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Abstract 

Background and purpose: Targeting senescent tumor cells with senotherapeutic agents represents a novel 
therapeutic strategy in overcoming chemotherapy resistance during 5-fluorouracil (5-FU) treatment of 
colorectal cancer (CRC). This study aimed to evaluate the senotherapeutic potential of thymoquinone (TQ) 
and pentoxifylline (PTX) in a 3D spheroid model of CRC subjected to 5-FU-induced senescence. 
Experimental approach: Caco-2 spheroids were generated via the hanging drop method on Poly-HEMA-
coated plates with conditioned medium  derived from HFF cells. Spheroids were treated for 24 h with 5-FU 
(60 µM; 50% of IC50), TQ (30 µM; 50% of IC50), and PTX (3.5 mM; 50% of IC50). Cell viability was measured 
using the MTT assay. ROS and IL-8 levels were measured. Cell death and apoptosis were evaluated using 
Calcein-AM and Annexin V/PI assays, and western blotting was used to assess the expression of SASP and 
apoptosis-associated proteins. β-galactosidase activity was measured as a marker of senescence. 
Findings/Results: 5-FU effectively induced senescence and apoptosis in Caco-2 spheroids, as evidenced by 
an increased expression of p53, p16, p21, and γ-H2AX, as well as an elevated secretion of ROS. Co-treatment 
with TQ and PTX acted as senotherapeutic agents by enhancing apoptotic cell death through modulation of 
Bax/Bcl2/cleaved caspase-3 and β-galactosidase activity, and by increasing oxidative stress. Notably, the 
combination of TQ and PTX was shown to support a greater senotherapeutic effect. 
Conclusion and implications: Findings indicated that TQ and PTX acted as senotherapeutic agents in 5-FU-
induced senescent CRC spheroids and may have potential as adjuvants to enhance CRC therapy. 
Keywords: Apoptosis; Colorectal cancer; 5-Fluorouracil; Pentoxifylline; Senescence; Thymoquinone.  
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INTRODUCTION 
 

Colorectal cancer (CRC) is the third most 
common malignancy worldwide, and the 
second leading cause of cancer-related death, 
with an estimated 3.2 million new cases 
diagnosed by 2040, imposing a heavy burden 
on healthcare systems globally (1,2). The poor 
prognosis of CRC is largely attributed to 
resistance to chemotherapy and tumor 
recurrence (3). 

Among current treatments, 5-fluorouracil  
(5-FU) remains the cornerstone 
chemotherapeutic drug for CRC. It functions as 
a thymidylate synthase inhibitor, thereby 
blocking thymidine synthesis and disrupting 
DNA replication in cancer cells  (4,5).  
Anticancer therapies, including chemotherapy 
and radiotherapy, can induce a senescence-like 
state in cells, a phenomenon known as therapy-
induced senescence (TIS). TIS has gained 
increasing scientific interest due to its role in 
cancer therapy, chemoresistance, and tumor 
recruitment (6). While senescence serves as a 
tumor-suppressive mechanism by affecting the 
proliferation of damaged cells, it also has a 
paradoxical role in cancer progression. 
Senescent tumor cells can secrete a variety of 
pro-inflammatory and pro-tumorigenic factors 
known as the senescence-associated secretory 
phenotype (SASP) (7). Cellular senescence is 
characterized by a stable cell-cycle arrest driven 
by activation of key regulators such as p16, p21, 
p27, and p53, together with the development of 
a SASP. Accumulation of therapy-induced 
senescent cells can promote tumor progression 
and resistance, which led to the emergence of 
“senotherapeutics” as a new strategy in cancer 
treatment. Senotherapeutic agents are broadly 
divided into two classes, including 1. 
senolytics, which selectively kill senescent 
cells (senolysis) and 2. senomorphics (or 
senostatics), which attenuate the pathological 
SASP and other harmful features of senescent 
cells without necessarily eliminating them       
(8-10)  .  

Senolytic drugs reduce senescent cell 
viability by tipping the balance from stable 
arrest toward apoptosis, exploiting the 
dependence of senescent cells on pro-survival 
pathways. They target anti-apoptotic and 

survival signaling networks and thereby 
promote programmed cell death and clearance 
of senescent cells from tissues, potentially 
allowing replacement by healthy cells (11). In 
contrast, senomorphic agents do not remove 
senescent cells but reprogram their phenotype, 
particularly by suppressing SASP-driven 
chronic inflammation and metabolic stress. 
Senomorphic agents such as metformin, 
rapamycin, resveratrol, and curcumin act 
through transcriptional and signaling regulators 
such as NF-κB, JAK/STAT, mTOR, AMPK, 
and SIRT1 (12). Importantly, elevated 
p16/p21/p53 are widely used as markers of the 
senescent state, whereas senolytics are defined 
functionally by their ability to selectively 
eliminate senescent cells, and senomorphics by 
their capacity to blunt SASP and senescence-
associated dysfunction (13,14). Several 
senolytic compounds, such as dasatinib, 
quercetin, and navitoclax, have been reported to 
enhance chemotherapy efficacy by targeting 
senescent cells through mechanisms including 
inhibition of anti-apoptotic proteins, disruption 
of survival signaling pathways, and modulation 
of the SASP. Current findings highlighted the 
combination of dasatinib and quercetin as an 
effective senolytic treatment, targeting and 
eliminating senescent cells. This combination 
induced apoptosis in senescent cells (15-17) 
.Despite advances in characterizing senescence 
in colorectal tumors, the development of 
effective senotherapeutic agents for resistant 
cells is still an active area of research. 
Therefore, an effective approach to enhance 
CRC therapy involves the combination of 
senotherapeutic compounds with 
chemotherapeutic drugs like 5-FU.  

