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Abstract

BACKGROUND

Breast cancer is the most common cause of the majority of cancer-related deaths in
women, among which triple-negative breast cancer is the most aggressive type of
breast cancer diagnosed with limited treatment options. Thymoquinone (TQ), the
main bioactive constituent of Nigella sativa, has been extensively studied as a
potent anticancer molecule against various types of cancers. Honeybee products
such as the royal jelly (R]), the nutritive secretion fed to honeybee queens, exhibit
a variety of biological activities besides its anticancer effect. However, the
anticancer activity of the combination of TQ and R] against breast cancer is still
unknown.

AIM
To investigate cytotoxicity of R] in FHs 74 Int cells and the anticancer effects of
TQ, RJ, and their combinations in the MDA-MB-231 cell line.

METHODS

Cells were treated with TQ, R], and their combinations for 24 h. Using 3-(4,5
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay, we determined the
half-maximal inhibitory concentration of TQ. Trypan blue and 3-(4,5 dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide assays were then performed to
assess the cell viability in response to different treatment conditions. Cell death
and cycle regulation were investigated using propidium iodide deoxyribonucleic
acid staining followed by flow cytometry in response to a single dose of TQ, R]J,
and their combination. Immunostaining for cleaved caspase 3 and Ki67 expression
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was used to determine apoptosis induction and changes in cell proliferation.

RESULTS

TQ alone inhibited cell viability in a dose-dependent manner at concentrations
below and above the half-maximal inhibitory concentration. R] exhibited
relatively nontoxic effects against MDA-MB-231 cells and FHs 74 Int small
intestinal cells at concentrations below 5 ng/mL. High doses of R] (200 pg/mL)
had greater toxicity against MDA-MB-231 cells. Interestingly, the inhibition of cell
viability was most pronounced in response to 15 umol/L TQ and 5 pg/mL R]. A
dose of 15 umol/L TQ caused a significant increase in the PreG1 population,
while a more pronounced effect on cell viability inhibition and PreG1 increase
was observed in response to TQ and RJ combinations. TQ was the main inducer of
caspase 3-dependent apoptosis when applied alone and in combination with R].
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
inhibition of cell proliferation.

CONCLUSION

This study is the first to report enhanced anticancer effects of TQ and R]
combination against MDA-MB-231 breast cancer cells, which could confer an
advantage for cancer therapy.

Key Words: Anticancer activity; Breast cancer cells; Drug combination; Natural products;
Royal jelly; Thymoquinone

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Royal jelly enhances thymoquinone (TQ) anticancer activity against breast
cancer. TQ induces the apoptotic response in breast cancer cells while royal jelly when
combined with TQ potentiates the reduction in cell viability more than each drug alone.
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INTRODUCTION

According to the global cancer project GLOBOCAN 2020, 19.3 million new cancer
cases and 10 million cancer deaths have occurred in 2020[1]. 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 2778850 cases in 2040[2]. Breast cancer is
the most common cancer among women worldwide[3] and is responsible for the
majority of cancer-related deaths among women[4]. 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[5-7]. Triple-negative breast cancer is
an aggressive type of breast cancer with limited treatment options|[8,9].

The human breast cancer cell line MDA-MB-231, a highly invasive and poorly
differentiated triple-negative breast cancer (TNBC), was 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[10]. The
absence of estrogen receptor, progesterone receptor, and human epidermal receptor 2
expression renders them nonresponsive to hormonal treatments[11]. However, these
cells possess high invasive capacity and metastatic potential as they degrade the
extracellular matrix of tissues and metastasize into lung, bone, or brain-specific cancers
[12-14]. Conventional treatment of breast cancer comprises surgical procedures,

May 24,2021 | Volumel12 | Issue5 |


http://creativecommons.org/Licenses/by-nc/4.0/
http://creativecommons.org/Licenses/by-nc/4.0/
http://creativecommons.org/Licenses/by-nc/4.0/
https://www.wjgnet.com/2218-4333/full/v12/i5/342.htm
https://dx.doi.org/10.5306/wjco.v12.i5.342

Moubarak MM et al. Anticancer activity of TQ and royal jelly combinations

P-Editor: Yuan YY

Jaishideng®

radiotherapy, chemotherapy, endocrine (hormonal) therapy, and targeted and
immunotherapies[15]. Despite the therapeutic impact of conventional treatments, they
exert numerous side effects. Thus, extensive research has been conducted on
alternative treatments utilizing plant-derived natural products with relatively non-
toxic effects and high therapeutic potential.

