngium). Royal jelly was collected during 

summer season and stored at -20ºC. 

 

B. Cell culture conditions 

           MDA-MB-231 and FHs 74 Int cell lines were cultured in their respective media 

in 2D monolayer conditions. FHs 74 Int cells were grown in DMEM cell culture media 

supplemented with 10% heat-inactivated FBS, 1% penicillin/streptomycin (P/S with 

penicillin at 10,000 units and streptomycin at 10 mg/ml) and 10 μg/ml insulin. MDA-

MB-231 cells were grown in DMEM supplemented with 10% heat-inactivated FBS and 

1% penicillin and streptomycin. All cells were maintained in a humidified atmosphere 

of 5% CO2 at 37⁰C. 

 

C. Drug preparation and treatment 

            Directly before use, fresh stock of the purified synthetic compound 

Thymoquinone was prepared by dissolving 16.4 mg/mL of TQ crystals in 1 mL 

methanol. TQ stock was then diluted in respective media to obtain different TQ 

concentrations ranging from 1 to 100 μM used in cell treatment. RJ fresh stock was 

prepared by dissolving 20 mg in 200 μl DMSO mixed with 800 μl distilled water 

solution at 37⁰C for 30 min. Intermediate concentrations of RJ ranging between 0.01 

and 200 μg/ml were then prepared by serial dilutions from stock and used in cell 

treatment. In all experiments, treatment with TQ, RJ each alone or in combinations, was 

performed at 50% cell confluency. Treatment with TQ-RJ combination was done by 
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adding TQ and RJ, each alone in wells containing their respective media and incubating 

cells with this mixture at different concentrations for 24h. 

 

D. MTT cell viability assay 

            Metabolically active cells can reduce the MTT (3-(4,5-Dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide) dye, a yellow tetrazole, into an insoluble formazan 

product of purple color. MTT assay was used to determine the inhibitory effect of TQ 

on the viability of the MDA-MB-231 breast cancer cell line. Cells were seeded in 96-

well plates at a density of 10,000 cells/ well, then treated for 24 h after which the 

medium was removed, and the cells were incubated with 120 μl of MTT solution (5 

mg/ml prepared in 1 x PBS) for 3 h at 37°C. Afterward, the solution containing the 

MTT dye was removed and replaced by 100 μl isopropanol to dissolve the formazan 

crystal. MTT optical density (OD) was then measured using a microplate reader 

enzyme-linked immuno-sorbent assay (ELISA) at 595 nm. Cellular viability was 

expressed as a percentage of metabolically active cells in treated conditions relative to 

control. Cell viability was reported as an average of 3 independent experiments, each 

condition in sextuplicate. 

 

E. Trypan blue exclusion assay 

            The viability of both FHs 74 Int and MDA-MB-231 cells in response to the 

different drug treatments was determined using the trypan blue exclusion assay. FHs 74 

Int cells were seeded in 24-well-plates at a density of 70,000 cells/well while MDA-

MB-231 were seeded in 12-well plates at a density of 20,000 cells/well. A previous 

study in our lab showed that TQ was not toxic to FHs 74 Int human intestinal cells (El-

Najjar et al., 2010), so we only investigated RJ toxicity in these cells. MDA-MB-231 
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cells were treated with RJ and TQ, each alone and in combinations. Following treatment 

of cells for 24 h, alive and dead cells were collected. Samples were centrifuged at 1300 

rpm for 5 min. Then, pellets were resuspended in DMEM growth medium, and trypan 

blue was added to the cell suspension in a 1:1 ratio. Next, cells were counted using a 

hemocytometer under the Axiovert inverted microscope at 10x magnification. Cells 

stained blue were counted as dead, and results were expressed as a percentage of total 

cells. Cell viability was reported as an average of 3 independent experiments, each 

condition in duplicates. 

 

F. Combination index analysis 

            The interaction between TQ and RJ was assessed using the Chou-Talalay plot 

(Fa-CI plot) was used (Chou and Talalay, 1984). Combination indices (CI) were 

calculated from the mean affected fraction (Fa) at each drug combination using 

CompuSyn software (CompuSyn, Inc. Paramus, NJ, USA). CI > 1, CI = 1, and CI < 1 

indicate antagonistic, additive, and synergistic effects, respectively.  

 

G. Cell cycle analysis 

            MDA-MD-231 cells were seeded in 6-well plates at a density of 80,000 

cells/well. Cells were treated with 0.1 µg/ml RJ and 15 µM TQ each alone. After 24 h 

of treatment, the cells were collected and washed twice with 1 x PBS, fixed in 70% ice-

cold ethanol, and stored at −20°C for at least one day. Subsequently, cells were washed 

twice with 1 x PBS, incubated for 30 min at 37°C with 100 μl of propidium iodide 

solution (6 μl RNase, and 30 μl PI (1 mg/ml)/1ml 1 x PBS). Supernatants were then 

transferred to flow tubes with 200 μl 1 x PBS added. Cell cycle analysis was performed 

using the FACS scan flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) and 
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the Cell Quest software (Becton-Dickinson, Franklin Lakes, NJ, USA) was used to 

analyze the distribution of cells in the different phases of the cell cycle.  

