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Research Article

Introduction

The principal bioactive ingredient of Nigella sativa seeds is 
thymoquinone (TQ), which has several biological activities 
such as antioxidant, anticancer, and anti-toxicant.1-6 TQ 
prompted apoptosis of the human colon cancer (HCT116) 
cell line via a p53 dependence.7 Also, TQ induced apoptosis 
in a human breast cancer cell line (MCF7) through the 
upregulation of p53 in a time-dependent manner.8 Moreover, 
TQ inhibited B-cell lymphoma 2 (Bcl2), which is anti-
apoptotic in both in vitro and in vivo cancer models.9

Costunolide (COS) is a natural sesquiterpene lactone 
isolated from Costus speciosus roots with anti-inflamma-
tory, antioxidant, and anticancer effects.10 COS targeted 
many essential macromolecules, such as mitogen-activated 
protein kinases, protein kinase B, nuclear factor-κ B, tran-
scription signal transducer, and activator and activator pro-
tein-1.11 Also, COS at doses of 40 and 80 µM induced 

apoptosis of human lung squamous carcinoma cell line 
(SK-MES-1) through increases of p53 and Bax expressions 
and decreases of Bcl2 expression.12 Similarly, significant 
upregulation of caspase 3 and caspase 9, which enhanced 
the apoptosis of breast cancer cell lines (MCF7 and 
MDA-MB-231), were recognized.13
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Abstract
Doxorubicin (Dox) induces senescence in numerous cancer cell types, but these senescent cancer cells relapse again 
if they are not eliminated. On this principle, we investigated the apoptotic effect of thymoquinone (TQ), the active 
ingredient of Nigella sativa seeds and costunolide (COS), the active ingredient of Costus speciosus, on the senescent 
colon (Sen-HCT116) and senescent breast (Sen-MCF7) cancer cell lines in reference to their corresponding proliferative 
cells to rapidly eliminate the senescent cancer cells. The senescence markers of Sen-HCT116 and Sen-MCF7 were 
determined by a significant decrease in bromodeoxyuridine (BrdU) incorporation and significant increases in SA-β-gal, 
p53, and p21 levels. Then proliferative, Sen-HCT116, and Sen-MCF7 cells were subjected to either TQ (50 µM) or COS 
(30 µM), the Bcl2-associated X protein (Bax), B-cell lymphoma 2 (Bcl2), caspase 3 mRNA expression and its activity were 
established. Results revealed that TQ significantly increased the Bax/Bcl2 ratio in HCT116 + Dox5 + TQ, MCF7 + TQ, 
and MCF7 + Dox5 + TQ compared with their corresponding controls. COS significantly increased the Bax/Bcl2 ratio 
in HCT116 + Dox5 + TQ and MCF7 + Dox5 + TQ compared with their related controls. Also, TQ and COS were 
significantly increased caspase 3 activity and cell proliferation of Sen-HCT116 and Sen-MCF7. The data revealed a higher 
sensitivity of senescent cells to TQ or COS than their corresponding proliferative cells.
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Cancer is a leading cause of morbidity and mortality 
worldwide.14 It is the first or second leading cause of 
death before the age of 70 years in 112 of 183 countries 
and ranks third or fourth in a further 23 countries accord-
ing to estimates from the World Health Organization 
(WHO) in 2019.15 Breast cancer has now surpassed lung 
cancer as the leading cause of global cancer incidence in 
2020, with an estimated 2.3 million new cases, represent-
ing 11.7% of all cancer cases.16 Clinically, breast cancer 
is classified according to its histopathological appear-
ance and expression of hormone receptors and growth 
factors including the estrogen receptor (ER), the proges-
terone receptor (PR), and human epidermal growth factor 
receptor 2 (HER2). ER-positive is the most prevalent 
type.17

Colorectal cancer cases were increased by more than 
1.9 million new cases and 935 000 deaths in 2020, repre-
senting about 1 in 10 cancer cases associated with mortal-
ity.16 For both cancer types, studies have been done to 
establish curative regimens using either chemotherapeu-
tics, natural products, or combination of both.2

Chemotherapy is a type of cancer treatment that uses 1 
or more chemotherapeutic agents.18 An anthracycline 
antibiotic, doxorubicin (Dox), is one of the most used 
cancer drug to treat various types of cancer by inducing 
cancer senescence.19 Cellular senescence is an irrevers-
ible arrest of growth caused by various harmful stimuli.20 
The senescent cells have a larger and flattened cell form 
and elevation of senescence-associated β-galactosidase 
(SA-β-gal) activity.21,22 In senescence, p53 protein phos-
phorylation with p21 upregulation was recognized as 
leading to the arrest of the cell cycle.23 Many chemother-
apy medications at low doses change cancer cells’ states 
and induce senescence features of treated cancer cells.24 
Cisplatin and Dox are the first chemotherapeutics reported 
to induce senescence in tumor cells.25,26 Dox is a fre-
quently used chemotherapy in treating numerous cancers 
and induces cell growth arrest with senescence mark-
ers.27,28 The senescent cells lose their proliferation,  
migration, and invasion abilities and develop the senes-
cence-associated secretory phenotype (SASP), wherein 
the cells secrete high levels of pro-inflammatory media-
tors.29 Thus senescent cells have tumor-promoting effects 
on the surrounding microenvironment, where coculture of 
senescent fibroblasts induced the generation of preneo-
plasia of prostate epithelial cells.30 A relapse of tumor 
growth despite Dox-induced senescence and cell cycle 
arrest of tumors was observed in a mouse xenograft 
model.27 Also, some cells are still proliferative after Dox 
treatment; therefore, in the current study, we determined 
the abilities of TQ and COS to induce apoptosis of prolif-
erative and senescent HCT116 and MCF7 cell lines after 
Dox treatment.

