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Abstract 

Background Traditional herbal medicine has been used for centuries to cure many pathological disorders, including 
cancer. Thymoquinone (TQ) and piperine (PIP) are major bioactive constituents of the black seed (Nigella sativa) and 
black pepper (Piper nigrum), respectively. The current study aimed to explore the potential chemo‑modulatory effects, 
mechanisms of action, molecular targets, and binding interactions after TQ and PIP treatments and their combination 
with sorafenib (SOR) against human triple‑negative breast cancer (MDA‑MB‑231) and liver cancer (HepG2) cells.

Methods We determined drug cytotoxicity by MTT assay, cell cycle, and death mechanism by flow cytometry. 
Besides, the potential effect of TQ, PIP, and SOR treatment on genome methylation and acetylation by determination 
of DNA methyltransferase (DNMT3B), histone deacetylase (HDAC3) and miRNA‑29c expression levels. Finally, a molecu‑
lar docking study was performed to propose potential mechanisms of action and binding affinity of TQ, PIP, and SOR 
with DNMT3B and HDAC3.

Results Collectively, our data show that combinations of TQ and/or PIP with SOR have significantly enhanced the 
SOR anti‑proliferative and cytotoxic effects depending on the dose and cell line by enhancing G2/M phase arrest, 
inducing apoptosis, downregulation of DNMT3B and HDAC3 expression and upregulation of the tumor suppressor, 
miRNA‑29c. Finally, the molecular docking study has identified strong interactions between SOR, PIP, and TQ with 
DNMT3B and HDAC3, inhibiting their normal oncogenic activities and leading to growth arrest and cell death.

Conclusion This study reported TQ and PIP as enhancers of the antiproliferative and cytotoxic effects of SOR and 
addressed the mechanisms, and identified molecular targets involved in their action.
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Background
Cancer is a global burden and is ranked as one of the 
major causes of death especially in low-income nations 
[1]. Globally, liver cancer is the  6th most common and the 
third leading cause of cancer mortality (8.3%) after lung 
(18.0%) and colorectal (9.4%) cancer, with the highest 
incidence rates found in Asia and Africa [2]. On the other 
hand, worldwide, breast cancer has now exceeded lung 
cancer in incidence, with approximately 2.3 million new 
cases in 2020 and 685,000 deaths [3].

Chemotherapy is one of the major treatment patterns 
for cancer, used alone or in combination with other treat-
ment modalities. Chemo-drugs kill cancer cells by inter-
fering with the cell cycle regulating genes, therefore, 
inhibiting cell growth and proliferation, leading to cell 
death mainly by apoptosis [4–6]. Cancer patients receiv-
ing chemotherapy suffer from mild side effects, such as 
alopecia, constipation, and fatigue, to serious ones, such 
as sterility, cardiotoxicity, and pulmonary fibrosis. There-
fore, reducing these side effects would contribute to a 
better lifestyle for these patients [7].

Sorafenib (SOR), doxorubicin, and cisplatin are the 
most used chemotherapeutic agents suitable for patients 
with liver and breast cancer. Sorafenib is a protein kinase 
inhibitor that is active against various protein kinases. In 
2008, the US FDA approved SOR (NEXAVAR®) for treat-
ing patients with liver and advanced kidney cancers [8]. 
SOR has well-known anticancer potential (Supplemen-
tary File 1), as stated in the CTD database (http:// ctdba 
se. org/). Also, it is used as a therapy for about 890 cancer 
clinical trials (Supplementary File 2), as recognized in the 
clinical trials database (https:// clini caltr ials. gov/).

Natural products derived from plants have always 
been used to treat various diseases and most of the pre-
sent anticancer drugs use active ingredients extracted 
from plant sources [9–13].  These compounds usually 
exert their effect through several mechanisms such as 

activation of apoptotic cell death, cell cycle arrest, and 
inhibition of angiogenesis [14].

Thymoquinone (TQ) is a major bioactive constituent of 
the black seed (Nigella sativa) [15], it has shown differ-
ent anticancer activities through cell proliferation inhibi-
tion, and apoptosis induction in cancer cells, the possible 
mechanisms of TQ anticancer activity against various 
proliferative cancer cells were summarized in the review 
article by El-Far [16]. Interestingly, TQ was reported to 
have a significant selectivity against various malignant 
cells [17–21]. The anticancer potential and clinical trials 
of TQ were stated in Supplementary File 3 and Supple-
mentary File 4, respectively. The taxonomic hierarchy of 
Nigella sativa L. is shown in Table 1 [22].

Piperine (PIP) is the major bioactive alkaloid found 
in black (Piper nigrum), white and long pepper (Piper 
longum), it has several actions, including anti-inflam-
matory and anticancer properties [23]. The anticancer 
potential and clinical trials of TQ were stated in Supple-
mentary File 5 and Supplementary File 6, respectively. 
Also, the taxonomic hierarchy of Piper nigrum [24] and 
Piper longum [25] is shown in Table 1.

This study examined the potential inhibitory effect of 
TQ, PIP, and SOR against human triple-negative breast 
cancer and hepatocellular carcinoma cells. Moreover, 
molecular targets and mechanisms involved in such 
activities were also investigated.

Materials and methodsChemicals and reagents
TQ and PIP were obtained from Sigma-Aldrich Chemical 
Co. (St. Louis, Missouri, USA), and SOR was purchased 
from Cipla Ltd, India. All cell culture materials were 
obtained from Gibco (New York, New York, USA).