 

H. Immunofluorescence assay 

            MDA-MB-231 cells were plated on coverslips in 12-well plates at a density of 

60,000 cells/well. The medium was then removed, and the cells were treated with either 

TQ, RJ, or combinations. After treatment, the cells were washed twice with 1 x PBS 

and fixed at room temperature for 20 min in 4% formaldehyde. The formaldehyde was 

then removed, and the cells were washed three times in 1 x PBS (10 min/wash) before 

permeabilization in 0.5% Triton solution for 5 min. After two successive 10 min washes 

in 1 x PBS, cells were blocked in blocking buffer with FBS for 1 h at room temperature. 

Apoptosis was assessed using the Caspase-3 antibody, which was subsequently diluted 

(1:500) in 3% BSA and incubated separately with the cells overnight at 4ºC. The 

primary antibody was removed the next day, and the cells were washed three times in 1 

x PBS supplemented with 0.1% Tween 20 before incubation for 1 h with goat anti-

rabbit secondary antibody diluted (1:200) in 3% BSA at room temperature. Finally, the 

secondary antibody was removed, and the cells were washed three times in 1 x PBS 

with 0.1% Tween 20 before staining the nuclei with DAPI and mounting on a glass 

slide. To evaluate cell proliferation, the same immunostaining protocol was followed 

for Ki67 immunofluorescence with minor modifications, including the preparation of 

Ki67 primary antibody and donkey anti-rabbit Cy3 secondary antibody solutions in 

blocking buffer with donkey serum at dilution 1:500 and 1:200 ratios, respectively. 

Also, cells were washed three times in 1 x PBS only after the removal of the primary 

and secondary antibodies.  
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            Imaging and visualization were performed using the microscope Zeiss Axio. For 

cleaved Caspase, an equal number of representative images were taken for each slide in 

all conditions, and the percentage of apoptotic cells expressing cleaved Caspase 3 was 

then calculated. As for Ki67 biomarker, an equal number of representative images were 

taken for each slide per condition, and immunofluorescence intensity was measured by 

ZEN lite Digital Imaging Software to evaluate cell proliferation.  

 

I. Statistical analysis 

 

            Unless otherwise stated, data are presented as mean ± standard error of the mean 

(SEM) of three independent experiments with statistical analysis performed by One 

Way Anova (non-parametric) Multiple Comparison Test on Graph Pad Prism V.7. 

Software. Statistical significance was set with a 95% confidence interval at p < 0.05. 

 

J. Imaging 

            Cells were visualized and imaged by Axiovert inverted microscope from Zeiss 

at 10x magnification. Confocal images were taken on Confocal Microscope Zeiss 

LSM710 at 40X oil immersion magnification. 
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CHAPTER III 

RESULTS 

 

A. Royal jelly dissolution protocol 

 

            In order to examine RJ's anti-cancer effects alone and in combination with TQ in 

vitro, we first had to dissolve the fresh RJ supplied to our lab in the form of a solid 

extract from the bee farm at Rashaya al-Wadi, Lebanon. RJ is known to be a lipid-rich 

compound, so we attempted to dissolve it in distilled water using high temperatures. 

Good dissolution was obtained by gradually adding 2 ml of distilled water (dH2O) to 

100 mg RJ along with continuous heating for up to 65⁰C for 45 min. Although this 

method yielded acceptable results in terms of clarity of the solution, subjecting RJ to 

such high temperatures for a prolonged period could denature its proteins affecting the 

activity of the extract. We then considered possible solvents that could be used for 

dissolving RJ since distilled water alone, if not heated, was not the optimal solvent. So, 

we considered dissolving RJ in 0.9% NaCl, an isotonic solution suitable for the cells 

when used for treatment. However, incomplete dissolution of RJ was achieved, as 

evidenced by the translucent turbidity and precipitation of the sample (Figure 7A). 

Therefore, neither distilled water without heating nor 0.9% NaCl proved to be optimal 

solvents for dissolving RJ. 

           Knowing that RJ contains both polar and non-polar compounds, we realized that 

using distilled water alone as a solvent will not completely dissolve the non-polar fatty 

acid components in RJ. Thus, we considered mixing the crude RJ with dimethyl 

sulfoxide (DMSO), a polar aprotic solvent that is miscible with dH2O and that is 

capable of dissolving hydrophilic and hydrophobic compounds (Cevallos et al., 2017; 
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Galvao et al., 2014). Mixing RJ in a solution of 0.9% NaCl and DMSO in (3:1) ratio 

yielded partial solubility, but a precipitate was obtained (Figure 7B). Next, we used 

distilled water instead, but in combination with DMSO at concentrations of less than 

1% when added on cells to improve RJ dissolution. Different proportions of dH2O to 

DMSO were used to determine the ratio that produces the best solubility. Complete 

solubility was only obtained upon dissolving 20 mg of RJ in a solution of 800 µl dH2O 

and 200 µl DMSO solution at 37ºC for 30 min along with vortexing every 10 min. 

Therefore, this protocol was used to prepare fresh RJ stocks prior to every treatment. 

Fresh RJ stock was then used to prepare dilutions needed for experiments. 

 

 

Figure 7. Royal jelly precipitation in 0.9% NaCl alone or in combination with 

DMSO.  

The whitish precipitate is obtained upon dissolving RJ in 1 ml of 0.9% NaCl (A) and in 
750 µl of 0.9% NaCl combined with 250 µl DMSO. 
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B. Royal jelly inhibitory effect on cell viability was dose dependent in non-

tumorigenic FHs 74 int human small intestinal cells and metastatic MDA-MB-

231 human breast cancer cell line 

 

            First, we determined whether the RJ extract exerted toxic effects against FHs 74 

Int non-tumorigenic human intestinal cells. Second, we identified the range of 

inhibitory concentrations of RJ on MDA-MB-231 human breast cancer cells and 

determined its potential anti-cancer activity. FHs 74 Int and MDA-MB-231 cells were 

incubated in several concentrations of RJ and the effects on cell viability were 

determined after 24 h. 