Materials and Methods

Cell Lines

Human colon HCT116 and breast MCF7 cancer cell lines 
were purchased from ATCC (Manassas, VA, USA). Each 
cell line was grown in a recommended medium, McCoy’s 
5A medium for HCT116 and low glucose Dulbecco’s 
Modified Eagle Medium for MCF7, supplemented with 
10% fetal bovine serum and 1% penicillin/streptomycin 
solution.

Bromodeoxyuridine Incorporation

HCT116 or MCF7 cells were cultured in 12-well plates 
(3 × 104 per well) and incubated at 37°C in a 5% CO2 incu-
bator. After 24 hours, cells were treated with bromodeoxy-
uridine (BrdU, Sigma-Aldrich, MO, USA) at a concentration 
of 3 µg/ml. After washing, cells were treated with DAPI 
(1 µg/ml) for 10 minutes. The extent of BrdU incorporation 
in cells was examined using a fluorescence microscope 
(Nikon, Melville, NY, USA).2 BrdU positive cells were 
counted with ImageJ software (National Institutes of Health, 
Bethesda, MD, USA).

Senescence-Associated β-Galactosidase Assay

The amounts of SA-β-gal in Sen-HCT116 and Sen-MCF7 
cells for 5 days were determined according to the method of 
Dimri et al.31 Cells were examined using the fluorescence 
microscope after mounting with DAPI.2 SA-β-gal positive 
cells were counted with ImageJ software.

Cell Cycle Analysis

Using a BD Accuri C6 Plus flow cytometer (Becton Dickinson, 
San Jose, CA, USA), the cell cycle status were analyzed in 
Dox-treated HCT116 and Dox-treated MCF7 cells.2,32

MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide] Assay

The IC50 of TQ and COS were determined by seeding 
HCT116 or MCF7 cells in 12-well plates (3 × 104 per well) 
and incubated for 24 hours at 37°C in a 5% CO2 incubator. 
At day 5 of 100 nM Dox treatment, cells were treated with 
TQ (0, 5, 10, 25, 50, 60, 75, or 100 µM dissolved in DMSO) 
or COS (0, 10, 25, 50, 75, 100, or 200 µM dissolved in 
DMSO), incubated for 24 hours, and then treated with 
MTT reagent (1.25 mg/ml) and incubated for 2 hours. The 
resulting formazan crystals were dissolved in 1 ml DMSO, 
and the optical density was determined using a microplate 
reader at 570 nm.2
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Cell Proliferation Assay

HCT116 or MCF7 cells were seeded in 96-well plates 
(0.5 million cells per well) and were treated with TQ 
(50 µM) or COS (30 µM). At the end of the experiments, the 
cell cultures were supplemented with MTT reagent and 
incubated for an additional 4 hours. Then, DMSO (0.1%) 
was added to the cell culture to dissolve the formazan crys-
tals and incubated for 10 minutes at room temperature. The 
absorbance rate of the cell cultures was read at 570 nm by 
using a Microplate Reader (Bio-Rad, Hercules, CA, USA). 
All the reactions were performed in triplicate. Measured 
data of cellular proliferation were calculated using viability 
values of untreated control cells (100%).

Flow Cytometric Assessment

HCT116 or MCF7 cell lines were cultured in T25 flasks 
(30 × 104 cells per flask) for 24 hours and then treated with 
10 ml of TQ (50 µM) or COS (30 µM) in each flask for pro-
liferative cells. For Sen-cells, the same counts of cells were 
cultured and treated with 100 nM of Dox (10 ml) for 5 days, 
after which 10 ml of TQ (50 µM) or COS (30 µM) were 
added. Treated cells with their corresponding control flasks 
were trypsinized, washed with PBS, and suspended in 70% 
ethanol until flow cytometry assessment of senescence (p53 
and p21), apoptotic (Bax), and anti-apoptotic (Bcl2) protein 
markers using a BD Accuri C6 Plus flow cytometer (Becton 
Dickinson, San Jose, CA, USA). Cells were treated with 
FITC-conjugated and mouse-raised anti-p53 (Cat # 
554298), anti-p21 (Cat # 612236), and anti-Bcl2 (Cat # 
340650) produced by Becton Dickinson and anti-Bax (Cat 
# sc-7480) produced by Santa Cruz Biotechnology (Dallas, 
TX, USA). Data were analyzed using Accuri C6 software.

Western Blot Analysis

Dox-treated HCT116 and Dox-treated MCF7 cells were 
lysed and prepared for SDS-PAGE analysis electroblotted 
to a PVDF membrane. The protein levels of p53 and p21 
were quantified and visualized by using anti-p53, anti-
p21Cip1, and anti-glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) (Santa Cruz, Dallas, TX, USA).2,32

Reverse Transcription Polymerase Chain 
Reaction (RT-PCR)

HCT116 or MCF7 cell lines, either proliferative or senes-
cent, were cultured in T25 flasks and treated the same way as 
in the flow cytometry assessment. Total RNA in pelleted 
cells was extracted using a Total RNA Extraction Kit 
(iNtRON Biotechnology, Inc., Gyeonggi-do, South Korea). 
cDNA reverse transcription of the extracted 1 μg of RNA 
was performed with a TIANScript RT Kit (Tiangen, 

Shanghai, China). RT-PCR was performed with iCycler-iQ 
Optical System Software version 3.0 A (Bio-Rad, CA, 
USA). The following primers were used for the quantitative 
RT-PCR analysis: for caspase 3 (forward): CATGGAAGCGA 
ATCAATGGACT and reverse: CTGTACCAGACCGAG 
ATGTCA, and the housekeeping GAPDH forward primer 
sequence is GAAGGTGAAGGTCGGAGTCA, and the 
reverse sequence is TTGAGGTCAATGAAGGGGTC.