Cell lines
Human hepatocellular carcinoma HepG2 and breast can-
cer MDA-MB-231 cells were supplied from American 

Table 1 Taxonomic hierarchy of Nigella sativa, Piper nigrum, and Piper longum 

Nigella sativa L Piper nigrum L Piper longum L

Kingdom Plantae – Plants Plantae—Plants Plantae—Plants

Subkingdom Tracheobionta—Vascular plants Tracheobionta—Vascular plants Tracheobionta—Vascular plants

Superdivision Spermatophyta—Seed plants Spermatophyta—Seed plants Spermatophyta—Seed plants

Division Magnoliophyta—Flowering plants Magnoliophyta—Flowering plants Magnoliophyta—Flowering plants

Class Magnoliopsida – Dicotyledons Magnoliopsida—Dicotyledons Magnoliopsida—Dicotyledons

Subclass Magnoliidae Magnoliidae Magnoliidae

Order Ranunculales Piperales Piperales

Family Ranunculaceae—Buttercup family Piperaceae—Pepper family Piperaceae—Pepper family

Genus Nigella L. – nigella Piper L.—pepper Piper L.—pepper

Species Nigella sativa L. – black cumin Piper nigrum L.—black pepper Piper longum L.—Indian long pepper

http://ctdbase.org/
http://ctdbase.org/
https://clinicaltrials.gov/
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Type Culture Collection (ATCC). Cells were cultured in 
a complete DMEM medium and incubated at 37 °C in an 
atmosphere containing 5%  CO2.

Cytotoxicity assay
HepG-2 and MDA-MB-321 Cells were cultured at 
15 ×  103 per well in a 96-well plate with 100 µl of com-
plete fresh medium for 24  h before treatment with 
different concentrations of PIP (12.5–200 µM), TQ (25–
400 µM) and SOR (6.25–100 µM) for 48 hs. Cell viability 
was measured by MTT as previously described [26], and 
the  IC50 was calculated by nonlinear regression analysis 
of the dose–response curve in each cell line.

For the determination of  IC50 values in the combina-
tion treatments of TQ and/or PIP with SOR, HepG2, and 
MDA-MB-231were treated with  (IC10-IC50) doses of TQ 
and PIP, together with SOR (1.0 – 40.0), then incubated 
for 48 hs before performing the MTT assay as mentioned 
above.

Cell line treatment
Cells were treated with half of the predetermined cal-
culated  IC50 values for all cellular and molecular analy-
ses for each compound. Both cell lines were treated 
as follows: culture media or 0.1% dimethyl sulfoxide 
(DMSO), controls; single treatment with either TQ 
or PIP or SOR; double treatment with TQ + PIP or 
TQ + SOR or PIP + SOR and finally triple treatment with 
TQ + PIP + SOR. Treatment was performed 48 hs before 
the respective analysis, and experiments were repeated at 
least three times.

Cell cycle analysis
Cell cycle distribution analysis was carried out by cell 
cycle assay kit, Elabscience Biotechnology Co., Ltd (Hou-
ston, Texas, USA). Following trypsinization, cells were 
centrifuged at 300 × g for 5 min, resuspended using PBS, 
and 1.2 ml ethanol was added, and the tube was stored at 
-20 °C for 1 h then, cells were pelleted by centrifugation, 
the cell pellet was washed with PBS. 100 μl RNase A rea-
gent was added to resuspend the cells and incubated at 
37 °C water bath for 30 min then 400 μl propidium iodide 
(PI) staining solution was added, mixed, and incubated at 
4 °C for 30 min. Finally, cells were analyzed using proper 
machine settings.

Assessment of apoptosis and necrosis by Annexin V‑FITC/
PI staining
The influence of TQ, PIP, and SOR on apoptosis in 
HepG2 and MDA-MB-321 cells were quantified by flow 
cytometry. In brief, cells were collected, washed with 
PBS, resuspended in 500 μl of annexin V binding buffer, 
and added 5 μl of annexin V-FITC/PI solution. Cells were 

resuspended and darkly incubated at 22º C for 20  min 
before FACS analysis.

RNA extraction, cDNA synthesis, and quantitative real‑time 
PCR
The mRNA levels of DNA methyltransferase (DNMT3B), 
histone deacetylase (HDAC3) genes, and miRNA-29c 
were assessed by qRT-PCR. Total RNA was first iso-
lated using the miRNeasy Mini Kit (Qiagen, Germany) 
and reverse-transcribed to cDNA using the QuantiTect 
Reverse Transcription kit (Qiagen, Germany). Second, 
qRT-PCR was performed using the qPCR Master Mix 
kit (Enzynomics, Korea). The qRT-PCR cycles consisted 
of 10 min at 95 °C, 40 cycles of denaturation at 95 °C for 
10 s, annealing at 60 °C for 15 s, and extension at 72 °C 
for 15 s. The primers for DNMT3B, HDAC3, miRNA-29c, 
β-actin, and U6 genes are listed in Table 2. The relative 
expression of DNMT3B and HDAC3 were calculated by 
the comparative  2−ΔΔCt method [27] using the endog-
enous β-actin as a housekeeping gene, while miRNA-
29c was calculated using the U6 gene as an endogenous 
control.