            Relative to the control, RJ did not exert any significant inhibitory effects on the 

viability of FHs 74 Int cells at concentrations of 0.01μg/ml and 0.1μg/ml, while a 

reduction of 12% was obtained upon the treatment with doses of 1 μg/ml and 5 μg/ml. 

These results confirm the mild inhibitory effect exerted at low doses of RJ on non-

tumorigenic cells. However, at higher doses ranging from 10 μg/ml to 200 μg/ml RJ, a 

more pronounced decrease of 20-24% in cell viability was observed, suggesting that 

high doses of RJ are toxic to FHs 74 Int non-tumorigenic cells (Figure 8A).  

            In MDA-MB-231 breast cancer cells, concentrations of RJ ranging from 0.01-1 

μg/ml resulted in only a 10-13% decrease in cell viability. However, the viability of 

MDA-MB-231 cells decreased by 23-33% as RJ doses increased from 5 μg/ml to 100 

μg/ml. The decrease in cell viability was most prominent at 200 μg/ml RJ (42% 

decrease), suggesting the greater toxicity of RJ to breast cancer cells (Figure 8B). Thus, 

the IC50 value was calculated to be 216 µg/ml in MDA-MB-231 cells while it was much 

higher (292 µg/ml) in the FHs 74 Int cell line. 
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Figure 8. Royal jelly inhibitory effect in FHs 74 Int (A) and MDA-MB-231 (B) cell 

lines at doses ranging from 0.01 µg/ml to 200 µg/ml.  

Trypan blue exclusion assay showing the percentage cell viability after 24 h of treatment 

with different RJ concentrations. Data shown are an average of 2 and 3 independent 
experiments for panels A and B, respectively expressed as mean ± SEM.  

 
 

            Based on these results showing that RJ doses below 1 μg/ml did not significantly 

affect cell viability of non-tumorigenic cell line in comparison to the control, and the 

fact that RJ doses higher the 5 µg/ml yielded significant toxicity, we used doses of RJ of 

0.1 μg/ml as a minimum and 5 μg/ml as a maximum for all future experiments.  

            Using MTT assay, we then evaluated the effect of RJ at different concentrations 

on the viability of MDA-MB-231 cells. Surprisingly, cell viability increased by 10% in 

response to 0.1µg/ml RJ dose and a minimal decrease of 2% was observed upon the 

treatment with a high dose of 10 µg/ml RJ. Also, no remarkable cytotoxicity effects 

were observed even at very high doses of RJ (100 and 200 µg/ml), which resulted in 

only 1% and 5% decrease in MDA-MB-231 cell viability relative to the control (Figure 

9B). This lack of cell toxicity by MTT assay did not correlate with microscopic images 

of cells that showed a very low number of viable cells in the presence of high 

concentrations of RJ (Figure 9A). These results indicated that RJ was interfering with 

the colorimetric absorbance measures of the MTT assay. Therefore, in future 
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experiments, we used the trypan blue exclusion assay in assessing cell viability in 

response to the treatment with RJ in combination with TQ. 

 

Figure 9. The absence of RJ inhibitory effect on MDA-MB-231 cells at high doses 

by MTT assay is evidence of interference of RJ with this colorimetric assay. 

(A) Representative light microscopy images of MDA-MB-231 viability in response to RJ 

treatments. Cells were visualized by Axiovert inverted microscope from Zeiss at 10x 

magnification. (B) MTT assay showing the percentage viability of MDA-MB-231 cells 

after 24 h of treatment with different RJ concentrations. Cell viability was estimated by 

measuring the absorbance of the cell suspension after incubation with 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. Data shown are an average 

of 1 experiment and are expressed as mean ± SEM. 
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C. Thymoquinone exhibited anti-cancer activity in MDA-MB-231 cell line in a 

dose dependent manner by inducing cell death 

 

            To investigate the anti-cancer effects of TQ in human metastatic breast cancer, 

we first determined the range of inhibitory concentrations of TQ in MDA-MB-231 

breast cancer cell line. We tested different doses of TQ, ranging from 1 μM to 100 μM, 

to establish TQ concentrations that could significantly affect the viability of breast 

cancer cells. After establishing the range of TQ inhibitory concentrations, we 

determined the IC50 value of TQ. Establishing IC50 is important since any possible anti-

cancer synergy (or additive effects) is best detected at concentrations that are not highly 

cytotoxic to cells (i.e., less than 50% cell death). 

            Thymoquinone at concentrations of 1 µM and 10 µM did not exert any 

statistically significant toxicity on the MDA-MB-231 cell line relative to the control 

(Figure 10). As TQ concentrations increased, cell viability started to decrease 

remarkably, reaching 47% at 20 µM. Hence, nearly half of breast cancer cells seeded 

had died, suggesting that the IC50 value was slightly less than 20 µM. The decline in cell 

viability was more pronounced with increasing TQ concentrations yielding 80%, 90%, 

and 92% reduction upon the treatment with 30 µM, 50 µM, and 100 µM of TQ, 

respectively (Figure 10). Thus, TQ exhibited significant anti-cancer activity against 

MDA-MB-231 human breast cancer cells in a dose dependent manner. 
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Figure 10. The effect of TQ on the viability of MDA-MB-231 cell line.  