Thymoquinone (TQ), the bioactive 
ingredient found in black seed oil, exhibited 
anti-proliferative, antioxidant, anti-
inflammatory, and apoptotic properties in 
several cancer cell lines  (18,19). It has been 
reported that combination therapy with 5-FU, 
TQ, and coenzyme Q10 effectively modulated 
glycolysis and redox status in colon cancer cells 
(20). Specifically, the treatment led to a 
reduction in glycolytic activity, enhancement of 
oxidative stress, and promoted apoptosis in 
colon cancer cells by modulating the 
PI3K/AKT/mTOR pathway (21,22).  
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Pentoxifylline (7-Dimethyl-1-(5-oxohexyl) 
purine-2,6-dione; PTX) is a xanthine derivative 
and phosphodiesterase inhibitor commonly 
used to treat peripheral vascular disorders and 
is known to reduce the production of 
inflammatory cytokines (23,24). Furthermore, 
PTX induces caspase-dependent apoptosis in 
CRC cells through the mitochondrial pathway. 
The activation of Bax and Bid by PTX 
promoted mitochondrial outer membrane 
permeabilization, leading to the release of 
cytochrome c into the cytosol, activation of 
caspase-9 and caspase-3, triggering the 
apoptosis cascade (25,26). It has been 
demonstrated that 3D tumor models are more 
physiologically relevant and able to mimic 
tumor behaviors and characteristics compared 
to 2D models (27). 3D spheroid cell culture has 
emerged as a suitable tool for drug screening and 
drug toxicity. Spheroids are proposed as simple, 
compatible, robust, reproducible, and cost-
effective models that can be used to mimic the 
complexity of in vivo tumors (28). Despite the 
known anticancer effects of TQ and PTX, their 
potential senotherapeutic effect, particularly 
their combination in the 3D spheroid model, 
remains underexplored. Monotherapy for cancer 
is often prone to drug resistance and tumor 
recurrence, which reduces the efficacy of the 
treatment (29). New approaches are required to 
enhance chemosensitivity. This study aimed to 
investigate the senotherapeutic effects of TQ and 
PTX against 5-FU-induced senescence in a 3D 
spheroid model of CRC. 
 

MATERIALS AND METHODS 
 
Cell line preparation and cell culture 

Human colorectal adenocarcinoma cell line 
(Caco-2, HTB-37)  and human foreskin 
fibroblasts (HFF, ATCC-SCRC-1041) were 
obtained from the Pasteur Institute (Tehran, 
Iran). Cells were cultured in high-glucose 
Dulbecco's modified Eagle's medium (HG-
DMEM, Cat. No. BI-1003-1, Bioidea, Iran), 
supplemented with 10% fetal bovine serum 
(FBS, FB-1200, Biosera, France) and 1% 
antibiotics (100 IU/mL penicillin and 100 
µg/mL streptomycin; Bioidea, BI-1203, Iran) in 
a humidified incubator (Padideh Nogene, Iran) 
with 37 °C temperature and 5% CO2.  

The cells were detached using 0.25% 
trypsin-EDTA (Bioidea, Iran) and incubated at 
37 °C for 5 min until completely detached. The 
trypsinization was neutralized by adding 
complete growth medium, and the cell 
suspension was centrifuged at 1200 g for                   
10 min. The cell pellet was resuspended in fresh 
medium. Viable cells were counted using 
trypan blue (Sigma, USA).  

This study was approved by the Research 
Ethics Committees of Medicine-Kermanshah 
University of Medical Sciences (Approval No. 
IR.KUMS.MED.REC.1402.062). 
 
Preparation of HFF-conditioned media  

HFF cells were cultivated in T25 flasks 
(Sanifico, South Korea) containing the 
complete medium (HG-DMEM supplemented 
with 10% FBS and 1% antibiotics) at a density 
of 0.5 × 106 cells for 3 days. Then, the 
supernatant was collected and centrifuged at 
3000 g for 5 min to remove cell debris. The 
clarified supernatant was then filtered through a 
0.22 μm pore size syringe filter (Biofil Co, 
India) to ensure sterility. The filtered HFF-1 
conditioned medium was used immediately by 
mixing it at a 1:1 ratio with HG-DMEM culture 
medium for spheroid formation (30).  
 
Preparation of Poly-HEMA-coated culture 
plates 

Three-dimensional spheroids of Caco-2 cells 
were generated according to the protocols 
described previously, with a few modifications 
(31,32), using the hanging drop method on Poly 
(2-hydroxyethyl methacrylate) (Poly-HEMA)-
coated plates. 1.2% Poly-HEMA solution was 
provided by dissolving 1.2 g of Poly-HEMA 
powder (Sigma-Aldrich, USA) in 100 mL of 
95% ethanol, followed by overnight stirring. To 
prepare Poly-HEMA-coated plates, 50 μL of 
Poly-HEMA stock solution was added to each 
well of a 96-well U-bottom plate (Greiner 
BioOne, Austria).  
 
Spheroid generation and evaluation  

Caco-2 cells were detached from the flasks 
using the trypsin-EDTA solution and 
centrifuged at 2000 rpm for 10 min. The cell 
pellet was resuspended as a single-cell 
suspension at a density of 1 × 10⁶ cells/mL at a 
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1:1 ratio of HG-DMEM and HFF1-derived 
medium. Next, 200 µL of this suspension was 
pipetted into each well of the Poly-HEMA-
coated plate, followed by centrifugation at 220  g 
for 10 min. Plates were then incubated at 37 °C 
with 5% CO₂ to allow spheroid formation. 
Spheroid generation was evaluated for one 
week, using inverted microscopy (KoreaTech, 
South Korea). The morphology and                        
diameter of the formed spheroids were examined 
by inverted light microscopy at days 0, 2, 5,                   
and 7. Spheroid size was examined using                 
Image J software (NIH, Bethesda, Maryland, 
USA) in 3 independent experiments with 
triplicate measurements. Spheroids with a 
diameter of approximately 150-200 μm with 
relatively smooth edges and a concentrated cell 
mass in the inner part were used for further 
experiments.  
 
MTT assay and IC50 calculation 

The toxicity of 5-FU (Cat No. F6627), PTX 
(Cat No. T7191), and TQ (Cat No. 274666) 
(Sigma-Aldrich, USA) against CRC spheroids 
was evaluated using 3-(4,5-Dimethylthiazol-2-
yl)-2,5- diphenyltetrazolium bromide (MTT) 
assay. CRC spheroids were treated with TQ and 
5-FU at the concentrations of 5,10, 20, 50, 100, 
200, 400, and 800 μM and PTX at the 
concentrations of 1, 2, 4, 8, 16, 32, and 64 mM 
for 24 h. 100 µL of 0.5 mg/mL MTT solution 
(Cat No. M5655, Sigma Aldrich, USA) was 
added to each well, followed by incubating                    
at 37 °C for 3 h. Then, the MTT solution                      
was pulled out, and formazan crystals were 
dissolved in 100 µL of dimethyl sulfoxide 
(DMSO; Merck, Germany). The optical density 
(OD) was measured at 570 nm using a 
microplate reader (BioTek, USA). The analysis 
was conducted using three separate experiments. 
Cell viability was obtained using the following 
equation: 

 Cell viability ሺ%ሻ  =  𝑂𝐷்OD஼  ×  100                  
 
where, ODT and ODC expressed the OD for the 
treatment and the control groups, respectively. 