Thymogquinone (TQ), the main bioactive constituent of Nigella sativa L. (Ranuncu-
laceae), modulates the hallmarks of cancer[16] in addition to its cytoprotective[17,18],
immunomodulatory, anti-oxidant, and anti-inflammatory activities[19,20]. Previous
studies reported that TQ alone and in combination with natural and chemical agents
act to inhibit breast cancer[21-23]. For instance, TQ in combination with piperine,
lowered vascular endothelial growth factor expression, enhanced serum interferon-y
levels and apoptosis induction, and shifted the immune response toward T helperl
responses against EMT6 epithelial breast cancer[24]. TQ was shown to induce
apoptosis when used alone or combined with amoxifen and suppressed the growth,
viability, and invasion of breast cancer cell lines[25,26] through the regulation of the
Akt signaling pathway[27].

Royal jelly (R]), the nutritive secretion secreted from the mandibular and hypo-
pharyngeal glands of worker bees Apis mellifera (Hymenoptera, Apidae), is the only
food of the queen bee at larval and adult life and is responsible for fertility and
prolonged life span[28,29]. Similar to TQ, R] exerts various biological activities, inclu-
ding wound healing[30], anti-oxidant[26,31], immunomodulatory, and anti-inflam-
matory[32] activities, and anti-hypercholesterolemic[33,34], anti-hypertensive[35], anti-
aging[36,37], and anticancer activities[38,39]. R] was found to inhibit the proliferation
of estradiol-induced cell proliferation of MCF-7 breast cancer cells[38] and reduce the
volume of the 4T1 breast mammary tumor[39]. R] also inhibited the proliferation of
human colorectal adenocarcinoma cells[40], neuroblastoma[41], and vascular endothe-
lial growth factor-induced migration, proliferation, and tube formation in human
umbilical vein endothelial cells[42].

The poor prognosis of TNBC and its ability to resist chemotherapy and meta-stasize
[43,44] made combination therapy a necessary option. TQ was successfully combined
with several agents to enhance its anticancer therapeutic efficacy; however, TQ
anticancer activity was not tested in combination with R]J. In a previous study, we
showed that TQ exerted a dose-dependent antitumor effect against a panel of human
colon cancer cell lines with minimal cytotoxicity against FHs 74 Int non-tumorigenic
human intestinal cells. Here, to assess the cytotoxic effects of RJ, FHs 74 Int intestinal
cell line was used as a model of non-tumorigenic epithelial cells. In our study, we
investigated the anticancer activity of TQ and RJ combination in vitro against the
MDA-MB-231 human TNBC cell line. Significant inhibitory effect of TQ and R]
combination was revealed by the enhanced cell death effects in MDA-MB-231 cell line.
TQ was the main inducer of apoptosis mediating cell death mechanisms by inducing
caspase 3 dependent apoptosis in a dose-dependent manner.

MATERIALS AND METHODS

Materials

MDA-MB-231 human breast cancer and FHs 74 Int human small intestinal cell lines
were purchased from ATCC (Manassas, VA, United States). Dulbecco’s Modified
Eagle Medium (DMEM) and DMEM-F12 cell culture media were purchased from
Lonza (Verviers, Belgium). TQ, trypsin-ethylenediamine tetraacetic acid, Dulbecco’s
phosphate-buffered saline (PBS), horse serum, fetal bovine serum (FBS), penicillin-
streptomycin, dimethyl sulfoxide (DMSO), 3-(4,5 dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT), trypan blue and methanol were purchased from Sigma-
Aldrich (St. Louis, MO, United States). Insulin used for FHs 74 Int cell line culture
(Actrapid 100 IU/mL) was purchased from the pharmacy at the American University
of Beirut Medical Center. 4',6-diamidino-2-phenylindole stain was purchased from
Abcam (Cambridge, United Kingdom). Rabbit caspase 3 polyclonal antibody (9662)
was purchased from Cell Signaling Technology (Danvers, MA, United States). Goat
anti-rabbit polyclonal secondary antibody, Alexa Fluor 568 (A11011) was purchased
from Invitrogen, Thermo Fisher Scientific (Carlsbad, CA, United States). 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,
Professor of Biology, American University of Beirut. Crude R] was purchased from the
bee farm at Rashaya al-Wadi, Lebanon, located at 1200-1600 m above 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). R] was collected during the
summer season of 2018-19 and stored at -20 °C.