MTT assay showing the percentage viability of MDA-MB-231 cell line after 24 h of 

treatment with different TQ concentrations. Cell viability was estimated by measuring 
the absorbance of the cell suspension after incubation with 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide assay. Data shown are an average of 3 independent 

experiments expressed as mean ± SEM. Asterisks represent statistically significant results 
compared to the control, (*p<0.05, **p<0.01, ***p<0.001). 

 
 

            Next, we determined the exact value of IC50 using a narrower scale of TQ 

concentrations ranging between 12.5 µM and 30 µM. Relative to the control, cell 

viability decreased significantly to 85% and 81% upon the treatment of MDA-MB-231 

cells with 12.5 µM and 15 µM TQ, respectively. However, TQ exerted more significant 

toxicity at higher concentrations reducing cell viability to 66% at 17.5 µM TQ. As a 

result of this experiment, the IC50 value of TQ was established to be 19 µM (Figure 11). 
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Figure 11. Half-maximal inhibitory concentrations of TQ on MDA-MB-231 human 

breast cancer cell line after 24 h of treatment.  

MTT assay showing the half-maximal inhibitory concentration (IC50) of TQ in MDA-

MB-231 breast cancer cell line after 24 h of treatment with different TQ concentrations.  
Cell viability was estimated by measuring the absorbance of the cell suspension after 
incubation with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. 

Data shown are an average of 3 independent experiments expressed as mean ± SEM. 
Asterisks represent statistically significant results compared to the control, (*p<0.05, 

**p<0.01, ***p<0.001). 
 
 

            In summary, TQ at concentrations below and above its IC50 of 19 µM exerted a 

prominent anti-cancer effect by inducing cell death in MDA-MB-231 aggressive human 

breast cancer cells in a dose dependent manner. 
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D. Thymoquinone and royal jelly combination increases the sub-G1 population in 

MDA-MB-231 cells 

 

            To further confirm cell death and determine whether the inhibition of cell 

viability by RJ and TQ treatment of  MDA-MB-231 cells was associated with changes 

in cell cycle regulation, we performed cell cycle analysis using propidium iodide (PI) 

DNA staining with flow cytometry. Cell death was enhanced in response to TQ alone 

and when TQ was combined with 0.1 µg/ml RJ (Figure 12A). In comparison with the 

control, the Pre-G1 population increased significantly to 23% and 34% upon the 

treatment with 15 µM TQ alone and when this dose of TQ was combined with 0.1 

µg/ml RJ, respectively (Figure 12B). The increase in the Pre-G1 population was 

associated with a notable reduction in the G0/G1 and G2/M populations. As mentioned 

before,  the treatment with 0.1 µg/ml RJ alone did not exert significant changes in cell 

viability (Figure 12 A, B), yet it caused a shift in the cell cycle histogram profile to the 

left (Figure 12A.f) without affecting the integrity of cells as shown in (Figure 10A.b). 

This shift could be due to a decreased PI intensity in MDA-MB-231 cells as a result of 

some form of interference with RJ, and this should be further explored in future 

experiments. 
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Figure 12. Cell death is enhanced by TQ alone and by the combination TQ and RJ.  

(Aa-d) Representative density plots showing cell distribution as a function of side scatter 
area (SSC-A) and forward scatter area (FSC-A). (Ae-h) Representative histograms 

showing the cell cycle distribution in the control and (B) post-treatment with 15 µM TQ 
and 0.1µg/ml RJ alone and in combination for 24 h. (C) Propidium iodide staining with 
flow cytometry showing the increase in Pre G1 upon treatment with TQ alone and the 

combination of TQ and RJ. Data shown are an average of 3 independent experiments 
expressed as mean ± SEM and analyzed by a two-way ANOVA test followed by multip le 

comparisons test. Asterisks represent statistically significant results compared to the 
control, (*p<0.05, **p<0.01, ***p<0.001). 
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E. The combination of royal jelly and Thymoquinone enhanced inhibition of the 

viability of MDA-MB-231 breast cancer cells than each compound alone  

 

      After establishing the anti-tumor effects of RJ alone and TQ alone against 

MDA-MB-231 cells, we attempted to study the effects of treatment with the 

combination of TQ and RJ. Thus, we investigated if there is a potentiated anti-

cancer effect on human aggressive breast cancer using combinations of low 

concentrations of RJ and TQ. RJ alone at a dose of 0.1 µg/ml (2% inhibition) and 

TQ alone at concentrations of 1 µM (5% inhibition) did not cause any significant 

inhibition of the viability of MDA-MB-231 breast cancer cells confirming the low 

toxicity of these treatments. In addition, a decrease of 12% was reported at 5 µM 

TQ. The combination of 0.1 µg/ml of RJ with 1 µM of TQ did not cause significant 

reduction in cell viability (7% inhibition) while 0.1 µg/ml of RJ with 5 µM of TQ 

yielded the most notable decrease of 30% in cell viability in comparison to the 

control (Figure 13). 

 
Figure 13. Royal jelly and TQ at low concentrations exerted low to moderate 

toxicity against MDA-MB-231 human breast cancer cell line. 

Trypan blue exclusion assay showing the percentage viability of MDA-MB-231 cell 
line after 24 h of treatment with different concentrations of RJ and TQ, each alone or in 
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combination. Data shown are an average of 3 independent experiments expressed as 

mean ± SEM. Asterisks represent statistically significant results compared to the 
control, (*p<0.05, **p<0.01, ***p<0.001). 