Molecular docking
To perform molecular docking of TQ, PIP, and SOR 
against DNMT3B (target site PDB ID: 6KDL), HDAC3 
(target site PDB ID: 4A69), and vascular endothelial 
growth factor receptor-2 (VEGFR-2) (target site PDB 
ID:3V2A), we first downloaded from RCSB PDB data-
base (https:// www. rcsb. org/) and prepared by BIOVIA 
Discovery Studio (Vélizy-Villacoublay, France) [28–30]. 
The 6KDL retrieved from PDB is the human DNMT3B-
DNMT3L complex, where the A and D chains repre-
sent DNMT3B. Also, HDAC3 was represented as A and 
B chains. Therefore, we selected the A chain of 6KDL, 
4A69, and 3V2A for protein preparation by removal of 

Table 2 Primers used in real‑time PCR amplification

DNMT3B  DNA methyltransferase, HDAC3  Histone deacetylase

Genes Primers’ sequences

DNMT3B forward 5′‑TAC ACA GAC GTG TCC AAC ATG GGC ‑3′

DNMT3B reverse 5′‑ GGA TGC CTT CAG GAA TCA CAC CTC ‑3′

HDAC3 forward 5′‑ACG TGG GCA ACT TCC ACT AC‑3′

HDAC3 reverse 5′‑ GAC TCT TGG TGA AGC CTT GC ‑3′

β-actin forward 5′‑ CGA GCA CAG AGC CTC GCC TTT GCC ‑3′

β-actin reverse 5′‑ TGT CGA CGA CGA GCG CGG CGA TAT  ‑3′

miRNA-29c forward 5′‑ TTT GTC TAG CAC CAT TTG‑3′

miRNA-29c reverse 5′‑ CCA GTG CAG GGT CCG AGG TA‑3′

U6 forward 5′‑ ATT GGA ACG ATA CAG AGA AGATT ‑3′

U6 reverse 5′‑GGA ACG CTT CAC GAA TTT G‑3′

https://www.rcsb.org/
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water molecules and all ligands in addition to energy 
minimization and refinement processes.

In addition, the 3D structures of TQ, PIP, and SOR were 
obtained from the PubChem database (https:// pubch 
em. ncbi. nlm. nih. gov/). The binding free energy, binding 
affinity (pKi), and the ligand efficiency of TQ, PIP, and 
SOR against prepared DNMT3B (6KDL-A) and HDAC3 
(4A69-A) were determined using InstaDock software 
[31]. Finally, BIOVIA Discovery Studio Visualizer soft-
ware did the visualization of target-ligand interaction.

Statistical analysis
Statistical analysis was performed using GraphPad prism 
8.4.2 (https:// www. graph pad. com/). Data were repre-
sented as mean ± SEM of three independent experiments. 
One-way ANOVA followed by Tukey’s multiple compari-
son tests were used to compare group differences. p < 0.05 
was deemed to show statistical significance.

Results
TQ and PIP enhanced the cytotoxicity of SOR in liver 
and breast cancer cells
The antiproliferative effect of TQ, PIP, and SOR was 
investigated in HepG2 and MDA-MB-231 cells after 
48 hs treatments using the MTT assay. Dose–response 
curves were used to determine the  IC50 values for TQ, 
PIP, and SOR. A dose-dependent growth inhibition was 
observed in TQ, PIP, and SOR-treated cells compared to 
control cells. In HepG2 cells, the  IC50 values for TQ, PIP, 
and SOR were 31.57, 65.62, and 10.83  µM, respectively. 
On the other hand, the  IC50 for the same compounds in 
MDA-MB-231 cells were 29.92, 102.6, and 23.69  µM, 
respectively (Figs. 1A-F).

The  IC50 values for the combination treatments were 
investigated and presented in Table  3. In HepG2 cells, 
treatment with different concentrations  (IC10—IC50) 
of TQ and PIP alone and in combination resulted in a 
significant decrease in the  IC50 value for SOR, with the 
maximum reduction in  IC50 (85.78%) detected in the 
combined treatment with the predetermined  IC50 for TQ 
and PIP. Similarly, the same combined treatment made 
the SOR IC50 in MDA-MB-231 cells drop by 75.13%.

Microscopic examination of cells after exposure to 
TQ, PIP, and SOR for 48 hs showed various degrees 
of cytotoxicity depending on the treatment and cell 
line (Figs.  2A-B). HepG2 and MDA-MB-231 showed 
noticeable lower cell numbers, reduced viability, 
and morphological alterations such as losing nor-
mal architecture, cell shrinkage appearing as round, 
wrinkled in shape, condensation of cytoplasm, and 
increase in membrane roughness and losing the 
capacity to attach to the culture-plate surface. The 

highest cytotoxicity was observed after treatment of 
HepG2 with TQ + PIP + SOR and MDA-MB-231 with 
TQ + SOR. In contrast, control cells displayed no 
observable morphological change or death signs and 
grew efficiently, reaching 100% confluency while adher-
ing to the cell culture plate.

Determination of cell death mechanism
The percentages of viable and dead cells were deter-
mined after 48 hs of treatment by double annexin 
V-FITC/PI staining (Figs.  3A and 4A). Flow cytome-
try analysis indicated that the highest cytotoxic effect 
showing the lowest number of viable cells was observed 
after treatment of HepG2 with TQ + PIP + SOR 
(8.10% ± 2.37) and MDA-MB-231 with TQ + SOR 
(15.33% ± 3.59) (Figs. 3B and 4B).

The cell death mechanism (apoptosis vs. necrosis) was 
investigated using flow cytometry by analyzing the cells 
in (early + late) apoptosis vs. necrotic cells. The highest 
percentage of apoptotic cells were detected after treat-
ment of HepG2 with PIP (31.77% ± 0.29) and MDA-
MB-231 cells with TQ + PIP + SOR (55.0% ± 0.46) 
(Figs. 3D and 4D).

On the other hand, the highest percentage of necro-
sis was observed after treatment of HepG2 with 
TQ + PIP + SOR (90.97% ± 0.03) and MDA-MB-231 
with PIP + SOR (56.33% ± 0.24) (Figs. 3C and 4C).