Following the MTT assay, concentration-
response curves were plotted in the GraphPad 
Prism software version 9 (GraphPad Software, 

San Diego, CA, USA), and IC50 values were 
determined. 

 
Senescence induction and design of 
experimental groups 

Twenty freshly formed Caco-2 spheroids 
were placed in 24-well plates containing HG-
DMEM for each well. Then, spheroids were 
divided into 5 experimental groups as follows: 1. 
CRC spheroids without senescence induction 
(control); 2. 5-FU-induced senescent spheroids 
(5-FU); 3. 5-FU-induced senescent spheroids 
treated with the IC50 of PTX (5-FU + PTX); 4. 
5-FU-induced senescent spheroids treated with 
the IC50 of TQ (5-FU + TQ); 5. 5-FU-induced 
senescent spheroids co-treated with the IC50 of 
PTX and TQ (5-FU + PTX + TQ). 

Spheroids were first treated with 5-FU                    
(60 µM; ~50% IC50) for 48 h to induce 
senescence. Following senescence induction, 
spheroids were then treated simultaneously for 
an additional 24 h with 30 µM TQ (50% of IC50) 
and 3.5 mM PTX (50% of IC50). 
 
Senescence-associated β-galactosidase assay  

The senescence was determined by 
evaluation of β-galactosidase (β-gal) activity                   
in experimental groups using the Senescence 
Detection Kit (Cat No. 9860, Cell                   
Signaling Technology, USA), according                   
to the manufacturer's instructions. After 
treatment, CRC spheroids were washed with 
phosphate-buffered saline (PBS) twice, fixed 
with 2% formaldehyde and 0.2% 
glutaraldehyde, and incubated in an X-gal 
staining solution overnight in the dark.                   
After discarding the stain, samples were                
washed with PBS. Images of the stained 
spheroids were captured using a light 
microscope under the ×10 objective lens 
(Olympus BH-2, Japan) equipped with a digital 
Dino-Eye camera (AM7023, Taiwan) and 
Capture 2.0 software. For quantitative analysis, 
the intensity of the green-blue dye was assessed 
using ImageJ software. Untreated CRC 
spheroids and those treated with a known 
senescence inducer were assigned as the 
positive control. Negative control was 
considered spheroids treated with the                   
staining solution without the addition of                   
the X-gal substrate. 
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Apoptosis assay by Annexin V/propidium 
iodide assessment 

To determine the apoptosis rate in treated 
spheroids, Annexin V-fluorescein isothiocyanate 
(FITC) and the propidium iodide (PI) detection 
kit (Padza, Iran) were used. Single-cell 
suspensions of spheroids were prepared using 
trypsin digestion. The cell suspension was then 
centrifuged at 1500 rpm for 5 min to pellet the 
cells, which were subsequently used for the 
apoptosis assay. The cells were washed twice 
with cold PBS and then resuspended in 1× 
binding buffer. The cells were stained for 15 
min with Annexin V-FITC at room temperature 
in the dark. Afterward, PI was added, and the 
samples were analyzed by flow cytometer (BD 
Biosciences FACS Canto II, San Diego, CA, 
United States) within 15 min. FlowJo software 
version 10 (Tree Star Inc., USA) was used to 
analyze the results and calculate the distribution 
percentage of viable, early apoptotic, late 
apoptotic, and necrotic cells. The gating 
strategy included forward and side scatter to 
exclude debris, followed by Annexin V-FITC 
versus PI plots to define the four populations. 
The event count was set to a minimum of 10000 
events per sample, and data were collected in 
triplicate for 3 independent experiments.  
 
Live/dead cell staining 

Spheroids were stained using a live/dead 
staining method as described previously (33). 
For each sample, 500 µL of the calcein 
acetoxymethyl (Calcein-AM) working solution 
(2 µM in PBS) and 50 µL of the PI (1 µg/mL in 
PBS) working solution were added to each well. 
The spheroids were then incubated with the 
staining solution at 37 °C for 1 min. After 
incubation, the spheroids were gently washed 
2-3 times with PBS to remove excess dye. For 
imaging, the stained spheroids were transferred 
to a microscope slide and covered with a 
coverslip. The spheroids were visualized under 
a fluorescence microscope using appropriate 
filters; Calcein-AM (live cells) was visualized 
with excitation at 495 nm and emission at 515 
nm (green fluorescence), while PI (dead cells) 
was visualized with excitation at 535 nm and 
emission at 617 nm (red fluorescence). The 
images were analysed using ImageJ software to 
quantify the populations of live and dead cells.  

Western blot analysis 
The expression of p53, P16,  P21, Bcl2, Bax, 

cleaved caspase 3, and H2A histone family 
member X (H2AX) proteins in the treated 
spheroids was evaluated using the western blot 
method. The spheroids were lysed in 200 µL of 
lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 
0.1% Triton X-100, and 1 mM NaF) supplied 
with protease inhibitor cocktails (Sigma-
Aldrich, MO, USA) for 30 min on ice. The 
protein concentration of the cell lysate was 
quantified using the Bradford protein assay. For 
electrophoresis, equal amounts (10 μg) of 
protein from each sample were denatured by 
adding 5× sodium dodecyl sulfate (SDS) 
sample buffer and incubating at 95 °C for 5 min. 
A total of 10 μg of protein per sample was 
loaded onto a 10% SDS-polyacrylamide gel 
electrophoresis (PAGE) and subjected to 
electrophoresis at 120 V for 2 h. The proteins 
were then transferred onto polyvinylidene 
fluoride (PVDF) membranes (Amersham, 
USA) and blocked overnight at 4 °C with 5% 
bovine serum albumin  (BSA, Sigma, USA) in 
Tris-buffered saline (TBS, Sigma, USA) 
containing 0.05% Tween-20 (Sigma, USA), 
using a wet transfer system at 100 V for 1 h at 
4 °C. The membrane was incubated with 
primary antibodies  diluted 1:500 in blocking 
solution, as well as P53 (#2524), P16 (#80772), 
P21 (#2947), H2AX (#80312), Bcl2 (#4223), 
Bax (#2774), and caspase 3 (#9662) antibodies 
(Cell Signaling Technology, USA) for 2 h at 
room temperature. After 15-min-wash for                   
3 times in Tris-buffered saline with Tween 20, 
membranes were incubated with an appropriate 
secondary antibody (#96232, Cell Signaling 
Technology, USA) conjugated to horseradish 
peroxidase diluted 1:1000 in blocking solution 
for 2 h. Following 3 additional washes, protein 
reactivity was visualized using an 
electrochemiluminescence detection kit (ECL, 
Parstous, Iran). Protein loading was normalized 
to GAPDH immunoreactivity (D16H11; Cell 
Signaling Technology, USA). The blots were 
detected using the Fusion X chemiluminescence 
imaging system (Vilber, USA), and the results 
were expressed as fold change relative to the 
control group. Optical density analysis was 
performed using the Fusion X software and 
expressed as a fold change to the control group. 
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Detection of reactive oxygen species 
The intracellular levels of reactive oxygen 