 
 

             Next, we determined the effects of the combination of increasing doses of both 

compounds (RJ and TQ) on cell viability. As shown in (Figure 15B), no significant 

reduction in MDA-MB-231 viability was detected upon the treatment with RJ alone at 

doses of 0.1 µg/ml and 5 µg/ml or with TQ alone at doses below 10 µM. However, a 

significant reduction in cell viability of approximately 66% was observed in response to 

15 µM of TQ. In comparison with the control, the viability of MDA-MB-231 cells was 

significantly reduced in response to drug combinations. Treatment with 5 µg/ml RJ, 

when combined with 5 µM or 7.5 µM of TQ reduced cell viability by 21% and 29%, 

respectively. The anti-tumor effects were more pronounced upon treatment with higher 

TQ doses. A dose of 10 µM TQ in combination with 0.1 µg/ml RJ or 5 µg/ml RJ 

yielded a significant decrease in MDA-MB-231 cell viability by 40% and 58%, 

respectively. Treatment with a combination of 10 µM and 15 µM of TQ with 5 µg/ml 

RJ decreased cell viability by 58% and 74%, respectively confirming the more potent 

anti-cancer effects upon combination treatment with higher RJ doses (Figure 14A, B). 
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Figure 14. Royal jelly and TQ combinations exerted synergistic effects on the 

viability of MDA-MB-231 human breast cancer cells.  

(A) Representative light microscopy images of MDA-MB-231 viability in response to 

different treatments. Cells were visualized by Axiovert inverted microscope from Zeiss 

at 10x magnification. (B) Trypan blue exclusion assay showing the percentage viability 

of MDA-MB-231 cell line after 24 h of treatment with different concentrations of RJ, TQ, 

and combinations. Data shown are an average of 3 independent experiments expressed as 

mean ± SEM. Asterisks represent statistically significant results compared to the control, 

(*p<0.05, **p<0.01, ***p<0.001). (C) Combination index (CI) values were plotted as a 

function of Fa values corresponding to the % cell death. The dotted line is the reference 

line, where CI value is equal to 1; circles in blue with a dot at the center represent CI 

values at different Fa. 

 

 

            Interestingly, the enhanced anti-tumor effect was best observed at combinations 

of 5 µg/ml RJ with 10 µM TQ. The inhibition of cell viability by this combination 

treatment (58% inhibition) was greater than the sum of inhibition observed by each 

compound alone (6% and 12% inhibition by TQ and RJ alone, respectively), suggesting 

a synergistic effect (Figure 14B). Combination indices were then calculated using 

CompuSyn software, confirming the synergistic interaction between both compounds in 

all the combinations tested with a CI value < 1 (Figure 14C). The most pronounced 

synergistic anti-tumor effect (CI=0.584) was revealed upon the combination of 5 µg/ml 

RJ with 10 µM TQ (Table 1). 
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Table 1. Drug doses and combination indices (CI) for TQ and RJ combinations 

against MDA-MB-231 cell line. 

CI > 1, CI = 1, and CI < 1 indicate antagonistic, additive, and synergistic effects, 
respectively. 
 

 

           Therefore, RJ and TQ in combination act synergistically to induce dose 

dependent cell death effects.  
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F. The combinations of Thymoquinone and royal jelly induced caspase 3-

dependent apoptosis in MDA-MB-231 human breast cancer cells in a dose 

dependent manner 

 

          To identify the mechanism of action responsible for the enhanced cell death 

effect of TQ and RJ combination treatment, we assessed the apoptotic effects of each 

compound alone and their combinations in MDA-MB-231 cell line by examining the 

apoptotic bodies in nuclei of cells and by measuring the expression of cleaved caspase 

3 in response to 24 h treatment using immunofluorescence staining of active caspase 3. 

            Relative to control, there was no significant increase in apoptosis levels in cells 

treated with 0.1 µg/ml or 5 µg/ml of RJ. However, active caspase-3 expression was 

significantly higher in response to treatment with 10 µM and 15 µM TQ alone, yielding 

a respective increase of 52% and 73% of caspase 3 expression in MDA-MB-231 cells 

(Figure 15G). Similar results were obtained upon treatment with 0.1 µg/ml RJ in 

combination with 10 µM and 15 µM TQ with 58% and 75% increase in caspase 3 

expression, respectively. A more pronounced apoptotic effect was observed in response 

to treatment with 5µg/ml RJ in combination with 10 µM and 15 µM TQ as cleaved 

caspase 3 expression increased to 63% and 77%, respectively. The confocal 

micrographs confirmed the enhancement of apoptosis in response to the combination 

treatment, as evidenced by the increase in apoptotic nuclear bodies in MDA-MB-231 

cells (Figure 15A-F). 
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Figure 15. Royal jelly and TQ combinations induce Caspase 3 cleavage in MDA-

MB-231 human breast cancer cell line. 

(A-F) Immunofluorescence micrographs of cleaved caspase 3 expression at 24 h after 

treatment. Red indicates cleaved caspase-3 expression and blue indicates nuclei counter 
stained by DAPI. Arrows indicate apoptotic nuclei. Nuclei were visualized by confocal 

Zeiss Axio microscope, 40X oil immersion with scale bar = 50 µM. (G) Quantificat ion 
of cleaved caspase 3 in MDA-MB-231 cells at 24 h of treatment with different 
concentrations of RJ, TQ, and RJ-TQ combinations. Data shown are an average of 3 

independent experiments expressed as mean ± SEM. Asterisks represent statistica lly 
significant results, (*p<0.05, **p<0.01, ***p<0.001). 