Cell culture conditions

MDA-MB-231 was used as the model of an aggressive breast cancer cell line, while
FHs 74 Int cell line was used as the model of a non-tumorigenic epithelial cell line.
Both cell lines were cultured in their respective media in two-dimensional monolayer
conditions. MDA-MB-231 cells were grown in DMEM cell culture media supple-
mented with 10% heat-inactivated FBS, 1% penicillin/streptomycin (penicillin-
streptomycin with penicillin at 10000 units and streptomycin at 10 mg/mL), and 10
pg/mL insulin was added to grow FHs 74 Int cells. All cells were maintained in a
humidified atmosphere of 5% CO, at 37 °C.

Dissolution of RJ

Fresh R] was supplied to our lab in the form of a solid extract. Knowing that R]
contains both polar and non-polar compounds, we considered mixing the crude R]
with DMSO, a polar aprotic solvent that is miscible with dH,O and that is capable of
dissolving hydrophilic and hydrophobic compounds[45,46]. Different proportions of
dH,O to DMSO were used to determine the ratio that produces the best solubility.
Complete solubility was only obtained upon dissolving 20 mg of R] in a solution of 800
pL dH,O and 200 pL DMSO solution at 37 °C for 30 min along with vortexing every 10
min. Therefore, this protocol was used to prepare fresh R] stocks prior to every
treatment. Fresh R] stock was then used to prepare dilutions needed for experiments.

Drug preparation and treatment

Directly before use, fresh stock of the purified synthetic compound TQ of 0.1 mol/L
concentration was prepared by dissolving 16.4 mg of TQ crystals in 1 mL methanol.
TQ stock was then diluted in respective media to obtain different TQ concentrations
ranging from 1 pmol/L to 100 pmol/L used in cell treatment. R] fresh stock was
prepared by dissolving 20 mg in 200 pL DMSO mixed with 800 pL distilled water
solution at 37 °C for 30 min. Intermediate concentrations of R] ranging between 0.01
and 200 pg/mL were then prepared by serial dilutions from stock and used in cell
treatment. In all experiments, treatment with TQ and R] each alone or in combination
was performed at 50% cell confluency. Treatment with TQ-R]J combination was done
by adding TQ and R], each alone in wells containing their respective media and
incubating cells with this mixture at different concentrations for 24 h.

MTT cell viability assay

All cells were seeded in 96-well plates at a density of 10000 cells/well, then treated for
24 h. Cell viability was then assessed by MTT that measures the ability of metabol-
ically active cells to convert tetrazolium salt into violet formazan crystals. Cells were
incubated with 120 pL 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 with
100 pL isopropanol to dissolve the formazan crystal. MTT optical density was then
measured using a microplate reader enzyme-linked immuno-sorbent assay 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 three
independent experiments, each condition in sextuplicate. R] inhibitory effect was not
determined by MTT due to its interference with the colorimetric absorbance measures
of the MTT assay (data not shown).

Trypan blue exclusion assay

FHs 74 Int cells were seeded in 24-well-plates at a density of 70000 cells/well, while
MDA-MB-231 were seeded in 12-well plates at a density of 20000 cells/well. 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 10 x
magnification. Cells stained blue were counted as dead, and results are expressed as a
percentage of total cells. Cell viability was reported as an average of three independent
experiments, each condition in duplicates.
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Combination index analysis

The interaction between TQ and R] was assessed using the Chou-Talalay plot[47].
Combination indices (CI) were calculated from the mean affected fraction at each drug
combination using CompuSyn software (CompuSyn, Inc. Paramus, NJ, United States).
CI>1,CI=1, and CI < 1 indicate antagonistic, additive, and synergistic effects,
respectively.