species (ROS) were measured using a ROS assay 
kit (KROS96, Kiazist, Iran) by using 2',7'-
dichlorodihydrofluorescein diacetate (DCFDA), 
a non-fluorescent dye that interacts with ROS to 
create fluorescent 2,7-dichlorofluorescein (DCF). 
To determine the level of ROS in cells, the 
spheroids were dissociated and stained with 1 
mM DCFDA solution in PBS and incubated in a 
37 °C incubator for 30 min. Following the 
incubation, the cells were washed twice with 1× 
PBS and DCFDA, and fluorescence intensity was 
determined at 491 nm excitation and 516 nm 
emission using a fluorescence microplate reader 
(BipoTek Synergy H1, USA). The mean 
fluorescence intensity was normalized with blank 
media. Results were normalized by protein 
concentration assayed by the Bradford method 
and expressed relative to the control group.  
 
Interleukin-8 assay 

Interleukin-8 (IL-8) secretion was assessed 
using the ELISA kit (SL1736Hu, Sunlong 
Biotech, China). Supernatants of CRC 
spheroids were collected and centrifuged. Fifty 
µL of supernatants mixed with an equal volume 
of assay buffer (1×) were transferred to each 
well of the IL-8 microplate and incubated at 
room temperature for 1 h under mild shaking. 
Wells were washed with washing buffer (1.5×), 
100 µL of substrate solution was added to each 
well, and the microplate was incubated at room 
temperature for 10 min in the dark. Then,               
100 µL of stop solution was added to the wells, 
and OD values were measured at 450 nm in an 
ELISA reader (BioTek, USA). IL-8 levels were 

determined against a standard curve of IL-8 
serial dilution and reported as pg/mg protein.  
 
Statistical analysis 

Quantitative data were obtained in triplicate. 
All data were reported as mean ± SD and 
analyzed using GraphPad Prism 9 software 
(GraphPad Software, San Diego, CA, USA). P-
values < 0.05 were considered significant. The 
Shapiro-Wilk test was used to evaluate data 
normality or error variance equivalence. The 
data were analyzed using the one-way analysis 
of variance (ANOVA), followed by Tukey's 
test. For the synergy analysis, based on the 
highest single agent (HSA) model, the effect of 
the combination treatment was compared to the 
individual agent (PTX or TQ) using one-way 
ANOVA, followed by Tukey's test. A 
synergistic effect was identified if the combined 
treatment exhibited a significantly higher effect 
compared to the single agent. 
 

RESULTS 
 
Characteristics of CRC 3D spheroids from 
Caco-2 cells  

After cultivating under sphere-forming 
conditions, Caco-2 cells were monitored daily 
regarding spheroid formation (Fig. 1). From 
day 2, spheroids appeared with visible 
aggregation of cells, while by day 5, spheroids 
exhibited a more compact and well-formed 
structure with a smooth edge. The cells were 
incubated for 7 days to achieve tight spheroid 
formation. By day 7, spheroids reached a 
diameter of approximately 150-200 μm, which 
was ideal for further experimental use.  

 
Fig. 1. Generation of Caco-2 3D spheroids using Poly-HEMA-coated plates and the fibroblast-conditioned medium. 
Images of morphology of CRC 3D spheroids from Caco-2 cells on days 2, 5, and 7 after culture were obtained using the 
inverted microscope (5×). On day 2, cells began to aggregate with loose and irregular boundaries; by day 5, the spheroid 
became more compact, with partial boundary smoothing; by day 7, a well-defined, dense, and nearly spherical structure 
with a smoother surface was observed, indicating maturation and stabilization of the spheroid architecture. 
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Effects of TQ and PTX on the cell viability of 
Caco-2 spheroids 

The viability of Caco-2 spheroids treated with 
different doses of 5-FU, PTX, and TQ was 
evaluated using the MTT assay. The results 
showed that cell viability decreased in treated 
cells in a concentration-dependent manner, with 
remarkably reduced viability at higher 
concentrations. The IC50 values at 24 h, 
determined by the concentration-response curve, 
were 119.4 µM, 7.07 mM, and 58.34 µM for 5-
FU, PTX, and TQ, respectively (Fig. 2).  
 
Effect of TQ and PTX on the SA-β -Gal activity 
in Caco-2 spheroids  

Senescence induction in spheroids treated with 
5-FU, PTX, and TQ was assessed using β-Gal 
staining (Fig. 3A). The results demonstrated that 
5-FU had a significant effect on SA -β-Gal 
activity compared to the control group. In the 5-
FU + TQ and 5-FU + PTX + TQ groups, SA -β-
Gal activity was significantly increased compared 
to the 5-FU group. However, no significant 

difference in senescence was observed between 
the 5-FU and 5-FU + PTX groups. The 
combination of PTX and TQ induced 
significantly higher SA-β -Gal activity compared 
to the individual treatments with PTX or TQ 
alone, indicating a synergistic effect of the 
combination on senescence induction (Fig. 3B).  
 
Effect of TQ and PTX on apoptosis of Caco-2 
spheroids 

The rate of apoptosis of  Caco-2-derived 
spheroids in different experimental groups is 
shown in Fig. 4. The apoptosis rate of Caco-2-
derived spheroids was increased significantly in 
the 5-FU group compared with the control group. 
Notably, the combination of PTX and TQ 
significantly increased the apoptosis rate 
compared to the 5-FU and 5-FU + PTX groups, 
indicating a synergistic effect of the combination 
on senescence induction. The rate of apoptosis 
was significantly higher in the 5-FU + TQ group 
compared to the 5-FU and 5-FU + PTX groups 
(Fig. 4B). 