PCR amplification was done with RealMOD™ Green 
FAST qPCR Master Mix (S) (Tiangen) using the following 
conditions: 1 cycle at 95°C for 30 seconds, 40 cycles at 
95°C for 5 seconds, 1 cycle at 95°C for 5 seconds. The rela-
tive mRNA expression levels of caspase 3 gene were calcu-
lated using the comparative (Ct) method.33

Caspase 3 Activity

Caspase 3 activity was determined using fluorometric assay 
kits (ThermoFischer Scientific, Hanover Park, IL, USA) 
according to the manufacturer’s protocol. HCT116 or MCF 
7 cells were cultured in T25 flasks for 24 hours and then 
treated with TQ (50 µM) or COS (30 µM) in each flask for 
proliferative cells. For senescent cells, the same counts of 
cells were cultured and treated with 100 nM of Dox (10 ml) 
for 5 days, after which TQ (50 µM) or COS (30 µM) were 
added for 24 hours. The treated cells and respective controls 
were trypsinized and the cell pellet was lysed with cell lysis 
buffer subjecting to aa freeze-thaw cycle for 30 minutes. 
The lysed pellet was then centrifuged (10 000 × g, 4°C, 
30 minutes), and protein concentrations were measured 
with Bradford’s reagent (Bio-Rad Laboratories, Inc.), using 
albumin as a standard. Briefly, 50 µl of cell protein or the 
albumin standard was mixed with 200 µl Bradford reagent 
and incubated for 15 minutes at room temperature in the 
dark. The absorbance at 620 nm was measured with a spec-
trophotometer, and the protein concentration was calculated 
using a standard. A total of 5 µl cell lysates (0.5 mg/ml) were 
added to 195 µl of buffer containing an Ac-DEVD-7-amino-
4-methylcoumarin (AMC)-conjugated substrate for caspase 
3. This was followed by 30 minutes incubation at 37°C in 
the dark. The concentration of the released AMC was calcu-
lated from the fluorescence intensity, which was read using 
a fluorescence plate reader with the excitation and emission 
wavelengths of 342 and 441 nm, respectively, and using 
AMC standard to calculate caspase 3 activity. Data were 
adjusted according to the protein content.

Annexin-V Assay

Apoptosis was analyzed by flow cytometry using annexin 
V-fluorescein isothiocyanate (annexin-FITC) and propid-
ium iodide (PI) detection kit (BD Biosciences, San Jose, 
CA, USA). HCT116 or MCF 7 cells were cultured in T25 
flasks for 24 hours and then treated with TQ (50 µM) or 
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COS (30 µM) in each flask for proliferative cells. For 
senescent cells, the same counts of cells were cultured and 
treated with 100 nM of Dox (10 ml) for 5 days, after which 
TQ (50 µM) or COS (30 µM) were added. Treated cells 
with their corresponding control flasks were collected and 
centrifuged at 500 × g for 5 minutes at room temperature. 
The pellet was rinsed twice with PBS and then resuspended 
in a proper volume of binding buffer. After addition of 
10 µl of annexin V-FITC followed by gentle mixing incu-
bated for 15 minutes at room temperature in the dark and 
washed. The fluorescence intensity of FITC was carried on 
a FACSCalibur™ (Becton Dickinson) instrument, using 
Cell Quest software.

Statistical Analysis

Statistical analyses were done with GraphPad Prism 5 (San 
Diego, CA, USA) using 1-way ANOVA (Tukey’s Multiple 
Comparison Test). The IC50 values were determined with 
nonlinear regression using log (inhibitor) versus response-
variable slope equation. Data are presented as a mean ± SD. 
A value of P < .05 was considered statistically significant. 
All data show the mean results from at least 3 independent 
experiments.

Results

Senescence Markers

Changes in the senescence markers of HCT116 cells treated 
with 100 nM of Dox are illustrated in Figure 1a and b. 
HCT116 treated with Dox for 5 consecutive days exhibited 
significant increases (P < .001) in SA-β-gal positive cells at 
day 1 (day 1 after Dox treatment of HCT116, Dox 1) and 
day 5 (day 5 after Dox treatment of HCT116, Dox 5) in 
comparison with Dox 0 (control, Dox-untreated HCT116). 
Also, on day 5, SA-β-gal positive cells were significantly 
increased (P < .001) compared with Dox 1.
BrdU incorporation in Sen-HCT116 cells significantly 
decreased (P < .001) at days 2 and 5 in comparison with 
Dox 0 (Figure 1c and d). Incorporation of BrdU in Sen-
HCT116 cells was significantly decreased (P < .001) on 
day 5 compared with day 2.

The percentages of SA-β-gal positive cells indicate the 
extent of accumulation SA-β-gal in senescent cells, leading 
to enlargement of the senescent cells. The percentages of 
BrdU positive cells at Dox 5 of the senescent cells are low 
due to the low cell division.

The cell cycle of Dox-treated HCT116 was arrested; 
concomitantly, the percentages of cells in G2/M phase were 
increased (Figure 1e).

Protein expression levels of p53 (Figure 1f and g) and 
p21 (Figure 1h and i) of Sen-HCT116 were significantly 
(P < .05) increased at day 1 of Dox treatment of HCT116 
compared with control.

Sen-MCF7 exhibited the exact extent of senescent mark-
ers such as Sen-HCT116 regarding SA-β-gal positivity and 
BrdU incorporation in cells (Figure 2a–d). Also, the cell 
cycle was arrested with increment in G2/M phase percent-
ages (Figure 2e). The expression of p53 monitored with 
flow cytometry was significantly increased at day 1 
(P < .05) and day 5 (P < .01) compared with Dox 0 (Figure 
2f and g). Also, the p21 expression was significantly 
(P < .01) increased at day 1 and 5 compared with Dox 0 
(Figure 2h and i). Also, the protein expression of p53 and 
p21 were increased in Sen-HCT116 and Sen-MCF7 at day 
1 and 5 as evidenced by Western blot analyses that illus-
trated in Figure 1j ad Figure 2j, respectivelly.