Effect of TQ, PIP, and SOR on cell cycle phases
The effects of TQ, PIP, and SOR and their combination 
on the HepG2 and MDA-MB-231 cell cycle progression 
were evaluated by assessment of DNA content using 
flow cytometry. Representative histogram data files and 
cell cycle phases plotted as the percentage of total gated 
events are shown in Figs. 5A and 6A. In HepG2, all TQ, 
PIP, SOR, and their combinations treatments caused a 
significant G2/M cell cycle arrest, with SOR showing 
the highest (44.16% ± 0.1, p < 0.0001) significant arrest 
compared to control cells (27.01% ± 0.5) (Fig.  5B). 
Simultaneously, all treatments significantly reduced the 
cell percentage undergoing DNA synthesis compared to 
control cells. The highest significant subG1 peak repre-
senting cells with low fragmented DNA was detected in 
TQ-treated cells (19.61% ± 0.7, p < 0.0001) (Fig. 5B). On 
the other hand, in MDA-MB-231, TQ followed by SOR 
single treatments caused the highest significant arrest 
and cell accumulation in the G2/M (33.93% ± 0.10) 
and (33.45% ± 0.03), respectively (Fig.  6B). Finally, the 
highest significant subG1 cell population was detected 
in PIP + SOR treated cells (30.81% ± 0.5, p < 0.0001), 
(Fig. 6B).

https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
https://www.graphpad.com/
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Fig. 1 Inhibitory effect of thymoquinone (TQ), piperine (PIP), and sorafenib (SOR) on the proliferation of HepG2 and MDA‑MB‑231 cells: Cells were 
exposed to different concentrations of each compound for 48 hs and cell viability was determined by MTT assay
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TQ, PIP, and SOR reduced DNMT3B/HDAC3 and increased 
miRNA‑29c expression
The effect of TQ, PIP, and SOR treatment on the 
expression of DNMT3B/HDAC3 genes and the tumor 
suppressor miRNA-29c was examined by RT- PCR.

DNMT3B expression analysis represented in Fig.  7A 
showed that in HepG2 cells, SOR treatment caused 
the highest reduction in expression (approximately 5 
folds) compared to control. On the other hand, PIP and 
TQ + PIP + SOR treatments suppressed DNMT3B expres-
sion almost entirely in MDA-MB-231 cells (Fig. 7D).

The highest decrease in HDAC3 expression was 
detected after combined TQ + PIP + SOR (3.8-fold) 
in HepG2 cells and PIP single treatment (11-fold) in 
MDA-MB-231, (Figs. 7B and 7E).

Finally, PIP alone and combined with TQ caused the 
most significant increase in miRNA-29c expression in 
HepG2 (53-fold) and MDA-MB-231 (58 folds), respec-
tively, compared to control cells (Figs. 7C and 7F).

Molecular Docking Study
Molecular docking of TQ, PIP, and SOR against 
DNMT3B (6KDL-A), HDAC3 (4A69-A), and VEGFR-2 
(3V2A-A) are represented in Table  4. SOR showed the 
highest binding affinity (pKi: 6.45), (pKi: 5.79), and (pKi: 
5.43) toward DNMT3B, HDAC3, and VEGFR-2, respec-
tively. Also, PIP exhibited pKi of 5.21, 4.77, and 4.69 

toward DNMT3B, HDAC3, and VEGFR-2, respectively, 
while TQ exhibited the lowest affinities (4.33, 3.96, and 
3.74, respectively). Co-crystallized ligands redocked in 
DNMT3B, HDAC3, and VEGFR-2 are shown in Figs. 8, 9, 
and 10, respectively.

TQ, PIP, and SOR interacted with the amino acid 
residues in the binding site of DNMT3B by 6, 3, and 11 
bonds, respectively (Table  5). Hydrophobic interactions 
were recognized between TQ (1 with PHE:581, 1 with 
VAL606, 1 with PRO650, and 2 with ARG832), PIP (1 
with PRO650, 1 with THY776, and 1 with ARG832), and 
SOR (1 with VAL606, 2 with PRO650, 2 with VAL657, 
and 1 with ARG832) and DNMT3B binding site. Also, 
hydrogen bonds were reported between TQ and SER610 
and three bonds between SOR and THY776. Further-
more, SOR interacted with three halogen bonds with 
THY776 and one charge bond with ARG832.

Eight hydrophobic interactions were recognized 
between TQ and PHE144 (2), PHE199 (2), PHE200 (2), 
and LEU266 (2) in HDAC3’s binding site (Table 6). Also, 
SOR made nine hydrophobic interactions with PRO095 
(1), PHE144 (1), HIS172 (2), PHE199 (1), PHE200 (1), 
and LEU266 (3). In addition, SOR is bound with LEU233 
by three halogen bonding, while bound with GLY91 
(1), ASP93 (2), and VAL96 (1) with hydrogen bonds. 
PIP exhibited only three hydrogen bonds with GLU52, 
VAL73, and LEU100.