 
Fig. 2 . Cytotoxic effects of (A) 5-FU, (B) PTX, and (C) TQ on Caco-2-derived spheroids. MTT assay was used to determine the  IC50 
values of 5-FU (119.4 µM),  PTX (7.07 mM), and TQ (58.34 µM). For control, the cells were treated with 0.2% DMSO (vol/vol) in the 
cell culture media. Data were expressed as mean ± SD, n = 3. 5-FU, 5-Fluorouracil; PTX, pentoxifylline; TQ, thymoquinone.  
 

  
Fig. 3. The SA-β-Gal activity in Caco-2-derived spheroids following treatment with 5-FU (60 µM), PTX (3.5 mM), and TQ                   
(30 µM) for 24 h. (A) Representative images and (B) graphs representing β‑galactosidase-stained surface of spheroids. CRC 
spheroids without senescence induction were considered the control group. Data were expressed as mean ± SD, n = 3. *P < 0.05 
indicates significant difference compared to control group; ###P < 0.001 versus 5-FU group; $$$P < 0.001 represents the significant 
difference between the designated groups. 5-FU, 5-Fluorouracil; PTX, pentoxifylline; TQ, thymoquinone; SA-β-Gal, senescence-
associated β-galactosidase. 
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Fig. 4 . Annexin V-FITC/PI staining of Caco-2-derived spheroids following treatment with 5-FU (60 µM), PTX (3.5 mM), 
and TQ (30 µM) for 24 h. CRC spheroids without senescence induction were considered the control group. (A) Flow 
cytometric analysis. The percentage of cells was shown for each quadrant. Data were presented as mean ± SD. Q1, Dead 
cells (AV-/PI+); Q2, late apoptotic cells (AV+ /PI+); Q3, early apoptotic cells (AV+ /PI-); Q4, live cells (AV-/PI-). (B) 
The percentage of apoptotic cells in Caco-2. Data were expressed as mean ± SD, n = 3. ***P < 0.001 indicates significant 
difference compared to the control group; ###P < 0.001 versus 5-FU group; $P < 0.05 and $$$P < 0.001 represent the 
significant differences between the designated groups. 5-FU, 5-Fluorouracil; PTX, pentoxifylline; TQ, thymoquinone; 
AV, Annexin V; PI, propidium iodide.  
 
 
 

Effect of TQ and PTX on the viability of Caco-
2 spheroids 

The results of live/dead cell                               
imaging of spheroids treated with 5-FU,                         
TQ, and PTX, performed using Calcein-AM/PI 
staining to determine cell viability, are                     
shown in Fig. 5. The mean relative       
fluorescence intensity of PI, a marker of dead 
cells, in Caco-2-derived spheroids was 
significantly increased in the 5-FU group 
compared to the control group. 5-FU treatment 
increased the number of red PI-positive                       
cells in comparison to the control group, 
indicating enhanced cell death. In the 5-FU + 
TQ and 5-FU + PTX groups, mean                           
relative fluorescence intensity of PI                                
had no significant difference compared to the 5-
FU group. Furthermore, the combination of TQ 
and PTX significantly resulted in a higher PI 
fluorescence intensity compared to the 5-FU,  
5-FU + PTX, and 5-FU + TQ groups (Fig. 5). 

Effect of TQ and PTX on the expression of cell 
cycle arrest and DNA damage associated with 
proteins in Caco-2 spheroids  

Western blot analysis showed no significant 
change in p53 protein expression in the 5-FU 
group compared to the control group. Also, there 
was no significant change in the expression of                 
p53 protein in the 5-FU + PTX and 5-FU + TQ 
groups compared to the 5-FU group. A significant 
increase was shown in the 5-FU + PTX + TQ 
group compared to the 5-FU + PTX and 5-FU + 
TQ groups (Fig. 6A)  .  The expression of p16 
protein significantly increased in the 5-FU group 
compared to the control group. Also, a significant 
increase was seen in the expression of p16 protein 
in the 5-FU + PTX + TQ group compared to the  
5-FU + PTX and 5-FU + TQ groups. The 
expression of p16 protein in the 5-FU + PTX group 
was significantly reduced compared to the 5-FU 
group. The p16 protein expression was 
significantly increased in the 5-FU + TQ group 
compared to the 5-FU + PTX (Fig. 6B). 
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Fig. 5. Live/dead assay for the viability of the Caco-2-derived spheroids following treatment with 5-FU (60 µM), PTX 
(3.5 mM), and TQ (30 µM) for 24 h. CRC spheroids without senescence induction were considered the control group. 
(A) Quantification from the live/dead assay using ImageJ software. Green fluorescence indicates Calcein-AM stain in the 
live cells, and red fluorescence indicates the PI stain in the dead cells. (B) Mean relative fluorescence intensity of PI, a 
marker of dead cells. Data were expressed as mean ± SD, n = 3. ***P < 0.001 indicates significant difference compared to 
the control group; ###P < 0.001 versus 5-FU group; $P < 0.05 and $$$P < 0.001 represent the significant differences between 
the designated groups. 5-FU, 5-Fluorouracil; PTX, pentoxifylline; TQ, thymoquinone; PI, propidium iodide. 
 
 

 
 

Fig. 6. The expression levels of (A) p53, (B) p16, (C) p21, and (D) H2AX proteins in Caco-2-derived spheroids following 
treatment with 5-FU (60 µM), PTX (3.5 mM), and TQ (30 µM) for 24 h using the western blot method. (E) Western blot 
images. CRC spheroids without senescence induction were considered the control group. GAPDH protein was used as a 
calibrator. Data were presented as mean ± SD, n = 2. **P < 0.01 and ***P < 0.001 indicate significant differences compared 
to the control group; #P < 0.05, ##P < 0.01, and ###P < 0.001 versus 5-FU group; $P < 0.05, $$P < 0.01, and $$$P < 0.001 
represent the significant differences between the designated groups. 5-FU, 5-Fluorouracil; PTX, pentoxifylline; TQ, 
thymoquinone.  
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The expression of p21 protein was significantly 
increased in the 5-FU group compared to the 
control group. Moreover, the combination of PTX 
and TQ significantly enhanced the p21 expression 
compared to both the 5-FU + PTX and 5-FU + TQ 
groups (Fig. 6C) . 