IC50 and Cell Proliferation of Thymoquinone and 
Costunolide

The IC50 of TQ against HCT116 is 64.15 ± 2.80 µM (Figure 
3a) and 36.95 ± 6.09 µM against MCF7 (Figure 3b), and the 
IC50 of COS against HCT116 is 32.08 ± 0.86 µM (Figure 
3c) and 40.84 ± 1.89 µM against MCF7 (Figure 3d).

HCT116 cells treated with either 50 µM of TQ or 
30 µM of COS exhibited significant (P < .001) decreases 
in cell proliferation compared with untreated HCT116. 
Also, MCF7 cell proliferation was significantly decreased 
in response to TQ (P < .001) and COS (P < .01) treat-
ment by the same doses compared with untreated MCF7 
(Figure 3e).

Caspase 3 mRNA Expression

Relative expression folds of caspase 3 mRNA of Sen-
HCT116 treated with Dox for 5 days then treated with 
50 µM of TQ for 24 hours (HCT116 + Dox5 + TQ) were 
significantly increased (P < .001) compared with control 
(untreated, proliferative HCT116), Dox5, and HCT116+TQ 
(untreated, proliferative HCT116 then treated with 50 µM 
of TQ) (Figure 4a).

Regarding MCF7, the relative expression of caspase 3 
mRNA was significantly (P < .01) increased in MCF7 + TQ 
(untreated, proliferative MCF7 then treated with 50 µM of 
TQ for 24 hours) and MCF7 + Dox5 + TQ (Sen-MCF7 
with Dox for 5 days and then treated with 50 µM of TQ for 
24 hours) compared with control (untreated, proliferative 
MCF7). Cells in the MCF7 + Dox5 + TQ group exhibited 
significant increases (P < .05) in caspase 3 expression in 
comparison with Dox5, while Dox5 expressed significant 
decreases (P < .05) in caspase 3 gene compared with 
MCF7 + TQ (Figure 4b).

In the same manner, 30 µM of COS significantly 
increased (P < .01) the relative expression fold change lev-
els of caspase 3 mRNA in Sen-HCT116 in comparison with 
control (untreated, proliferative HCT116), Dox5, and 
HCT116 + TQ (Figure 4c).
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Figure 1.  (continued)
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Figure 1.  Senescence markers of Sen-HCT116. (a) SA-β-gal-positive cells of Sen-HCT116 cells. The scale bar is 50 µm. (b) SA-β-gal-
positive cells percentages. (c) BrdU incorporation for Sen-HCT116 cells. Magnification 200×. The scale bar is 50 µm. (d) BrdU positive 
cells percentages. (e) representative cell cycle analysis. (f) p53 protein expressions by flow cytometry of Sen-HCT116 cells. (g) p53 
protein expression percentages. (h) p21 protein expressions by flow cytometry of Sen-HCT116 cells. (i) p21 protein expression 
percentages. (j) Western blot analysis of p53 and p21.The data were analyzed with 1-way ANOVA (Tukey’s Multiple Comparison 
Test). Error bars represent mean ± SD. *P < .05 and ***P < .001 versus Day 0 (control). +++P < .001 versus Dox 1 (SA-β-gal) and Dox 
2 (BrdU). Dox 0 refers to untreated cells. Dox 1 refers to day 1 after Dox treatment. Dox 5 refers to day 5 after Dox treatment. All 
assays were done in triplicate at least.
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Figure 2.  (continued)
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Figure 2.  Senescence markers of Sen-MCF7. (a) SA-β-gal-positive cells of Sen-MCF7 cells. The scale bar is 50 µm. (b) SA-β-gal-
positive cells percentages. (c) BrdU incorporation for Sen-MCF7 cells. Magnification 200×. The scale bar is 50 µm. (d) BrdU positive 
cells percentages. (e) representative cell cycle analysis. (f) p53 protein expressions by flow cytometry of Sen-HCT116 cells. (g) p53 
protein expression percentages. (h) p21 protein expressions by flow cytometry of Sen-HCT116 cells. (i) p21 protein expression 
percentages. (j) Western blot analysis of p53 and p21.The data were analyzed with 1-way ANOVA (Tukey’s Multiple Comparison 
Test). Error bars represent mean ± SD. *P < .05, **P < .01, and ***P < .001 versus Day 0 (control). +++P < .001 versus Dox 1 (SA-β-
gal) and Dox 2 (BrdU). Dox 0 refers to untreated cells. Dox 1 refers to day 1 after Dox treatment. Dox 5 refers to day 5 after Dox 
treatment. All assays were done in triplicate at least.
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Figure 3.  IC50 values of thymoquinone (TQ) against (a) HCT116 and (b) MCF7 and of costunolide (COS) against (c) HCT116 and 
(d) MCF7. (e) Cell proliferation percentages of HCT116 and MCF7 treated with TQ (50 µM) and COS (30 µM). Error bars represent 
mean ± SD. **P < .01 and ***P < .001 versus control. Control refers to proliferative-untreated HCT116 or -untreated MCF7. 
HCT116 + TQ refers to HCT116 treated with 50 µM TQ for 24 hours. MCF7 + TQ refers to HCT116 treated with 50 µM TQ for 
24 hours. HCT116 + COS refers to HCT116 treated with 30 µM COS for 24 hours. MCF7 + COS refers to HCT116 treated with 
30 µM COS for 24 hours. All assays were done in triplicate at least.
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Figure 4.  Caspase 3 mRNA expression. (a) Caspase 3 mRNA relative fold changes in HCT116 and Sen-HCT116 treated with 
thymoquinone (TQ, 50 µM). (b) Caspase 3 mRNA relative fold changes in MCF7 and Sen-MCF7 treated with thymoquinone (TQ, 
50 µM). (c) Caspase 3 mRNA relative fold changes in Sen-HCT116. (d) Caspase 3 mRNA relative fold changes in Sen-MCF7. 
(c) Caspase 3 mRNA relative fold changes in HCT116 and Sen-HCT116 treated with costunolide (COS, 30 µM). (b) Caspase 3 
mRNA relative fold changes in MCF7 and Sen-MCF7 treated with costunolide (COS, 30 µM). Error bars represent mean ± SD. 
**P < .01 and ***P < .001 versus control. +P < .05, ++P < .01, and +++P < .001 versus Dox5. xP < .05, xxp < .01, and xxxP < .001 versus 
HCT116 + COS or MCF7 + COS. Control refers to proliferative-untreated HCT116 or -untreated MCF7. HCT116 + TQ refers to 
HCT116 treated with 50 µM TQ for 24 hours. MCF7 + TQ refers to HCT116 treated with 50 µM TQ for 24 hours. HCT116 + COS 
refers to HCT116 treated with 30 µM COS for 24 hours. MCF7 + COS refers to HCT116 treated with 30 µM COS for 24 hours. 
Dox5 refers to Sen-HCT116 or Sen-MCF7 with 100 nM Dox for 5 days. HCT116 + Dox5 + COS refers to Sen-HCT116 with 100 nM 
Dox for 5 days then treated with 30 µM COS for 24 hours. MCF7 + Dox5 + COS refers to Sen-MCF7 with 100 nM Dox for 5 days 
then treated with 30 µM COS for 24 hours. All assays were done in triplicate at least.