Table 3 IC50 values in (µM) and (%) change for Sorafenib in combination with different doses of Thymoquinone (TQ) and/or Piperine 
(PIP) against HepG2 and MDA‑MB‑231

Data are represented as mean ± standard derivation of three independent experiments. Student paired t‑test was used to determine significantly‑different  IC50 values 
(µM) compared to Sorafenib  IC50; * p ˂ 0.05, ** p ˂ 0.01, and *** p ˂ 0.001

IC50 of SOR (% change)

HepG2 MDA‑MB‑231

Sorafenib alone 10.83 ± 0.54 (0) 23.69 ± 0.85 (0)
SOR + TQ IC10 10.21 ± 0.41 (5.7) 22.24 ± 0.98 (6.1)

SOR + TQ IC20 8.55*** ± 0.24 (21.05) 19.48* ± 0.57 (17.77)

SOR + TQ IC30 5.05*** ± 0.81 (53.3) 15.75*** ± 0.75 (33.51)

SOR + TQ IC40 4.54*** ± 0.32 (58.7) 12.63*** ± 0.35 (46.68)

SOR + TQ IC50 3.91*** ± 0.45 (63.89) 11.75*** ± 0.47 (50.4)

SOR + PIP IC10 10.52 ± 0.72 (2.86) 21.35 ± 0.79 (9.87)

SOR + PIP IC20 10.24 ± 0.47 (5.44) 19.20* ± 0.53 (18.95)

SOR + PIP IC30 7.57** ± 0.82 (30.1) 14.75*** ± 0.437 (37.73)

SOR + PIP IC40 5.12*** ± 0.22 (52.72) 10.85*** ± 0.48 (54.2)

SOR + PIP IC50 3.14*** ± 0.18 (71.0) 10.5*** ± 0.37 (55.67)

SOR + TQ IC10 + PIP IC10 9.34* ± 0.42 (13.7) 19.54* ± 0.82 (17.51)

SOR + TQ IC20 + PIP IC20 7.88*** ± 0.29 (27.23) 16.33*** ± 0.57 (31.06)

SOR + TQ IC30 + PIP IC30 4.24*** ± 0.32 (60.84) 12.47*** ± 0.90 (47.36)

SOR + TQ IC40 + PIP IC40 3.17*** ± 0.40 (70.72) 10.48*** ± 0.37 (55.76)

SOR + TQ IC50 + PIP IC50 1.54*** ± 0.12 (85.78) 5.89*** ± 0.65 (75.13)
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The molecular interaction between TQ, PIP, and SOR 
with VEGFR-2 is represented in Table 7, where they are 
bound by 4, 3, and 10 bonds, respectively with VEG-
FR-2’s binding site. TQ bound with PHE258 (2) and 
PHE288 (1) with three hydrophobic interactions, while 

PIP bound with VAL171 by one hydrophobic bond. SOR 
made five hydrophobic interactions with CYC150 (1), 
VAL159 (1), GLN210 (1), ILE212 (1), and TYR214 (1), 
while bound with two halogen bindings with GLY134 
and TYR214.

Fig. 2 Representative photographs showing morphological changes in HepG2 and MDA‑MB‑231 cells after treatment with ½  IC50s of single or 
combined thymoquinone (TQ), piperine (PIP), and sorafenib (SOR). Cells were examined and photographed under light microscope 200x
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Fig. 3 Assessment of cell death mechanism in HepG2 after thymoquinone (TQ), piperine (PIP), and sorafenib (SOR) alone and combination 
treatments for 48 hs. Cells were double stained with annexin V‑FITC and PI, analyzed by flow cytometry. Representative dot plots are shown (A). 
Percentage of live cells, necrotic cells and apoptotic (early + late) (B, C and D). Cell populations were plotted and represented collectively as 
percentage of total events. Data are expressed as the mean ± SEM; n = 3. Means within columns carrying * are significantly different at (p ˂0.05), ** 
(p ˂ 0.01), *** (p ˂ 0.001) and **** (p ˂ 0.0001)
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Discussion
SOR was the first systemic compound prescribed by 
US FDA that significantly increased the survival rate 

for liver cancer patients [32]. However, the one major 
disadvantage of SOR is its high toxicity, especially 
at high doses [33]. Therefore, testing new natural 

Fig. 4 Assessment of cell death mechanism in MDA‑MB‑231 after thymoquinone (TQ), piperine (PIP), and sorafenib (SOR) alone and combination 
treatments for 48 hs. Cells were double stained with annexin V‑FITC and PI, analyzed by flow cytometry. Representative dot plots are shown (A), 
percentage of live cells, necrotic cells and apoptotic (early + late) (B, C and D). Cell populations were plotted and represented collectively as 
percentage of total events. Data are expressed as the mean ± SEM; n = 3. Means within columns carrying * are significantly different at (p ˂0.05), ** 
(p ˂ 0.01), *** (p ˂ 0.001) and **** (p ˂ 0.0001)



Page 10 of 21El‑Shehawy et al. BMC Complementary Medicine and Therapies           (2023) 23:69 

Fig. 5 Effect of thymoquinone (TQ), piperine (PIP), and sorafenib (SOR) and their combinations on cell cycle distribution of HepG2 cells. Cell cycle 
analysis was performed using flow cytometry. Representative histograms are shown (A), Percentage of cells in each cell cycle phases (B). Data are 
expressed as the mean ± SEM; n = 3. Means within columns carrying * are significantly different at (p ˂0.05), ** (p ˂ 0.01), *** (p ˂ 0.001) and **** (p ˂ 
0.0001)
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Fig. 6 Effect of thymoquinone (TQ), piperine (PIP), and sorafenib (SOR) and their combinations on cell cycle distribution of MDA‑MB‑231 cells. Cell 
cycle analysis was performed using flow cytometry. Representative histograms are shown (A), Percentage of cells in each cell cycle phases (B). Data 
are expressed as the mean ± SEM; n = 3. Means within columns carrying * are significantly different at (p ˂0.05), ** (p ˂ 0.01), *** (p ˂ 0.001) and **** 
(p ˂ 0.0001)
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agents that might enhance its effects and allow lower 
doses, would potentially minimize this toxicity [34]. 
TQ and PIP are two natural compounds commonly 
used for medicinal purposes [35, 36]. To the best of 
our knowledge, combining TQ or PIP with SOR has 
not been investigated. One study on breast carcinoma 
xenograft reported a combination between TQ and 
PIP [37].