H2AX protein expression was significantly 
increased in the 5-FU group compared to the 
control group. In addition, H2AX expression was 
significantly higher in the group treated with the 
PTX + TQ compared to the 5-FU + TQ and 5-FU 
+ PTX groups. On the other hand, there was 
decreased H2AX expression in the 5-FU + PTX 
group compared to the 5-FU group, although this 
difference was not statistically significant. In 
contrast, the 5-FU + TQ group exhibited a 
significant increase in H2AX expression 
compared to the 5-FU group. Additionally, the 5-
FU + PTX + TQ group showed a significant 
increase in H2AX expression compared to the 
group in which senescence was induced alone                      
(Figs. 6D).  

Western blot images of the protein relative 
expression are shown in Figs. 6E and S1.  

Effect of TQ and PTX on the expression of 
apoptosis-associated proteins  

The evaluation of Bax protein expression, a 
marker of apoptosis, showed an increase in the 
5-FU group compared to the control group, 
although this increase was not statistically 
significant. The highest increase in Bax 
expression was observed in the 5-FU + PTX + 
TQ group, which showed a significant increase 
compared to the 5-FU + TQ, 5-FU + PTX, and 
5-FU groups. Bax expression was significantly 
higher in the 5-FU + TQ group than both the 5-
FU + PTX group and the 5-FU group, while no 
significant difference was observed between 
the 5-FU + PTX and 5-FU groups (Fig. 7A). 

Bcl2 protein expression was decreased in the 
5-FU group compared to the control group, but 
this difference was not significant. 5-FU + TQ 
and 5-FU + PTX groups showed a significant 
decrease in Bcl2 expression compared to the 5-
FU group. Furthermore, the 5-FU + PTX group 
displayed a significant increase in Bcl2 
expression compared to both the 5-FU + TQ 
and 5-FU + PTX   + TQ groups (Fig. 7B) 

 

  
Fig. 7. The expression levels of (A) Bax, (B) Bcl2, and (C) cleaved caspase 3 proteins and (D) ratio of Bax/Bcl2 expression level 
in Caco-2 derived spheroids following treatment with 5-FU (60 µM), PTX (3.5 mM), and TQ (30 µM) for 24 h using the Western 
blot method. (E) Western blot images. CRC spheroids without senescence induction were considered the control group. GAPDH 
protein was used as a calibrator. Data were reported as mean ± SD, n = 2. ***P < 0.001 indicates significant difference compared to 
the control group; ##P < 0.01 and ###P < 0.001 versus 5-FU group; $$P < 0.01 and $$$P < 0.001 represent the significant differences 
between the designated groups. 5-FU, 5-Fluorouracil; PTX, pentoxifylline; TQ, thymoquinone.  



Senolytic effect of TQ and PTX in 3D CRC model 

315 

 
Fig. 8. The levels of (A) ROS and (B) IL-8 in Caco-2-derived spheroids following treatment with 5-FU (60 µM), PTX 
(3.5 mM), and TQ (30 µM) for 24 h. CRC spheroids without senescence induction were considered the control group. 
Data were presented as mean ± SD, n = 3. ***P < 0.001 indicates significant difference compared to the control group; 
###P < 0.001 versus 5-FU group; $$$P < 0.001 represents the significant difference between the designated groups. 5-FU, 
5-Fluorouracil; PTX, pentoxifylline; TQ, thymoquinone. 
 

The expression of cleaved caspase 3 protein 
was significantly increased in 5-FU-treated 
cells compared to the control group. 
Additionally, the cleaved caspase 3 expression 
was significantly higher in the 5-FU + PTX, 5-
FU + TQ, and 5-FU + PTX  + TQ groups 
compared to the 5-FU group. The highest level 
of cleaved caspase 3 expression was observed 
in the 5-FU + PTX +TQ group (Fig. 7C). 

The highest Bax/Bcl2 ratio was observed in 
the 5-FU + PTX + TQ group compared with 
other groups, significantly. Also, the Bax/Bcl2 
ratio in the 5-FU + TQ and 5-FU + PTX groups 
displayed a significant increase compared to the 
5-FU group (Figs. 7D). 

Western blot images of the protein relative 
expression are shown in Figs. 7E and S1.  
 
Effects of TQ and PTX on oxidative stress 
marker and IL-8 secretion in Caco-2 
spheroids 

The evaluation of ROS level as a marker of 
oxidative stress revealed a significant increase 
in ROS in the 5-FU group compared to the 
control group. A similar significant increase in 
ROS was observed in the 5-FU + TQ, 5-FU + 
PTX, and 5-FU + PTX + TQ groups, all of 
which were significantly higher compared to 
the 5-FU group. No significant difference in the 
ROS level was observed between the 5-FU + 
TQ and 5-FU + PTX groups.  The highest 
increase in ROS level was observed in the 5-FU 
+ PTX + TQ group, which showed a significant 
increase compared to the groups that received 
only PTX or TQ (Fig. 8A), indicating a 

synergistic effect of the combination of                   
PTX and TQ. 

The level of IL-8 was significantly elevated 
in all 5-FU-treated spheroids compared to the 
control group. The combination of PTX and TQ 
induced the highest increase in IL-8 level 
compared to other groups, significantly. 
Additionally, the 5-FU + PTX group showed a 
significantly higher level of IL-8 than the 5-FU 
+ TQ group (Fig. 8B). 
 

DISCUSSION 
 

CRC remains a major clinical challenge 
globally due to its prevalence, high mortality, 
therapy resistance, and recurrence (34). 
Chemotherapy-induced senescence (CIS) is a 
double-edged sword: senescent cells secrete 
SASP factors that can promote tumor growth, 
metastasis, and relapse (35). Senolytics 
selectively eliminate senescent cells, reducing 
SASP-mediated inflammation and enhancing 
therapeutic efficacy (30). According to recent 
studies, piceatannol, hesperidin, and oleanolic 
acid are the most promising senolytic 
candidates for combating 5‑FU‑induced 
senescence, which could serve as adjuvant 
therapies to mitigate the adverse effects of 
chemotherapeutic senescence (36-38). Recent 
preclinical studies have indicated the benefits of 
senolytics in improving outcomes across 
various cancer models (39), however, their 
application in CRC, particularly within a 3D 
spheroid model, remains limited. 