Cell cycle analysis

MDA-MD-231 cells were seeded in 6-well plates at a density of 80000 cells/well. Cells
were treated with 0.1 pg/mL RJ and 15 pmol/L TQ each alone. After 24 h, cells were
collected and washed twice with 1 x PBS, fixed in 70% ice-cold ethanol, and stored at
-20 °C for at least 1 d. Subsequently, cells were washed twice with 1 x PBS and
incubated for 30 min at 37 °C with 100 pL of propidium iodide (PI) solution [6 pL
RNase, 30 pL PI (1 mg/mL)]. Supernatants were then transferred to flow tubes with
200 pL PBS added. Cell cycle analysis was performed using the Fluorescence-activated
cell sorting scan flow cytometer (Becton Dickinson, Franklin Lakes, NJ, United States)
and the Cell Quest software (Becton-Dickinson) was used to analyze the distribution of
cells in the different phases of the cell cycle.

Immunofluorescence assay

MDA-MB-231 cells were plated on coverslips in 12-well plates at a density of 60000
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 PBS before permeabilization
in 0.5% Triton solution for 5 min. After two successive washes in 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%
bovine serum albumin and incubated separately with the cells overnight at 4 °C. The
primary antibody was removed the next day, and the cells were washed three times in
PBS supplemented with 0.1% Tween 20 before incubation for 1 h with goat anti-rabbit
secondary antibody diluted (1:200) in 3% bovine serum albumin at room temperature.
Finally, the secondary antibody was removed, and the cells were washed three times
in PBS with 0.1% Tween 20 before staining the nuclei with 4',6-diamidino-2-
phenylindole 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 PBS
only after the removal of the primary and secondary antibodies. Imaging and visual-
ization were performed using the microscope Zeiss Axio. For cleaved caspase 3 and
Ki67 biomarkers, an equal number of representative images were taken for each slide
in all conditions. The percentage of apoptotic cells expressing cleaved caspase 3 was
then calculated while Ki67 immunofluorescence intensity was measured by ZEN lite
Digital Imaging Software.

Statistical analysis

Unless otherwise stated, data are presented as mean * standard error of the mean of
three independent experiments with statistical analysis performed by one way
analysis of variance (non-parametric) multiple comparison test on Graph Pad Prism
V.7. Software (La Jolla, CA, United States). Statistical significance was set with a 95%
confidence interval at P < 0.05.

Confocal Imaging

Cells were visualized and imaged by Axiovert inverted microscope from Zeiss at 10 x
magnification. Confocal images were taken on Confocal Microscope Zeiss LSM710 at
40 x oil immersion magnification.

RESULTS

Cytotoxicity of TQ and RJ on human breast cancer cells
In a previous study, we showed that TQ doses up to 60 pmol/L exert minimal
cytotoxic effects on normal intestinal cells[48]. Post 24 h treatment, TQ at concen-
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trations below 15 pmol/L did not exert any statistically significant toxicity on MDA-
MB-231 cell line relative to the control. Cell viability decreased remarkably, reaching
47% at 20 pmol/L, revealing that the half-maximal inhibitory concentration (IC)
value was around 20 pmol/L (Figure 1A). The decline in cell viability was more
pronounced with increasing TQ concentrations, indicating that TQ exhibited
significant anticancer activity against MDA-MB-231 human breast cancer cells in a
dose dependent manner. R] exerted mild inhibitory effects at low doses of R] (below 5
pg/mL) on FHs 74 Int non-tumorigenic human intestinal cells and MDA-MB-231
human breast cancer cells. However, at higher doses ranging from 10 pg/mL to 200
pg/mL of R], a more pronounced decrease in cell viability was observed, suggesting
that very high doses of R] are toxic to FHs 74 Int non-tumorigenic cells with a greater
toxicity being exerted on breast cancer cells (Figure 1B and C). The ICy, of R] was
estimated to be 216 pg/mL in MDA-MB-231 cells, while it was much higher (292
pg/mL) in the FHs 74 Int cell line. Based on these results, relatively non-toxic doses of
R] ranging between 0.1-5.0 pg/mL were combined with TQ in subsequent experi-
ments.