In the current study, we showed that combinations of 
TQ and/or PIP with SOR have significantly enhanced 
the latter anti-proliferative and cytotoxic effects in both 
HepG2 and MDA-MB231 cells with variable potency. 
Overall, HepG2 cells were more responsive to PIP or 
SOR since both compounds showed lower  IC50 val-
ues compared with MDA-MB231 cells. This finding 
agrees with the fact that SOR is prescribed mainly in the 

Fig. 7 Real time‑PCR analysis for epigenetic‑related genes [DNA methyltransferase (DNMT3B), histone deacetylase (HDAC3) and miRNA‑29c] after 
thymoquinone (TQ), piperine (PIP), and sorafenib (SOR) treatments for 48 hs in HepG2 (A‑C) and MDA‑MB‑231 (D‑F) cells. The data provided are 
mean ± SEM (n = 3). Means within columns carrying * are significantly different at (p ˂0.05), ** (p ˂ 0.01), *** (p ˂ 0.001) and **** (p ˂ 0.0001)
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treatment of hepatocellular carcinomas [38]. Interest-
ingly, the IC50 values for SOR were significantly dimin-
ished in both HepG2 and MDA-MB-231 cells (up to 85% 
and 75%, respectively) after combined treatment with 
TQ and/or PIP at different doses. As a consequence, to 
reduce clinical doses and reduce the common side effects 
associated with high doses of chemotherapeutic drugs, it 
is crucial to decrease the 50% inhibitory cytotoxic dose 
of the chemotherapeutic drug SOR while maintaining 
its overall cytotoxicity. This could be done through the 
actions of the natural compounds TQ and PIP.

TQ and PIP alone treatments showed anti-prolifer-
ative effects, which agrees with previous studies that 
reported a decrease in viability of lymphocyte leukae-
mia cells when treated with TQ [39]. Another study 
showed that TQ reduced the cell viability of the Huh-7 
hepatocellular carcinoma cell line in a dose-dependent 
manner [40]. On the other hand, Greenshields et  al. 
observed that PIP reduced the proliferation and inva-
sion of MDA-MB-231 cells [41].

Many recent reports, including the current study, 
indicated promising chemo-modulatory actions of TQ 
when combined with other chemotherapeutic agents 
used against various cancers [42, 43]. In 2020, it was 
reported that TQ enhanced docetaxel efficiency in 
MDA-MB-231 and MCF-7 cells by reducing its effec-
tive dose [44]. Moreover, TQ synergistically improved 
the anticancer activity of doxorubicin and cisplatin in 
hepatocellular carcinoma HepG2 cells [45]. Similarly, 
PIP was also reported to exert chemo-modulatory 
effects on chemotherapeutic drugs in different cancers 
[46, 47].

We have investigated the potential mechanisms caus-
ing this anti-proliferative effect, such as modulation of 
cell cycle interphase, cell death (apoptosis vs. necrosis), 
and epigenetic genome modifications. The cell cycle is 
vital in maintaining cell growth and tissue homeosta-
sis, abnormalities in cell cycle progression results in 

serious diseases, including cancer [48]. We showed that 
SOR single treatment has resulted in significant G2/M 
cell cycle arrest in HepG2 and MDA-MB231 cells, 
which agrees with a previous study that was performed 
on Hep3B, HepG2, PLC-PRF-5, and SK-Hep1, human 
hepatocellular carcinoma cell lines [49]. However, other 
studies reported SOR to arrest cells at G0/G1 phase [50, 
51]. Similar to SOR and TQ caused a significant G2/M 
arrest, TQ was previously reported to cause a G2/M 
phase arrest in HepG2 cells [52]. However, others have 
reported that exposure of HepG2 cells to TQ arrested 
cells at the G0/G1 phase [53]. Depending on the cell 
line under investigation and tumor behaviour, PIP and 
TQ were previously suggested to cause cell cycle arrest 
at G0/G1 and G2/M phases by binding to different cell 
cycle regulatory proteins [54, 55]. This observation 
explains the different cell cycle arrest phases that might 
be observed using the same compound.

Impaired apoptosis is reported as one of the mecha-
nisms leading to SOR resistance in cancer cells and the 
antiapoptotic protein, B-cell lymphoma 2, is suggested 
to modulate this phenomenon [50]. Many reports have 
attributed the anticancer effects of TQ and PIP to its 
selective proapoptotic actions through the regulation of 
p53, Bcl-2-associated X protein, and B-cell lymphoma 2 
equilibrium and activation of the caspase enzymes [46, 
56]. We have examined the apoptotic and necrotic cell 
death after individual and combined TQ, PIP, and SOR 
treatment. Notably, necrosis-related cell death was the 
most observed cause of cell death in HepG2 cells regard-
less of the treatment. In contrast, in MDA-MB231 cells, 
apoptotic cell death was prevalent in TQ and SOR single 
treatments and triple TQ + PIP + SOR treatments.