Makalani et al. / RPS 2026; 21(3): 305-322 
 

316 

In this research, we  investigated the 
senotherapeutic potential of TQ and PTX against 
5-FU-induced senescence in CRC for the first 
time, using a 3D spheroid model that more 
closely mimics the in vivo tumor 
microenvironment. 

The morphological features, size, and 
homogeneity of the spheroids observed in the 
present results were consistent with results in 
previous studies, successfully replicating a 3D 
colorectal tumor model  (40,41) . Poly-HEMA-
coated plates prevented cell adhesion and 
enabled uniform spheroid formation, while 
fibroblast-conditioned medium enhanced 
spheroid maturation, simulating tumor-stroma 
interactions. This 3D model is reliable for 
evaluating therapies and, unlike 2D cultures, 
better reflects in vivo tumor complexity and 
heterogeneity (42). The present results 
demonstrated that 5-FU treatment induced 
significant senescence in Caco-2 colorectal 
spheroid cells, as evidenced by several markers 
of cellular stress and senescence. 

Additionally, the results revealed an increase 
in senescence-associated β-Gal activity, a 
hallmark of senescence, further confirming the 
induction of senescence in response to 5-FU 
treatment. The current data also demonstrated 
significant upregulation of the tumor suppressor 
proteins p21, p16, and p53, which are key 
regulators of the senescence phenotype. 
Activation of these proteins leads to stable cell 
cycle arrest consistent with previous                  
findings, indicating that DNA-damaging 
chemotherapeutics, such as 5-FU, promote 
senescence through the p16/p21/p53 pathway 
(43,44). Moreover, the increased γH2AX 
expression observed in this study suggested 
DNA damage response activation, which further 
supports the role of 5-FU in inducing cellular 
senescence via genotoxic stress  (45,46) . 
Interestingly, the ratio of Bax/Bcl2 remained 
unchanged in the 5-FU-treated Caco-2 
spheroids, suggesting that while 5-FU induced 
senescence, it did not significantly alter the 
apoptotic balance in these cells. This result is in 
contrast to a study performed on endothelial 
cells, where 5-FU treatment led to significant 
shifts in the Bax/Bcl2 ratio, promoting apoptosis 
(47). However, the present findings are 
consistent with a previous study demonstrating 

that 5-FU induces cellular senescence together 
with either apoptosis or autophagy-mediated cell 
death in various cell types, suggesting context-
dependent differences in cellular susceptibility 
to these pathways (48).    

The increase in ROS production observed in 
this study is likely linked to mitochondrial 
dysfunction, a well-established driver of both 
oxidative stress and senescence. In line with this, 
mitochondrial ROS production and impaired 
mitophagy have been identified as key factors in 
5-FU-induced senescence in other models, such 
as endothelial cells (49) . This mitochondrial 
dysfunction can lead to metabolic alterations, 
including increased oxidative phosphorylation 
activity, even in the presence of inefficient 
electron transport and reduced ATP production, 
which may contribute to the persistence of the 
senescent state (50)    . While we did not observe 
changes in apoptosis markers such as the 
Bax/Bcl2 ratio, the induction of ROS, β-Gal 
activity, and the p16/p21/p53 axis in Caco-2 
spheroids suggested a similar mechanism of CIS 
in CRC cells. These findings not only supported 
the dual role of 5-FU in inducing both 
senescence and apoptosis but also underscored 
the complex interplay between oxidative stress, 
mitochondrial dysfunction, and cellular fate 
mechanisms in response to chemotherapy. 

PTX, a xanthine derivative, and TQ, a 
bioactive compound derived from Nigella 
sativa, have been known due to their anticancer 
properties (26,51), but their senotherapeutic 
effects in CRC were unclear. To assess this, 5-
FU-induced senescent colorectal spheroids were 
treated with PTX and TQ individually and in 
combination. MTT assays showed that both 
agents significantly reduced cell viability, with 
the combination producing the most pronounced 
cytotoxic effect, indicating a synergistic 
interaction. Combination treatment with TQ and 
PTX significantly increased the pro-apoptotic 
protein Bax and decreased the anti-apoptotic 
protein Bcl2 compared to 5-FU and single 
treatments. This altered Bax/Bcl2                    
ratio promoted mitochondrial membrane 
permeability, cytochrome c release, and caspase 
activation, including elevated cleaved caspase 3, 
leading to apoptosis. Increased p53 expression 
further reflected activation of DNA damage 
response pathways and enhanced cell death.  
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Interestingly, p16 expression was significantly 
decreased in the PTX group compared to the 5-
FU group, whereas treatment with TQ increased 
p16 levels. This differential regulation may 
reflect distinct effects on the maintenance of 
senescence (52). On one hand, PTX may partially 
reverse senescence-associated growth arrest and 
sensitize cells to apoptosis (53,54), while on the 
other hand, TQ may reinforce senescence 
signaling and facilitate apoptotic clearance (55). 
The reduction of p16 expression by PTX 
indicated a partial reversal or bypass of 
senescence and increased sensitivity of cells to 
apoptosis, which is consistent with studies 
showing that mitotic stress can overcome 
senescence barriers (56-58). 

The Annexin V/PI assay indicated that the 
proportion of cells in early apoptosis was 
significantly higher in the PTX, TQ, and 
especially the combination of PTX and TQ 
groups compared to the 5-FU group. This 
suggests that both TQ and PTX possess potent 
pro-apoptotic activity capable of selectively 
eliminating senescent CRC cells induced by 5-
FU. Senescent cells are metabolically active, 
growth-arrested and often resistant to apoptosis 
due to upregulation of anti-apoptotic pathways 
(8,59,60). The ability of TQ and PTX to 
overcome this resistance and trigger 
programmed cell death implied that these 
agents function as effective senotherapeutic 
agents. This aligns with previous findings, 
showing that compounds inducing mitotic 
stress or oxidative imbalance can sensitize 
senescent cells to undergo apoptosis (61,62). 

The level of ROS in 5-FU-treated spheroids 
was significantly increased compared to the 
controls, and it was further elevated in the PTX-
, TQ-, and PTX + TQ-treated groups. It has 
been shown that increased ROS can lead to 
oxidative DNA damage, enhance senescence, 
and stimulate apoptosis. TQ exerts its 
anticancer effects through the induction of 
oxidative stress, modulation of apoptotic 
proteins, and anti-inflammatory actions (55). 
The increase in ROS indicates that PTX and TQ 
enhance oxidative stress in senescent cells, 
contributing to increased apoptosis. The pro-
oxidant effects of TQ in cancer cells have also 
been reported, potentially through 
mitochondrial disruption and NADPH oxidase 

activation (63). The synergic senotherapeutic 
effects of PTX and TQ likely arise from 
complementary mechanisms; PTX inhibits cell 
growth and apoptosis, while TQ amplifies 
oxidative stress and modulates inflammatory 
signaling (60,64). 