 
 

           In summary, we showed that TQ alone exerted a more pronounced apoptotic 

effect than RJ alone in MDA-MB-231 human breast cancer cells, and the cell death 

effect was potentiated when both compounds were combined. 
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G. Royal jelly and Thymoquinone or combinations did not alter Ki67 expression 

in MDA-MB-231 human breast cancer cell line 

 

           After identifying that apoptosis is the cell death mechanism when combining TQ 

and RJ, we investigated whether the proliferation of cells was affected in response to 

TQ alone, RJ alone, and combinations. Cell proliferation was evaluated by measuring 

the intensity of Ki67 fluorescence, a sensitive and specific proliferation biomarker after 

24 h of treatment. Immunofluorescence staining showed a modest decrease of 6% and 

10% in Ki67 expression upon treatment with 0.1 µg/ml and 5 µg/ml RJ, respectively, in 

comparison to the control (Figure 16G). A similar response was observed upon the 

treatment with 10 and 15 µM TQ alone, causing Ki67 intensity to drop by 7% under 

both conditions. Moreover, a minimal decrease in Ki67 expression (6-9%) was 

observed in response to all doses of RJ and TQ combinations as compared to the 

control. This relatively low anti-proliferative effect was confirmed by confocal imaging 

showing the modest change in the nuclear expression of Ki67 in response to the 

different treatments in MDA-MB-231 cells (Figure 16A-F).  

 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 



64 
 

 

DAPI 
C

o
n

tr
o

l 
R

J 
0

.1
µ

g
/m

l 
Merged 

R
J 

5
µ

g
/m

l  
A 



65 
 

 

DAPI 
C

o
n

tr
o

l 
TQ

 1
0

µ
M

 
Merged 

TQ
 1

5
µ

M
  

B 



66 
 

  

DAPI 
R

J 
0

.1
µ

g
/m

l 
TQ

 1
0

µ
M

 
Merged 

C 
 R

J 
0

.1
µ

g
/m

l +
 T

Q
 1

0
µ

M
 



67 
 

  

DAPI 
R

J 
0

.1
µ

g
/m

l 
TQ

 1
5

µ
M

 
Merged 

D 
 R

J 
0

.1
µ

g
/m

l +
 T

Q
 1

5
µ

M
 



68 
 

  

DAPI 
R

J 
5

µ
g

/m
l 

TQ
 1

0
µ

M
 

Merged 

E 
 R

J 
5

µ
g

/m
l +

 T
Q

 1
0

µ
M

 



69 
 

 

DAPI 
R

J 
5

µ
g

/m
l 

TQ
 1

5
µ

M
 

Merged 

F 
 R

J 
5

µ
g

/m
l +

 T
Q

 1
5

µ
M

 



70 
 

 

 

Figure 16. Effect of RJ, TQ and combinations on Ki67 expression in MDA-MB-231 

human breast cancer cells. 

(A-F) Immunofluorescence micrographs of Ki67 expression at 24 h after treatment. 

Green indicates Ki67 expression and blue indicates nuclei counterstained by DAPI. 
Nuclei were visualized by confocal Zeiss Axio microscope, 40X oil immersion with scale 

bar = 50 µM. (G) Quantification of the levels of Ki67 intensity in MDA-MB-231 cells at 
24 h of treatment with different concentrations of RJ, TQ, and combinations. Data are 
expressed as mean ± SEM of 2 independent experiments. 

 
 

           Therefore, RJ alone and TQ alone or their combinations exerted a relatively low 

anti-proliferative effect in human triple-negative breast cancer. 
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CHAPTER IV 

DISCUSSION 
 

 

            Breast cancer, the most common cancer among women, is identified as a 

heterogeneous disease arising from the differential expression of hormonal receptors 

along with the genomic and intratumoral heterogeneity (Bertos and Park, 2011). Female 

breast cancer ranks second among the most frequently diagnosed cancer types 

worldwide (Bray et al., 2018), causing the majority of cancer-related deaths among 

women (WHO, 2020a). Several internal and external factors including, aging (Ban and 

Godellas, 2014), genetic susceptibility (Brewer et al., 2017; Sun et al., 2017), lifestyle 

(Thiebaut et al., 2007) in addition to early diagnosis, preventative screening and 

treatment availability (WHO, 2020c), affect cancer prognosis and survival rates. Despite 

the tremendous improvement in the therapeutic approaches, conventional treatments of 

breast cancer, including systemic therapy, exert organ-specific toxicity along with 

various side effects (Bodai and Tuso, 2015; Teven et al., 2017). The interest in 

alternative treatments relying on relatively non-toxic and cost-effective natural 

resources has surged over the past decades, particularly from medicinal plants and 

honeybee products. Thymoquinone, the principal constituent of Nigella sativa essential 

oil, and the nutritious honeybee secretions of RJ were shown to have potent anti-cancer 

activities against many types of cancers, including breast cancer (Ahmad et al., 2020; 

Khader and Eckl, 2014). Triple-negative breast cancer (TNBC) is well known to be an 

aggressive breast cancer with poor prognosis because of its ability to resist 

chemotherapy and metastasize (Nedeljkovic and Damjanovic, 2019; Yao et al., 2019). 