Caspase Activity

Caspase 3 activities of HCT116 (P < .01) and Sen-HCT116 
(P < .001) treated with TQ (50 µM) were significantly 
increased compared with control. Furthermore, TQ-treated 
MCF7 (P < .05) and Sen-MCF7 (P < .001) had signifi-
cantly increased caspase 3 activities compared with control 
(Figure 5a). Its levels in Sen-HCT116 and Sen-MCF7 were 
also significantly (P < .001) increased compared with 
HCT116 + TQ and MCF7 + TQ, respectively. Nearly simi-
lar results have been stated when HCT116, Sen-HCT116, 

MCF7, and Sen-MCF7 were treated with 30 µM of COS 
except MCF7 + COS exhibited more increased significant 
(P < .01) caspase 3 activity compared with untreated MCF7 
(Figure 5b).

Bax and Bcl2 Proteins

Bax protein levels of HCT116, either proliferative or 
senescent, are presented in Figures 6a and b. Bax levels 
were significantly decreased (P < .05) in Dox5, while 
significantly increased (P < .01) in HCT116 + Dox5 + TQ 
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Figure 5.  Caspase 3 activity. (a) Caspase 3 activity in HCT116 
and MCF7 treated with thymoquinone (TQ, 50 µM). (b) Caspase 
3 activity in HCT116 and MCF7 treated with costunolide (COS, 
30 µM). Error bars represent mean ± SD. *P < .05, **P < .01, and 
***P < .001 versus control. xxxP < .001 versus HCT116 + COS or 
MCF7 + COS. Control refers to proliferative-untreated HCT116 
or -untreated MCF7. HCT116 + TQ refers to HCT116 treated 
with 50 µM TQ for 24 hours. MCF7 + TQ refers to HCT116 
treated with 50 µM TQ for 24 hours. HCT116 + COS refers to 
HCT116 treated with 30 µM COS for 24 hours. MCF7 + COS 
refers to HCT116 treated with 30 µM COS for 24 hours. Control 
refers to proliferative-untreated HCT116 or -untreated MCF7. 
HCT116 + TQ refers to HCT116 treated with 50 µM TQ for 
24 hours. MCF7 + TQ refers to HCT116 treated with 50 µM TQ 
for 24 hours. Dox5 refers to Sen-HCT116 or Sen-MCF7 with 
100 nM Dox for 5 days. HCT116 + Dox5 + TQ refers to Sen-
HCT116 with 100 nM Dox for 5 days, then treated with 50 µM 
TQ for 24 hours. MCF7 + Dox5 + TQ refers to Sen-MCF7 with 
100 nM Dox for 5 days then treated with 50 µM TQ for 24 hour. 
TQ, thymoquinone; COS, costunolide. All assays were done in 
triplicate at least.

compared with control. Also, its expression was signifi-
cantly increased in HCT116 + Dox5 + TQ compared with 
Dox5 and HCT116 + TQ.

Bcl2 protein levels were significantly increased in Dox5 
(P < .001) and HCT116 + Dox5 + TQ (P < .01) compared 
with control. In the HCT116 + Dox5 + TQ cells, Bcl2 pro-
tein levels were significantly increased (P < .01) compared 
with HCT116 + TQ and significantly decreased (P < .01) 
compared with Dox5 (Figure 6c and d).

Figure 6e and f show significant increases (P < .01) in 
Bax levels in MCF7 + TQ, Dox5, and MCF7 + Dox5 + TQ 
compared with control.

In comparison with control MCF7, Bcl2 protein levels 
were significantly decreased (P < .01) in MCF7 + TQ 
and significantly increased in Dox5 (P < .001) and 
MCF7 + Dox5 + TQ (P < .01) as shown in Figure 6g and 
h. Also, Bcl2 levels in Dox5 and MCF7 + Dox5 + TQ 
were significantly increased (P < .001) in comparison 
with MCF7 + TQ. MCF7 + Dox5 + TQ exhibited signif-
icant reduction (P < .001) in Bcl2 levels compared with 
Dox5.

Data in Figure 7 represent the effect of COS (30 µM) 
on proliferative HCT116, proliferative MCF7, Sen-
HCT116, and Sen-MCF7. Bax levels were significantly 
decreased (P < .05) in Dox5 and increased (P < .001) in 
HCT116 + Dox5 + COS compared with control. In the 
HCT116 + Dox5 + COS, Bax levels were significantly 
increased (P < .001) compared with Dox5 and 
HCT116 + COS (Figure 7a and b). In the same cell line, 
Bcl2 levels were significantly increased (P < .001) in 
Dox5 and HCT116 + Dox5 + COS compared with con-
trol and HCT116 + COS (Figure 7c and d).