Anticancer effect of TQ, RJ, and their combinations against breast cancer

Next, we determined the effects of the combination of increasing doses of both R] and
TQ on cell viability. As shown in Figure 2A and B, no significant reduction in MDA-
MB-231 viability was detected upon the treatment with R] alone at doses of 0.1 pg/mL
and 5 ng/mL or with TQ alone at doses below 10 pmol/L. Treatment with 5 pg/mL
RJ, when combined with 5 umol/L or 7.5 pmol/L of TQ caused 21% and 29%
inhibition in cell viability, respectively (Figure 2B). The anti-tumor effects were more
pronounced upon treatment with higher TQ doses. A dose of 10 pmol/L TQ in
combination with 0.1 pg/mL R] or 5 pg/mL R] yielded a significant decrease in MDA-
MB-231 cell viability by 40% and 58%, respectively. Treatment with 5 pg/mL R]J in
combination with 10 pmol/L or 15 pmol/L of TQ decreased cell viability by 58% and
74%, respectively. These findings confirm the more potent anti-tumor effects upon
combination treatment with higher R] doses compared to each drug alone. The
inhibition of cell viability (58% inhibition) by this combination treatment was greater
than the sum of inhibition observed by each compound alone (6% and 12% inhibition
by TQ and R] alone, respectively), suggesting a synergistic effect. CIs were then
calculated using CompuSyn software, confirming the synergistic interaction between
both compounds in all the combinations tested with a CI value < 1. Anti-tumor effect
was most pronounced (CI = 0.584) upon the combination of 5 pg/mL R] with 10
pmol/L TQ (Figure 2C). Therefore, R] enhances TQ anti-tumor activity against breast
cancer by inducing dose dependent cell death effects.

TQ alone and in combination with RJ increases PreG1 population in breast cancer

cells

To confirm further 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, cell cycle analysis using PI deoxyribonucleic acid staining with flow
cytometry was performed. Cell death was significantly enhanced in response to TQ
alone and when TQ was combined with 0.1 pg/mL R], a relatively non-cytotoxic dose
(Figure 3A and B). In comparison with the control, the PreG1 population increased
significantly upon the treatment with 15 umol/L TQ alone, while a greater elevation
was obtained when this dose of TQ was combined with 0.1 pg/mL R]J (Figure 3B). The
increase in the PreG1 population was associated with a notable reduction in the
GO0/G1 and G2/M populations.

TQ and RJ combinations induce apoptotic cell death in breast cancer cells

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. Insignificant increase in
apoptosis levels was reported upon treatment with 0.1 ng/mL or 5 ng/mL of R].
Confocal micrographs showed enhancement of apoptosis in response to the TQ and
combination treatment, as evidenced by the increase in apoptotic nuclear bodies in
MDA-MB-231 cells (Figure 4A). A significant increase in active caspase 3 expression
was observed in response to treatment with 10 pmol/L and 15 pmol/L TQ alone,
yielding a respective increase of 52% and 73% of caspase 3 expression in MDA-MB-231
cells (Figure 4B). Similar results were obtained upon treatment with 0.1 pg/mL R] in
combination with 10 pmol/L and 15 pmol/L TQ, while a more pronounced apoptotic
effect was observed in response to treatment with 5 pg/mL R] in combination with 10
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Figure 2 Royal jelly and thymoquinone combinations enhanced the inhibition of MDA-MB-231 human breast cancer cell viability. 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 10 x magnification with scale bar = 10 umol/L; B: Trypan blue exclusion assay showing the percentage viability of MDA-MB-231 cell line after 24 h of
treatment with different concentrations of royal jelly (RJ), thymoquinone, and combinations. Data shown are an average of three independent experiments expressed
as mean = standard error of the mean. Asterisks represent statistically significant results compared to the control and treatment conditions, (%P < 0.05, °P < 0.01, °P <
0.001); C: Fraction affected-combination index plot showing combination index (Cl) values plotted as a function of fraction affected values corresponding to the % cell
death of five different combinations of thymogquinone (5 pmol/L, 7.5 pmol/L, 10 umol/L and 15 pmol/L) and royal jelly (0.1 and 5 pg/mL) in MDA-MB-231 cells. The
dotted line is the reference line, where Cl value is equal to 1; circles in black represent Cl values at different Fa. Cl > 1, Cl = 1, and CI < 1 indicate antagonistic,
additive, and synergistic effects, respectively. Cl: Combination index; RJ: Royal jelly; TQ: Thymoquinone.