Therefore, identifying new therapeutic approaches with an emphasis on natural 

compounds is essential to overcome resistance in TNBC and chemotherapy- induced 
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cytotoxicity. Royal jelly exhibits various biological and pharmaceutical properties 

against many types of cancer. However, few studies investigated its anti-cancer 

potential against breast cancer (Nakaya et al., 2007; Okic-Djordjevic et al., 2013). 

Although TQ's anti-cancer activity has been well documented in various models, 

combining it with RJ and assessing the efficacy of this combination against breast 

cancer is still unknown. Our study is the first to investigate the anti-cancer activity of 

both TQ and RJ alone and in combination against the triple-negative MDA-MB-231 

human metastatic breast cancer cell line.  

            Royal jelly, secreted from the mandibular and hypopharyngeal glands of worker 

bees, comes in the form of fresh solid extract. Its complex composition in addition to 

the presence of proteins, fatty acids, and amino acids (Gismondi et al., 2017) makes it 

hard to dissolve prior to cell treatment. Our study generated an optimum dissolution 

protocol for RJ supplied by the Rashaya al Wadi bee farm after several attempts that 

yielded partial dissolution. 

            Examination of drug toxicity using in vitro and in vivo models is a major 

prerequisite before any clinical application. Few are the studies investigating in vitro 

toxicity of RJ in breast cancer with none addressing TNBC so far. For this purpose, we 

assessed RJ toxicity and anti-cancer activity in FHs 74 Int non-tumorigenic human 

intestinal cells and MDA-MB-231 tumorigenic human metastatic breast cancer cell 

lines. Our results showed that RJ exhibited minimal toxicity on FHs 74 Int cell line at 

doses below 5 µg/ml, while a more pronounced inhibitory effect was observed at higher 

doses with a clear saturation effect obtained at doses equal or greater than 100 µg/ml. 

This indicates that RJ, unless at high doses, is relatively nontoxic to the non-

tumorigenic human small intestinal cell line. In line with the previously published 
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studies (Nakaya et al., 2007; Zhang et al., 2017), our findings demonstrate that RJ has 

anti-cancer effects against breast cancer. RJ exerted low to mild dose-dependent 

inhibitory effects on the viability of MDA-MB-231cell line at doses below 5 µg/ml. 

Cell death was more pronounced in MDA-MB-231 cell line at 200 μg/ml RJ, suggesting 

the greater toxicity of RJ to breast cancer cells with the IC50 estimated to be 1.4 fold 

greater in FHs 74 Int cell line compared to that in MDA-MB-231 cell line.  

            Assessing RJ toxicity using MTT assay yielded false-negative results evidenced 

by the higher viability of treated MDA-MB-231 cells in comparison to control at low 

doses of RJ and the absence of an inhibitory effect in response to very high RJ doses. 

These results strongly contradict the microscopy images which showed a significant 

decrease in the viability of MDA-MB-231 cells in response to the increasing doses of 

RJ. This suggests a possible interference of RJ with the colorimetric absorbance 

measures of the MTT assay. The overestimation of MTT readings could be explained 

by a possible non-enzymatic reduction of MTT tetrazolium dye. Chemical reducing 

compounds, including phenols, antioxidants such as ascorbic acid, vitamin E, vitamin 

A, N-acetylcysteine, thiol-containing compounds are known to interfere with MTT 

readings (Bruggisser et al., 2002; Chakrabarti et al., 2000; Maioli et al., 2009; Natarajan 

et al., 2000). Knowing that RJ constitutes phenols and vitamin proportions, including 

vitamin C, a direct reduction of MTT tetrazolium may explain MTT overestimation. 

Another scenario could be the possible overlap of RJ spectra with formazan absorbance, 

which in turn needs further investigation in a cell-free system to ensure such overlap 

and the extent of subsequent interference. Therefore, due to RJ interference in MTT 

results, the trypan blue exclusion assay was used to investigate the inhibitory effect of 

RJ alone or in combination with TQ on MDA-MB-231 cell viability. 



74 
 

            Thymoquinone has been shown to possess  potent anti-cancer activities against 

various cancer types, including colon cancer with minimal cytotoxic effects on normal 

intestinal cells (El-Najjar et al., 2010). In the context of breast cancer, previous studies 

reported TQ-mediated induction of apoptosis, growth inhibition, in addition to 

suppression of viability and invasion of MDA-MB-231 and MCF7 cell lines mainly 

through the inhibition of Akt phosphorylation (Attoub et al., 2013; Ganji-Harsini et al., 

2016). In line with these studies, we further confirmed TQ's anti-cancer activity in 

MDA-MB-231 cell line as evidenced by the dose-dependent cell death effects at 

concentrations below and above the IC50 value of TQ, which was established at 19 µM 

using MTT assay.  

            Cell cycle analysis using propidium iodide staining was performed to further 

confirm cell death and to examine whether TQ and RJ alone or in combination affect 

the cell cycle progression of breast cancer cells. In accordance with our findings using 

trypan blue exclusion assay, RJ alone at a dose of 0.1 µg/ml did not exert significant 

changes in cell viability compared to the control. Consistent with previous studies 

reporting the inhibitory activity of TQ (El-Najjar et al., 2010; Gali-Muhtasib et al., 

2004a; Gali-Muhtasib et al., 2008a; Khalife et al., 2016), our study reports 4 fold 

increase in the Pre-G1 cell population along with a 2 and 3 fold decrease in G0/G1 and 

G2/M cell populations of MDA-MB-231 cells in response to 15 µM of TQ, 

respectively, further confirming TQ-mediated cell death. Interestingly, combining 15 