In MCF7, the Bax levels were significantly increased 
(P < .05) in Dox5 compared with MCF7 + COS (Figure 
7e and f). Bcl2 levels were significantly increased 
(P < .001) in Dox5 and MCF7 + Dox5 + COS compared 
with control and MCF7 + COS. The MCF7 + Dox5 + COS 
exhibited significant decreases (P < .001) in Bcl2 in 
comparison with Dox5.

When the data of each cell line was compared with 
their corresponding control of either proliferative or 
senescent cells (Table 1), TQ (50 µM) significantly 
increased (P < .001) Bax and significantly decreased (P 
< 0.001) Bcl2 in Sen-HCT116 and consequently 
increased Bax/Bcl2 ratio in Sen-HCT116 (1.72). TQ at 
the same concentration significantly increased (P < .001) 
Bax and significantly decreased (P < .001) Bcl2 in 
MCF7 + TQ compared with control, while in Sen-MCF7, 
TQ significantly decreases (P < .001) Bcl2 compared 
with Dox5. Therefore, the Bax/Bcl2 ratio in proliferative 
and Sen-MCF7 was increased by 1.69 and 1.33, respec-
tively, compared with their corresponding control. From 
these results, we can conclude that TQ (50 µM) induced 
apoptosis in both proliferative and Sen-MCF7, especially 
in proliferative MCF7 that exhibited a greater Bax/Bcl2 
ratio than Sen-MCF7.

By the same approach, 30 µM of COS significantly 
increased (P < .001) Bax in HCT116 + Dox5 + COS and 
significantly decreased (P < .001) Bcl2 of 
MCF7 + Dox5 + COS compared with corresponding 
Dox5 controls (Table 2). Consequently, the Bax/Bcl2 
ratios were increased in Sen-HCT116 (1.86) and Sen-
MCF7 (1.14) compared with proliferative cells.
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Figure 6.  Bax and Bcl2 protein expressions of proliferative HCT116, Sen-HCT116, and proliferative MCF7, Sen-MCF7 cells by flow 
cytometry. (a) Bcl2-associated X protein (Bax) protein levels of proliferative and Sen-HCT116. (b) Percentages of Bax protein levels 
of proliferative and Sen-HCT116. (c) B-cell lymphoma 2 (Bcl2) protein levels of proliferative and Sen-HCT116. (d) Percentages of 
Bcl2 protein levels of proliferative and Sen-HCT116. (e) Bax protein levels of proliferative and Sen-MCF7. (f) Percentages of Bax 
protein levels of proliferative and Sen-MCF7. (g) Bcl2 protein levels of proliferative and Sen-MCF7. (h) Percentages of Bcl2 protein 
levels of proliferative and Sen-MCF7. The data were analyzed with 1-way ANOVA (Tukey’s Multiple Comparison Test). Error bars 
represent mean ± SD. *P < .05, **P < .01, and ***P < .001 versus control. ++P < .01 and +++P < .001 versus Dox5. xP < .05, xxP < .01, 
and xxxP < .001 versus HCT116 + TQ or MCF7 + TQ. Control refers to proliferative-untreated HCT116 or -untreated MCF7. 
HCT116 + TQ refers to HCT116 treated with 50 µM TQ for 24 hours. MCF7 + TQ refers to HCT116 treated with 50 µM TQ for 
24 hours. Dox5 refers to Sen-HCT116 or Sen-MCF7 with 100 nM Dox for 5 days. HCT116 + Dox5 + TQ refers to Sen-HCT116 
with 100 nM Dox for 5 days, then treated with 50 µM TQ for 24 hours. MCF7 + Dox5 + TQ refers to Sen-MCF7 with 100 nM Dox 
for 5 days then treated with 50 µM TQ for 24 hours. TQ, thymoquinone. All assays were done in triplicate at least.
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Figure 7.  Bax and Bcl2 protein expressions of proliferative HCT116, Sen-HCT116, and proliferative MCF7, Sen-MCF7 cells by flow 
cytometry. (a) Bcl2-associated X protein (Bax) protein levels of proliferative and Sen-HCT116. (b) Percentages of Bax protein levels 
of proliferative and Sen-HCT116. (c) B-cell lymphoma 2 (Bcl2) protein levels of proliferative and Sen-HCT116. (d) Percentages of 
Bcl2 protein levels of proliferative and Sen-HCT116. (E) Bax protein levels of proliferative and Sen-MCF7. (f) Percentages of Bax 
protein levels of proliferative and Sen-MCF7. (g) Bcl2 protein levels of proliferative and Sen-MCF7. (h) Percentages of Bcl2 protein 
levels of proliferative and Sen-MCF7. The data were analyzed with 1-way ANOVA (Tukey’s Multiple Comparison Test). Error bars 
represent mean ± SD. *P < .05 and ***P < .001 versus control. +++P < .001 versus Dox5. xP < .05, xxP < .01, and xxxP < .001 versus 
HCT116 + COS or MCF7 + COS. Control refers to proliferative-untreated HCT116 or -untreated MCF7. HCT116 + COS refers to 
HCT116 treated with 30 µM COS for 24 hours. MCF7 + COS refers to HCT116 treated with 30 µM COS for 24 hours. Dox5 refers 
to Sen-HCT116 or Sen-MCF7 with 100 nM Dox for 5 days. HCT116 + Dox5 + COS refers to Sen-HCT116 with 100 nM Dox for 
5 days then treated with 30 µM COS for 24 hours. MCF7 + Dox5 + COS refers to Sen-MCF7 with 100 nM Dox for 5 days then treated 
with 30 µM COS for 24 hours. COS, costunolide. All assays were done in triplicate at least.
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Table 1.  Percentages of Bcl2-associated X protein (Bax) and B-cell lymphoma 2 (Bcl2) protein levels to their corresponding control 
of either proliferative or senescent cells (HCT116 and MCF7) treated with thymoquinone (TQ).