IL-8 is a pro-inflammatory chemokine that 
promotes tumor proliferation, angiogenesis, 
and immune recruitment, contributing to a 
tumor-supportive microenvironment even 
during apoptosis (65). As a central SASP 
component, IL-8 plays a paradoxical role in 
therapy-induced senescence by both halting 
tumor growth and supporting a permissive 
microenvironment. In this study, 5-FU-treated 
spheroids showed elevated IL-8, consistent 
with a previous study, indicating increased 
SASP factors in senescent cells (66). 
Interestingly, the combination of PTX and TQ 
resulted in the highest level of IL-8, which 
suggests that these compounds may amplify the 
pro-inflammatory response during the early 
stages of senescence. This effect might reflect 
the context-dependent modulation of cytokine 
release during senescence induction and the 
early senolytic response (67,68). A similar 
finding observed in Bogdanova’s study 
demonstrated that the combination of dasatinib 
and quercetin, as senolytic agents, increased the 
secretion of IL-6, another major pro-
inflammatory cytokine in the SASP (30). This 
unexpected increase in IL-6 suggests that 
senolytic treatments, while effective in 
eliminating senescent cells, can paradoxically 
amplify SASP components like IL-6, thereby 
modulating the tumor microenvironment in 
complex ways. Similarly, Haubeiss et al. 
reported that dasatinib treatment upregulated  
IL-6 in a CAF model, further supporting the idea 
that senolytic therapies may provoke a transient 
pro-inflammatory response (69). Moreover, Du 
et al. investigated cisplatin-induced senescence 
and found that senolytic therapy with 
dasatinib/quercetin resulted in increased 
secretion of IL-1β (70). Further research is 
needed to investigate the precise molecular 
mechanisms through which PTX and TQ 
modulate IL-8 and other SASP factors,                
and how these factors contribute to the 
senotherapeutic effects observed in the treatment 
groups. Additionally, longer-term time points 
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and dose-response studies will be essential in 
assessing the temporal dynamics of IL-8 
secretion and other inflammatory markers, as 
well as the overall impact on tumor progression. 

The SA -β-Gal assay revealed a significant 
increase in 5-FU-induced senescent spheroids 
compared to the control, confirming effective 
senescence induction in the 3D CRC model. 
Treatment with TQ and PTX, individually or 
combined, further elevated β-Gal activity, with 
the combination showing the highest level, 
suggesting a synergistic effect.  

Although senolytic agents are typically 
expected to reduce SA-β-Gal activity by 
eliminating senescent cells, the current research 
exhibited that this activity was unexpectedly 
elevated after treatment with TQ and PTX, 
especially in combination. These findings 
suggest that TQ and PTX may not behave as 
classical senolytics under the conditions tested, 
but rather as senotherapeutic agents that remodel 
senescence pathways in CRC cells . In line with 
this, the present findings revealed increased 
expression of cell-cycle inhibitors (p21, p16, and 
p53) together with modulation of SASP-related 
and apoptotic markers, indicating reinforcement 
of senescence and activation of stress and death 
pathways rather than simple depletion of the 
senescent population. Given that cancer cells 
often exhibit rewired senescence and survival 
signaling, it is plausible that TQ and PTX shift 
the balance toward a more stable, growth-
arrested, and pro-apoptotic state without 
immediately reducing the pool of SA-β-Gal-
positive cells. Therefore, on the basis of present 
data, these compounds are better described as 
senotherapeutic agents modulating senescence 
and apoptosis in 5-FU-treated CRC spheroids, 
rather than routine senolytics, while their 
potential senolytic effects may be context- and 
time-dependent and warrant further 
investigation.  

The current study findings may also be 
explained by alternative mechanisms. Firstly, 
TQ and PTX are known to induce oxidative 
stress, which can lead to a senescence-like 
response in cells. In this early phase, cells may 
exhibit increased β-Gal activity as a stress 
marker before progressing to actual cell death. 
This phenomenon is consistent with the SASP, a 
hallmark of senescence, where the secretion of 

pro-inflammatory cytokines and other factors 
occurs, potentially increasing β-Gal activity as 
part of the early senescence response. Secondly, 
both TQ and PTX may induce senescence in 
precursor cells that are not fully senescent but 
are on the brink of entering a senescent state. 
These precursor cells may exhibit a transient 
increase in β-Gal activity, which could reflect an 
early-stage senescence marker before the cells 
fully undergo senolysis. The elevated β-Gal 
activity in these cells would thus represent a 
temporary response to oxidative stress or SASP 
induction rather than a stable feature of fully 
senescent cells. Taken together, these findings 
suggest that the combination of TQ and PTX may 
lead to biphasic effects. Initially, they may induce 
a senescence-like phenotype, including elevated 
β-Gal activity. Over time, these agents may 
trigger senolysis, the ultimate removal of these 
senescent cells via apoptosis. Therefore, the 
observed increase in β-Gal activity could be part 
of an early senescence phase, which precedes the 
apoptotic elimination of these cells (71-73).  
 

CONCLUSION 
 

The present study showed that TQ and PTX 
enhanced senotherapy activity in 5-FU-induced 
senescent CRC spheroids by modulating the 
senescence-associated secretory phenotype and 
activating apoptotic pathways. The 
combination of TQ and PTX, through ROS-
mediated mechanisms, sensitized cells to 5-FU, 
improving its therapeutic efficiency. In a 3D 
spheroid model, the co-treatment effectively 
modulated senescence and promoted apoptosis, 
indicating a promising strategy to improve 
CRC therapy and reduce recurrence. 
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Fig. S1. Western blot analysis of the relative expression of proteins. (A) P53; (B) P16; (C) P21; (D) H2AX; (E) Bax; 
(F) Bcl2; (G) cleaved caspase 3; (H) GAPDH. L, ladder; lane 1, control; lane 2, 5-FU; lane 3, 5-FU+PTX; lane 4, 5-
FU+TQ; lane 5, 5-FU + PTX + TQ; 5-FU, 5-fluorouracil; PTX, pentoxifylline; TQ, thymoquinone. 