µM TQ with 0.1 µg/ml RJ yielded a more pronounced cell death effect evidenced by the 

6 fold increase in the Pre-G1 population. These results indicate that the cell death effect 

is enhanced upon the combination of TQ with RJ compared to single treatments with 

each compound alone. Treatment with RJ shifted the flow cytometry histogram as a 
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result of the decreased PI intensity without affecting the size and complexity of MDA-

MB-231 cells compared to untreated cells. These results indicate that RJ at 0.1 µg/ml 

does not induce cell death, but rather it interferes with the PI staining. The decreased PI 

intensity could be explained by inhibiting the intercalation of PI to the deoxyribonucleic 

acid (DNA) in breast cancer cells by reducing its binding affinity to DNA bases. Further 

investigation is needed to confirm the direct and/or indirect inhibitory effect of RJ on PI 

intercalation.       

            Combination therapy is usually used to enhance the therapeutic response and 

overcome any possible drug resistance in cancer patients (Palmer and Sorger, 2017). 

Enhanced anti-cancer activity was reported in response to the combination of TQ with 

other plant extracts like piperine or chemical drugs such as Tamoxifen and Doxorubicin 

(Fatfat et al., 2019; Ganji-Harsini et al., 2016; Talib, 2017). Our study is the first to 

evaluate the combined anti-cancer activity of TQ and RJ against TNBC. We 

documented an enhanced anti-cancer activity of TQ when combined with RJ against 

MDA-MB-231 cell line. Cell death was enhanced in response to different combinations 

as compared to the treatment with each drug alone. Combinations at relatively low 

concentrations of both natural compounds (0.1 µg/ml RJ and 5 µM TQ) augmented cell 

death which was further amplified by 3 and 5 folds in response to the combination of 5 

µg/ml of RJ with 10µM and 15 µM of TQ, respectively. An apparent synergistic 

interaction with CI<1 provided further evidence for the augmented reduction in cell 

viability in response to the combinations relative to the single-drug treatments. The 

synergistic effect in MDA-MB-231 cells was best detected upon the combination of 5 

µg/ml RJ with 10 µM TQ. These results are consistent with the previous studies that 

reported the synergism of TQ in combination with different agents including, melatonin 
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(Odeh et al., 2018) and piperine (Talib, 2017) against breast cancer, diosgenin on 

squamous cell carcinoma (Das et al., 2012), docetaxel against prostate cancer (Dirican 

et al., 2015) in addition to arsenic and interferon-alpha against human T-cell 

leukemia/lymphoma (Houssein et al., 2020). 

            Evading apoptosis is one of the main cancer hallmarks that aids in the survival 

of cancer cells. Natural extracts or combination therapies capable of inducing apoptosis 

are considered as effective therapeutic candidates against cancer progression. To 

understand the underlying mechanism of the observed reduction in the viability of 

metastatic breast cancer cells upon the different treatments, we investigated apoptosis 

induction as a possible mechanism of cell death. Enhanced induction of apoptosis was 

evidenced by the increase in caspase 3 cleavage in response to the increasing TQ doses 

alone or in combination with RJ. On the other hand, treatment with RJ alone did not 

induce any significant apoptotic effect compared to the control. Apoptotic cell death 

was increased by 4 folds in response to the combination of 10 µM TQ with 0.1 µg/ml 

and 5 µg/ml RJ while a 5 fold increase was obtained upon combining 15 µM TQ with 

both RJ doses. Our results indicate that TQ is the main inducer of apoptosis, although 

an augmented apoptotic response was observed upon the combination with RJ, 

indicating that RJ could modestly potentiate the anti-cancer activity of TQ in TNBC. 

Our findings are consistent with previous studies showing induction of apoptosis upon 

treatment with TQ alone and in combination with other agents against cancer cells 

(Gali-Muhtasib et al., 2008b; Houssein et al., 2020; Roepke et al., 2007; Talib, 2017). In 

line with previously published data (Gali-Muhtasib et al., 2008b), our study shows the 

absence of a TQ mediated anti-proliferative effect against breast cancer cells. Minimal 

decrease of Ki67 intensity in MDA-MB-231 cells was obtained irrespective of the doses 
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used of both TQ and RJ each alone or in combination. Therefore, cell death of TNBC 

cells was not due to the inhibition of proliferation but rather to apoptosis as evidenced 

by the enhanced caspase 3 cleavage. 

            In conclusion, RJ and TQ being relatively non-toxic to normal cells, exhibit anti-

cancer activity against human metastatic breast cancer. RJ alone exerts low cytotoxic 

effects except at high doses in MDA-MB-231 cells. On the other hand, TQ exerts a 

potent anti-tumor activity as it mediates TNBC cell death at doses below and above its 

IC50. Both compounds, in combination, act synergistically to inhibit TNBC. Our 

findings demonstrate the potent pro-apoptotic activity of TQ compared to that of RJ 

against MDA-MB-231 cell line. Although their combination relatively enhances the 

apoptotic cell death, TQ acts as the main inducer of apoptosis mediating cell death by 

inducing caspase 3 dependent apoptosis in a dose-dependent manner. The combination 

of these two natural compounds deserves further investigation to identify the exact cell 

death mechanism responsible for the synergistic activity of these compounds. Also, 

future studies will identify RJ's bioactive components responsible for its anti-cancer 

activity alone and in combination with TQ, further investigate their mechanism of 

action in terms of cell invasion, migration and in vivo tumor development.  
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