Interestingly, a combination of TQ or PIP with SOR 
increased the population of necrotic cells by 6.5 and 8 
folds, respectively, compared to SOR alone treatment. 
Such data might be important in future combination 
therapy studies aiming to bypass apoptosis as a major cell 

Table 4 Docking score of thymoquinone (TQ), piperine (PIP), and sorafenib (SOR) against DNA methyltransferase (DNMT3B) (target 
site PDB ID: 6KDL‑A), histone deacetylase (HDAC3) (target site PDB ID: 4A69‑A), and vascular endothelial growth factor receptor‑2 
(VEGFR‑2) (target site PDB ID:3V2A‑A)

Name of the 
ligand

DNMT3B (target site PDB ID: 6KDL‑A) HDAC3(target site PDB ID: 4A69‑A) VEGFR‑2 (target site PDB ID:3V2A‑A)

Binding Free 
Energy (kcal/
mol)

pKi Ligand 
Efficiency (kcal/
mol/non‑H 
atom)

Binding Free 
Energy (kcal/
mol)

pKi Ligand 
Efficiency (kcal/
mol/non‑H 
atom)

Binding Free 
Energy (kcal/
mol)

pKi Ligand Efficiency 
(kcal/mol/non‑H 
atom)

Thymoquinone 
(TQ)

‑5.9 4.33 0.4917 ‑5.4 3.96 0.45 ‑5.1 3.74 0.425

Piperine (PIP) ‑7.1 5.21 0.3381 ‑6.5 4.77 0.3095 ‑6.4 4.69 0.3048

Sorafenib (SOR) ‑8.8 6.45 0.275 ‑7.9 5.79 0.2469 ‑7.4 5.43 0.2313
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Fig. 8 Co‑crystallized ligands redocked in DNA methyltransferase (DNMT3B), hydrogen bonds (green) and the pi interactions are represented in 
purple lines with mapping surface showing thymoquinone (TQ), piperine (PIP), and sorafenib (SOR) occupying the active pocket of DNMT3B
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Fig. 9 Co‑crystallized ligands redocked in histone deacetylase (HDAC3), hydrogen bonds (green) and the pi interactions are represented in purple 
lines with mapping surface showing thymoquinone (TQ), piperine (PIP), and sorafenib (SOR) occupying the active pocket of HDAC
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Fig. 10 Co‑crystallized ligands redocked in vascular endothelial growth factor receptor‑2 (VEGFR‑2), hydrogen bonds (green) and the pi 
interactions are represented in purple lines with mapping surface showing thymoquinone (TQ), piperine (PIP), and sorafenib (SOR) occupying the 
active pocket of VEGFR‑2
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death mechanism in SOR-resistant cancer cells. Bypass-
ing cancer drug resistance by induction of necroptosis is 
under clinical investigation as a promising therapeutic 
mechanism against apoptosis-resistant cancer cells [57].

The current study showed that both TQ and PIP poten-
tiated the anti-HDAC3 and anti-DNMT3B effect of SOR, 
causing a significant drop in HDAC3 and DNMT3B 
expression levels. HDACs and DNMT3B act as tran-
scriptional repressors for tumor suppressor genes, high 
mRNA levels of HDAC3 and DNMT3B are associated 
with poor prognosis in patients with different types of 
cancer [58, 59]. Combination therapy with histone dea-
cetylases (HDACi) or (DNMT3B) inhibitors are currently 
under investigation for achieving a full cancer therapeutic 
potential [60, 61]. Several studies have already reported 
the synergistic effects of treatment with HDACi and vari-
ous chemotherapeutic drugs [62, 63]. SOR, TQ, and PIP 
were reported to act as HDACi and DNMT3B inhibitors 
[64–66]. Furthermore, molecular docking revealed that 
TQ, PIP, and SOR formed hydrophobic and hydrogen 

bonds with DNMT3B and HDACi, indicating their affin-
ity for inhibiting DNMT3B and HDACi.

In the same way, TQ, PIP, and SOR can bind effectively 
to VEGFR-2 and inhibit angiogenesis. More research is 
needed to figure out how TQ, PIP, SOR, and their combi-
nations affect cancer angiogenesis.

The miR-29C has been identified as a crucial miRNA 
in several cancers; it regulates several oncogenic pro-
cesses, including epigenetics. The miR-29 family was 
reported to function as tumor suppressor microRNA 
through sponging DNMT3A and DNMT3B. However, 
the biological activity of miR-29C in cancer develop-
ment and progression is still disputed, most studies 
reported miR-29C as a tumor suppressor, and others 
suggested it acts as an oncogene [67]. miR-29b levels 
were oppositely related to HDAC levels in  vitro and 
human tissue [68]. To the best of our knowledge, the 

Table 5 Molecular interaction of thymoquinone (TQ), piperine 
(PIP), and sorafenib (SOR) against DNA methyltransferase 
(DNMT3B) (target site PDB ID: 6KDL‑A)

Thymoquinone 
(TQ)

Piperine 
(PIP)

Sorafenib 
(SOR)

Total Favorable 6 3 11

Charge 0 0 1

Halogen 0 0 3

Hydrophobic 5 3 6

Hydrogen 1 0 3

Other 0 0 1

Favorable A: PHE591 1 0 0

A: VAL606 1 0 1

A: SER610 1 0 0

A: PRO650 1 1 2

A: CYS651 0 0 1

A: VAL657 0 0 2

A: THR776 0 1 3

A: ARG832 2 1 2

Charge A: ARG832 0 0 1

Halogen A: THR776 0 0 3

Hydrophobic A: PHE581 1 0 0

A: VAL606 1 0 1

A: PRO650 1 1 2

A: VAL657 0 0 2

A: THR776 0 1 0

A: ARG832 2 1 1

Hydrogen A: SER610 1 0 0

A: THR776 0 0 3

Other A: CYS651 0 0 1

Table 6 Molecular interaction of thymoquinone (TQ), piperine 
(PIP), and sorafenib (SOR) against histone deacetylase (HDAC3) 
(target site PDB ID: 4A69‑A)

Thymoquinone 
(TQ)

Piperine 
(PIP)

Sorafenib 
(SOR)