HCT116 MCF7

  Proliferative Senescence Proliferative Senescence

  Control HCT116 + TQ Dox5 HCT116 + Dox5+TQ Control MCF7 + TQ Dox5 MCF7 + Dox5 + TQ

Bax 100 100.5 ± 3.3 100 152.4 ± 0.6*** 100 123.4 ± 1.7*** 100 96.3 ± 3.4
Bcl2 100 101.4 ± 1.3 100 88.4 ± 0.5*** 100 73.1 ± 0.9*** 100 72.3 ± 0.7***
Bax/Bcl2 ratio 1 0.99 1 1.72 1 1.69 1 1.33

Mean ± SD. ***P < .001 versus control or Dox5. Control refers to proliferative-untreated HCT116 or -untreated MCF7. HCT116 + TQ refers to 
HCT116 treated with 50 µM TQ for 24 hours. MCF7 + TQ refers to HCT116 treated with 50 µM TQ for 24 hours. Dox5 refers to Sen-HCT116 or 
Sen-MCF7 with 100 nM Dox for 5 days. HCT116 + Dox5 + TQ refers to Sen-HCT116 with 100 nM Dox for 5 days, then treated with 50 µM TQ for 
24 hours. MCF7 + Dox5 + TQ refers to Sen-MCF7 with 100 nM Dox for 5 days then treated with 50 µM TQ for 24 hours.

Table 2.  Percentages of Bcl2-associated X protein (Bax) and B-cell lymphoma 2 (Bcl2) protein levels to their corresponding control 
of either proliferative or senescent cells (HCT116 and MCF7) treated with costunolide (COS).

HCT116 MCF7

  Proliferative Senescence Proliferative Senescence

  Control HCT116 + COS Dox5 HCT116 + Dox5+COS Control MCF7 + COS Dox5 MCF7 + Dox5 + COS

Bax 100 99.4 ± 0.7 100 185.7 ± 0.5*** 100 98.8 ± 1.4 100 89.7 ± 9.2
Bcl2 100 99.5 ± 1.1 100 99.8 ± 0.3 100 100 ± 1.1 100 78.4 ± 0.9***
Bax/Bcl2 ratio 1 1 1 1.86 1 0.99 1 1.14

Mean ± SD. ***P < .001 versus control or Dox5. Control refers to proliferative-untreatedHCT116 or -untreated MCF7. HCT116 + COS refers to 
HCT116 treated with 30 µM COS for 24 hours. MCF7 + COS refers to HCT116 treated with 30 µM COS for 24 hours. Dox5 refers to Sen-HCT116 
or Sen-MCF7 with 100 nM Dox for 5 days. HCT116 + Dox5 + COS refers to Sen-HCT116 with 100 nM Dox for 5 days then treated with 30 µM COS 
for 24 hours. MCF7 + Dox5 + COS refers to Sen-MCF7 with 100 nM Dox for 5 days then treated with 30 µM COS for 24 hours.

Apoptotic Effect of Thymoquinone and 
Costunolide

Fluorescence-activated cell sorting analysis was conducted 
to investigate the apoptosis induced by TQ or COS or in 
combination with Dox. Proliferative HCT116 cells (P < .01) 
and Sen-HCT116 (HCT116 + Dox5 + TQ) cells (P < .001) 
treated with TQ (50 µM) showed a significant increase in 
annexin positive cells compared with untreated control. 
Further, Sen-HCT116 cells treated COS (30 µM) exhibited 
a significant (P < .001) increase in annexin positive cells 
compared with control (Figure 8).

A significant increase in percentage of Annexin positive 
cells was observed in MCF7 cells and Sen-MCF7 treated 
with TQ (50 µM) or COS (30 µM) compared with untreated 
MCF7 cells (Figure 9).

Discussion

Markers of senescence such as SA-β-gal and protein 
levels of p53 and p21 were significantly increased in 
the Sen-HCT116 and Sen-MCF7 in addition to 

significant decreases in BrdU incorporation. The same 
results were found when HCT116 or MCF7 cell lines 
were treated with 100 nM of Dox.2,34,35 HCT116 
exposed to 50 nM,36-38 75 nM,39 100 nM,2,32,38,40-42 and 
200 nM43 for 1 to 4 days exhibited the features of senes-
cence. Higher doses of Dox induced senescence in 
HCT116 by doses of 1 μM for 2 hours44 and 500 nM for 
4 hours.45 In the same manner, MCF7 expressed the 
senescence feature when subjected to different levels 
of Dox such as 38 nM,46 50 nM,36,47 75 nM,39,48 
100 nM,2,34,35 and 500 nM49 for 1 to 5 days. Also, high 
doses of Dox 1 μM50 and 10 µM51 for 2 hours were used 
to induce senescence in a short time. Researchers used 
either low Dox doses for long periods or high dose for 
a maximum of 2 hours to enhance the senescence pro-
cess before induction of cancer cell apoptosis by Dox.