pmol/L and 15 pmol/L TQ. Cell proliferation was then evaluated after 24 h of
treatment by measuring the intensity of Ki67 fluorescence, a sensitive and specific
proliferation biomarker. A minimal non-significant decrease in Ki67 expression was
observed in response to all doses of R] and TQ combinations as compared to the
control (data not shown). This effect was confirmed by confocal imaging showing the
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modest change in the nuclear expression of Ki67 in response to the different treatments
in MDA-MB-231 cells (data not shown). Therefore, R] alone and TQ alone or their

combinations did not modulate the expression of Ki67 in MDA-MB-231 human TNBC.
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DISCUSSION

Breast cancer, the most common cancer among women, is identified as a hetero-
geneous disease arising from the differential expression of hormonal receptors along
with genomic and intratumoral heterogeneity[5]. Despite the tremendous improve-
ment in the therapeutic approaches, conventional treatments of breast cancer,
including systemic therapy, exert organ-specific toxicity along with various side effects
[49]. 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. TQ, the main constituent of Nigella sativa
essential oil, and the nutritious honeybee secretions of R] were shown to have potent
anticancer activities against many types of cancers, including breast cancer[50,51].

Our study is the first to investigate the anticancer activity of both TQ and R] alone
and in combination against the triple-negative MDA-MB-231 human metastatic breast
cancer cell line. TQ has been shown to possess potent anticancer activities against
various cancer types, including colon cancer, with minimal cytotoxic effects on normal
intestinal cells[48]. 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[23,25]. In line with these studies, we further
confirmed TQ’s anticancer activity in MDA-MB-231 cell line as evidenced by the dose-
dependent cell death effects at concentrations below and above the IC;, value of 20
pmol/L. Our results showed that R] exhibited minimal toxicity on FHs74 Int cell line
at doses below 5 ng/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
pg/mL. This indicates that R] is relatively nontoxic to the non-tumorigenic human
small intestinal cell line at doses equal or below 5 pg/mL. In line with the previously
published studies[38,39], our findings demonstrate that R] inhibits the viability of
breast cancer cells. R] exerted low to mild dose-dependent inhibitory effects on the
viability of MDA-MB-231cell line at doses below 5 pg/mL. Cell death was more
pronounced in MDA-MB-231 at 200 pg/mL R], suggesting the greater toxicity of R] to
breast cancer cells with the IC,, estimated to be 1.4 fold greater in FHs 74 Int cell line
compared to that of MDA-MB-231 cell line.

Combination therapy is usually used to enhance the therapeutic response and
overcome any possible drug resistance in cancer patients[52]. To assess for any
possible anticancer synergy (or additive effects), concentrations that are not highly
cytotoxic to cells (i.e. less than 50% cell death) should be used. Therefore, the
anticancer effect of TQ in combination with R] was assessed using drug doses below
the IC;, values (i.e. 15 umol/L). We documented an enhanced anticancer activity of TQ
when combined with RJ against MDA-MB-231 cell line. Cancer cell viability decreased
significantly in response to different combinations as compared to the treatment with
each drug alone. Cell death was amplified by 3- and 5-fold in response to the
combination of 5 pg/mL of RJ with 10 pmol/L and 15 pmol/L of TQ, respectively,
with the lowest combination index obtained upon the combination of 5 pg/mL R] with
10 pmol/L TQ, suggesting synergistic interaction. These results are consistent with the
previous studies that reported the synergism of TQ in combination with different
agents including melatonin[53] and piperine[24] against breast cancer, diosgenin on
squamous cell carcinoma[54], docetaxel against prostate cancer[55], in addition to
arsenic and interferon-alpha against human T-cell leukemia/lymphomal[56].