Total Favorable 8 3 15

Halogen 0 0 2

Hydrophobic 8 0 9

Hydrogen 0 3 4

Favorable A: GLN52 0 1 0

A: VAL73 0 1 0

A: GLY91 0 0 1

A: ASP93 0 0 2

A: PRO95 0 0 1

A: VAL96 0 0 1

A: LEU100 0 1 0

A: PHE144 2 0 1

A: HIS172 0 0 4

A: PHE199 2 0 1

A: PHE200 2 0 1

A: LEU233 2 0 3

Halogen A: HIS172 0 0 2

Hydrophobic A: PRO95 0 0 1

A: PHE144 2 0 1

A: HIS172 0 0 2

A: PHE199 2 0 1

A: PHE200 2 0 1

A: LEU266 2 0 3

Hydrogen A: GLN52 0 1 0

A: VAL73 0 1 0

A: GLY91 0 0 1

A:ASP93 0 0 2

A: VAL96 0 0 1

A: LEU100 0 1 0
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effect of SOR, TQ, and PIP on miR-29C expression lev-
els was not investigated before; the current study con-
firmed the tumor suppressor role of miR-29C since all 
our treatments have caused a significant increase in 
miR-29C expression levels with the highest increase 
detected in PIP alone (53-fold in HepG2) and PIP + TQ 
(58-fold in MDA-MB-231).

The molecular docking study was based on assessing 
the binding energy and binding affinity of ligand-receptor 
interactions as reflected by the docking score in kcal/mol. 
A lower docking score indicates a higher binding affinity. 
The molecular docking results showed a strong affinity 

of SOR to DNMT3B, and HDAC3, followed by PIP and 
then TQ.

DNA methylation occurs almost exclusively in CpG 
islands in mammals catalyzed by DNA methyltrans-
ferases (DNMTs). DNMT1 has been shown to maintain 
methylation in somatic cells, and DNMT3a and DNMT3B 
are thought to be involved in de novo DNA methyla-
tion in embryonic stem cells and early embryos. It was 
recently found that DNMT1, DNMT3a, and DNMT3B 
are overexpressed in several human tumors, compared to 
levels in corresponding normal tissues [69–71]. Preclini-
cal and clinical studies demonstrated that the anticancer 
properties of bioactive components (i.e., parthenolide, 
folate, retinoids, etc.) may be attributed to its influence 
on epigenetic processes through binding to DNMT1 
enzymatic centre or/and disrupting  DNMT  transcrip-
tion [72]. Inhibiting DNMT3B with RNA interference or 
a selective DNMT3B inhibitor effectively suppressed the 
DNMT3B activity in vitro and in vivo. Our docking study 
showed strong binding between SOR, PIP, and TQ to 
DNMT3B, which inhibited DNMT3B activity. This find-
ing agrees with another study that showed that DNMT3B 
inhibitor showed a synergistic effect with SOR in the 
SOR-resistant Hep3B cells [73].

Genome acetylation is one of the most important epige-
netic modifications in promoters of genes that regulate the cell 
cycle, differentiation, cell growth, and survival in cancer [74]. 
The acetylation of active genes is controlled by the expres-
sion and activity of HDAC [75]. Recently, several reports have 
shown some dietary phytochemicals as HDAC inhibitors [76–
78]. HDAC inhibitors lead to increased histone acetylation 
and transcriptional upregulation of gene expression, inducing 
cancer cell cycle arrest, apoptosis, and necrosis in a variety of 
transformed cell lines by several mechanisms depending on 
the cancer type; HDAC inhibitors, and doses [79]. We showed 
strong binding between SOR, PIP, and TQ to HDAC, which 
would probably inhibit HDAC biological activity through dis-
rupting protein–protein interactions important for HDAC 
activity, as recently suggested [80]. Induction of apoptosis 
seems to be the predominant route of HDACi-induced cell 
death [81]; this agrees with our data showing apoptosis as the 
main cell death mechanism in PIP-treated HepG2 cells.

Conclusion
The present study showed that TQ and PIP enhance 
SOR’s anti-tumor and cytotoxic effects against hepatocel-
lular carcinoma and triple-negative breast cancer cells. In 
our study, we studied cell cycle arrest, cell toxicity, apop-
tosis, and necrosis induction, as well as molecular epi-
genetic mechanisms that reduce DNMT3B and HDAC3 
expression and increase miR-29C expression. Addition-
ally, the results of the molecular docking study validated 
and supported our in vitro findings.

Table 7 Molecular interaction of thymoquinone (TQ), piperine 
(PIP), and sorafenib (SOR) against vascular endothelial growth 
factor receptor‑2 (VEGFR‑2) (target site PDB ID:3V2A‑A)

Thymoquinone 
(TQ)

Piperine 
(PIP)

Sorafenib 
(SOR)

Total Favorable 4 3 10

Halogen 0 0 2

Hydrophobic 3 2 5

Hydrogen 1 1 5

Favorable A: GLY134 0 0 1

A: CYS150 0 0 1

A: GLY152 0 0 2

A: ASN158 0 2 0

A: VAL159 0 0 1

A: VAL171 0 1 0

A: GLN210 0 0 1

A: SER211 0 0 1

A: ILE212 0 0 1

A: TYR214 0 0 2

A: PHE258 2 0 0

A: ARG275 1 0 0

A: PHE288 1 0 0

Halogen A: GLY134 0 0 1

A: TYR214 0 0 1

Hydrophobic A: CYC150 0 0 1

A: ASN158 0 1 0

A: VAL159 0 0 1

A: VAL171 0 1 0

A: GLN210 0 0 1

A: ILE212 0 0 1

A: TYR214 0 0 1

A: PHE258 2 0 0

A: PHE288 1 0 0

Hydrogen A: GLY134 0 0 1

A: GLY152 0 0 2

A: ASN158 0 1 0

A: SER211 0 0 1

A: TYR214 0 0 1

A: ARG275 1 0 0
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