In the studies as mentioned earlier, Dox induced upreg-
ulation of p53, especially the phospho-p53 (Ser15) that 
consequently upregulated p21,2 which induced cell cycle 
arrest through inhibition of cyclin E/cyclin-dependent 
kinase 2 (CDK2) and cyclin-dependent kinase (CDK1) 
activities.52 Besides, SA-β-gal accumulated in the 
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Figure 8.  Annexin-V of proliferative HCT116 andSen-HCT116 cells by flow cytometry. (a) Histogram of HCT116 and Sen-
HCT116 treated with 50 µM thymoquinone (TQ) for 24 hours. (b) Histogram of HCT116 and Sen-HCT116 treated with 30 µM 
costunolide (COS) for 24 hours. (c) Percentages of annexin-v positive cells of HCT116 and Sen-HCT116 treated with 50 µM TQ 
for 24 hours. (d) Percentages of annexin-v positive cells of HCT116 and Sen-HCT116 treated with 30 µM COS for 24 hours. The 
data were analyzed with 1-way ANOVA (Tukey’s Multiple Comparison Test). Error bars represent mean ± SD. **P < .01 and 
***P < .001 versus control. xxxP < .001 versus HCT116 + TQ or HCT116 + COS. Control refers to proliferative-untreated HCT116. 
HCT116 + TQ refers to HCT116 treated with 50 µM TQ for 24 hours. HCT116 + COS refers to HCT116 treated with 30 µM COS 
for 24 hours. HCT116 + Dox5 + TQ refers to Sen-HCT116 with 100 nM Dox for 5 days, then treated with 50 µM TQ for 24 hours. 
HCT116 + Dox5 + COS refers to Sen-HCT116 with 100 nM Dox for 5 days then treated with 30 µM COS for 24 hours. TQ, 
thymoquinone. COS, costunolide. All assays were done in triplicate at least.
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Figure 9.  Annexin-V of proliferative MCF7, Sen-MCF7 cells by flow cytometry. (a) Histogram of MCF7 and Sen- MCF7 treated with 
50 µM thymoquinone (TQ) for 24 hours. (b) Histogram of MCF7 and Sen-MCF7 treated with 30 µM costunolide (COS) for 24 hours. 
(c) Percentages of annexin-v positive cells of MCF7 and Sen-MCF7 treated with 50 µM TQ for 24 hours. (d) Percentages of annexin-v 
positive cells of MCF7 and Sen-MCF7 treated with 30 µM COS for 24 hours. The data were analyzed with 1-way ANOVA (Tukey’s 
Multiple Comparison Test). Error bars represent mean ± SD. *P < .05, **P < .01, and ***P < .001 versus control. xxp < .01 and xxxP < .001 
versus MCF7 + TQ or MCF7 + COS. Control refers to proliferative-untreated MCF7. MCF7 + TQ refers to MCF7 treated with 50 µM 
TQ for 24 hours. MCF7 + COS refers to MCF7 treated with 30 µM COS for 24 hours. MCF7 + Dox5 + TQ refers to Sen- MCF7 with 
100 nM Dox for 5 days, then treated with 50 µM TQ for 24 hours. MCF7 + Dox5 + COS refers to Sen-MCF7 with 100 nM Dox for 
5 days then treated with 30 µM COS for 24 hours. TQ, thymoquinone. COS, costunolide. All assays were done in triplicate at least.
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Dox-treated cancer cells, leading to enlargement of cancer 
cells, and senescent HCT116 cells try to escape from senes-
cence by polyploidization.2,24

Results of the present study revealed that TQ exhibited 
IC50 against HCT116 and MCF7, 64.15 ± 2.80 µM and 
36.95 ± 6.09 µM, respectively, while COS is 
32.08 ± 0.86 µM for HCT116 and 40.84 ± 1.89 µM for 
MCF7. Similarly, Fröhlich et al53 stated that TQ has IC50 
of 50.1 ± 6.1 for HCT116 and 42.0 ± 8.5 for MCF7. Roy 
and Manikkam13 determined the IC50 of COS against 
MCF7 by 40 μM.

Caspase 3 is a major executing protein in cellular expo-
sure to cytotoxic medications, radiation therapy, or immu-
notherapy during proteolytic degradation. It is also used as 
a marker for cancer treatment effectiveness.54 In the current 
study, TQ significantly increased caspase 3 expression and 
activity in proliferative HCT116, proliferative MCF7, Sen-
HCT116, and Sen-MCF7 treated with TQ. Numerous pub-
lished studies revealed significant upregulation in caspase 3 
in p53-null myeloblastic leukemia (HL-60),55 human lung 
(LNM35),56 human osteosarcoma (MG63),57 HCT116,58 
and MCF759 cancer cell lines treated with TQ. Also, COS 
induced upregulation and activation of caspase 3 in multi-
drug-resistant ovarian cancer (OAW42)60 and human gas-
tric (BGC-823)61 proliferative cancer cell lines.

Bax is a pro-apoptotic protein responsible for causing 
cell death, and Bcl2 is an anti-apoptotic protein that regu-
lates the mitochondrial membrane function and protects 
cells from apoptosis.62 Both Bax and Bcl2 are regulated by 
the tumor-suppressor protein p53.63 Therefore, an increased 
Bax/Bcl2 ratio is a factor in predisposing apoptosis.64,65 In 
the current study, Bax levels were significantly increased in 
HCT116 + Dox5 + TQ compared with their control senes-
cent (Dox5), and Bcl2 levels were significantly decreased. 
These data indicate the sensitivity of Sen-HCT116 to 
TQ-induced apoptosis compared with proliferative 
HCT116. Also, MCF7 + Dox5 + TQ exhibited significant 
decreases compared with Dox5 and MCF7 + TQ that 
favored apoptosis Sen-MCF7. The sensitivity of Sen-
HCT116 and Sen-MCF7 to TQ compared with their corre-
sponding proliferative cells has been stated in our previous 
study.2 Also, COS induced increases in Bax/Bcl2 ratio in 
HCT116 + Dox5 + TQ and MCF7 + Dox5 + TQ compared 
with their corresponding Dox5 cells. These results indicate 
the sensitivity of both Sen-HCT116 and Sen-MCF7 to COS 
compared with their corresponding proliferative cells.

Conclusion

Dox is a commonly used chemotherapeutic agent for cancer 
treatment and induces cellular senescence of both HCT116 
and MCF7 cell lines. To prevent the relapse of these senes-
cent cells to proliferative cells and induce apoptosis of can-
cer cells that still are proliferative even after Dox treatment, 

we intervened with TQ and COS to rapidly eliminate the 
senescent cells and induce apoptosis of proliferative cancer 
cell lines. Both TQ and COS induced more apoptosis of 
Sen-HCT116 and Sen-MCF7 than their proliferative cells 
by different extents and cell specificity. We suggest that 
future in vivo and clinical trials include either TQ or COS in 
the Dox treatment schedule of cancer.
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