Cell cycle analysis using propidium iodide staining was performed to confirm
further cell death and to examine whether TQ and R] alone or in combination affect
the cell cycle progression of breast cancer cells. In accordance with our findings using
trypan blue exclusion assay, R] alone at a dose of 0.1 ng/mL did not exert significant
changes in cell viability compared to the control. Consistent with previous studies
reporting the inhibitory activity of TQ[48,57,58], our study reports 4-fold increase in
the PreG1 cell population, which was associated with a significant decrease in G0/G1
and G2/M cell populations in response to 15 pmol/L of TQ, further confirming TQ-
mediated cell death. Interestingly, combining 15 pmol/L of TQ with 0.1 pg/mL R]
yielded a more pronounced cell death effect evidenced by the 6-fold increase in the
PreG1 population. These results indicate that the cell death effect is enhanced upon the
combination of TQ with R] compared to single treatments with each compound alone.
This indicates that R] enhances the cell death effects of TQ in metastatic breast cancer.

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
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increasing TQ doses alone or in combination with R]. 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-fold in response to the combination of 10
umol/L of TQ with 0.1 pg/mL and 5 pg/mL RJ, while a 5-fold increase was obtained
upon combining 15 pmol/L of TQ with both R] 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 anticancer 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[24,56,59,60]. In line with previously
published data[59], our study shows minimal changes in Ki67 intensity in response to
TQ. Therefore, cell death of MDA-MB-231 cells was not due to the inhibition of prolif-
eration but rather to apoptosis induction, as evidenced by the enhanced caspase 3
cleavage.

CONCLUSION

In conclusion, RJ and TQ, each being relatively non-toxic to normal cells, exhibit
enhanced anti-tumor activities against human metastatic breast cancer when
combined. Although TQ and R] combination enhances apoptotic cell death, TQ
appears to act 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 key molecules
responsible for this enhanced anticancer activity.

ARTICLE HIGHLIGHTS

Research background

Despite the tremendous improvement in therapeutic approaches, triple-negative
breast cancer has poor prognosis. Thymoquinone (TQ), the main constituent of Nigella
sativa seeds and royal jelly (R]), the honeybee secretion fed to honeybee queens, are
effective against cancer. However, the anticancer activity of the combination of TQ and
R] against aggressive human breast cancer cells is yet unknown.

Research motivation

To establish novel treatments for breast cancer using natural, relatively non-toxic
compounds with significant therapeutic value. We focused on investigating the
anticancer activity of TQ and R] combinations against triple-negative breast cancer.

Research objectives
This study aimed to characterize the anticancer activity of TQ and R] alone and their
combination in vitro against human triple-negative breast cancer.

Research methods

The inhibitory effect of TQ on triple-negative breast cancer cells was assessed by 3-(4,5
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. Trypan blue exclusion
assay was used to evaluate cell viability in response to different treatment conditions.
Propidium iodide deoxyribonucleic acid staining followed by flow cytometry was
performed to evaluate possible cell cycle regulation and cell death effects. Apoptosis
and cell proliferation were determined using immunofluorescence assays for cleaved
caspase 3 and Ki67 expression, respectively. The interaction between TQ and R] and
combination indices were evaluated using CompuSyn software.

Research results

TQ inhibited MDA-MB-231 breast cancer cell viability in a dose-dependent manner. R]
at low doses was relatively nontoxic to non-tumorigenic FHs 74 Int small intestinal
epithelial cells, while at high doses greater toxicity against MDA-MB-231 breast cancer
cells was observed. Inhibition of cell viability and cell death effects were more
pronounced in response to TQ and RJ combinations compared to each drug alone. The
reduction in breast cancer cell viability was mainly due to TQ-mediated caspase 3-
dependent apoptosis.
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Research conclusions

RJ and TQ are relatively non-toxic to normal cells and exhibited pronounced
anticancer effects against human metastatic breast cancer. Although our findings
demonstrate the potent pro-apoptotic activity of TQ compared to that of R], this is the
first report of a significant enhancement in TQ’s anticancer activity when combined
with R].

Research perspectives

The reduction in breast cancer cell viability and enhanced cell death effects upon TQ
and R] combinations highlights their potential therapy for human triple-negative
breast cancer.
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