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A B S T R A C T

Despite significant breakthroughs in frontline cancer research and chemotherapy for hepatocellular carcinoma 
(HCC), many of the suggested drugs have high toxic side effects and resistance, limiting their clinical utility. 
Exploring potential therapeutic targets or novel combinations with fewer side effects is therefore crucial in 
combating this dreadful disease. The current study aims to use a novel combination of ponatinib and gossypol 
against the HepG2 cell line. Cell survival, FGF19/FGFR4, apoptotic and autophagic cell death, and synergistic 
drug interactions were assessed in response to increasing concentrations of ponatinib and/or gossypol treatment. 
Research revealed that ponatinib (1.25–40 μM) and gossypol (2.5–80 μM) reduced the viability of HepG2 cells in 
a way that was dependent on both time and dose. Ponatinib’s anti-proliferation effectiveness was improved 
synergistically by gossypol and was associated with a rise in apoptotic cell death, cell cycle blockage during the 
G0/G1 phase, and suppression of the FGF19/FGFR4 axis. Furthermore, the ponatinib/gossypol combination 
lowered Bcl-2 and p-Akt while increasing active caspase-3, Beclin-1, p62, and LC3II. This combination, however, 
had no harm on normal hepatocytes. Overall, gossypol enhanced ponatinib’s anticancer effects in HCC cells. 
Notably, this new combination appears to be potential adjuvant targeted chemotherapy, a discovery that war
rants more clinical investigation, in the management of patients with HCC.

1. Introduction

Hepatocellular carcinoma (HCC) is the most common cancer among 
all primary liver cancers according to the World Health Organization, 
accounting for more than 70 % of cases. It is predicted to rank third 
among cancer-related deaths in 2020, with an annual increase in both 
occurrences and fatalities [1]. In clinical practice, the standard thera
peutic options for HCC are surgery, chemotherapy, and radiotherapy 
[2]. Although substantial improvements many of the recommended 
drugs have extremely harmful adverse effects when used in combination 
with chemotherapy and front-line cancer research to treat HCC [3] and 
exhibit resistance, significantly limiting their use in the clinic.

HCC is hypothesized to be caused by abnormal activation of many 
intracellular cell proliferation and angiogenesis pathways including 
tyrosine kinase receptors as EGFR, VEGFR, PDGFR, FGFR, and others 
[4]. As a result, inhibiting the active site of a target kinase and pre
venting phosphorylation of intracellular targets that are frequently 

engaged in cell proliferation or angiogenesis [5,6]is crucial for cancer 
therapy. Sorafenib, a multi-kinase inhibitor, is currently the first-line 
therapy for HCC. However, its therapeutic efficacy is severely limited 
due to the development of drug resistance [7].

Natural products have shown to be excellent sources of innovative 
drug candidates. They make up over 80 % of anticancer medications 
used in clinical trials [8], and have multiple advantages such as 
non-toxicity, cost-effectiveness, availability, bioactivity, 
chemo-preventive potential, etc. [9]. Currently, numerous natural or 
mimicked natural products, such as paclitaxel, etoposide, irinotecan, 
and vincristine, have been approved for clinical usage as anticancer 
medications [10,11]. Among these, drugs that activate autophagy or 
apoptosis play a significant role. Furthermore, the development of 
specialized medications that inhibit cancer growth mechanisms, such as 
cell division acceleration by decreasing cell cycle proliferation, has 
emerged as a prospective necessity for developing cancer treatments 
[12].
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Consequently, identifying potential therapeutic targets or innovative 
combination strategies with fewer side effects is critical in combating 
this dreadful disease. Synergistic therapy targets many cancer pathways 
simultaneously and employs unique modes of action to prevent tumor 
drug resistance. In addition, it may lower medicine dosages and thera
peutic adverse effects for patients [13]. Our earlier studies used a unique 
combination of the powerful multi-targeted kinase inhibitor, ponatinib, 
used to treat chronic myelogenous leukaemia, and gossypol, a yellow 
polyphenolic substance that was first discovered in cottonseed, 
demonstrated potent efficacy against solid Ehrlich carcinoma and 
colorectal cancer [14,15]. These studies, however, have certain limita
tions, as only colorectal cancer cell lines were tested for the synergistic 
impact of ponatinib and gossypol; therefore, this effect must be verified 
using other cell lines. Furthermore, more detailed parameters are 
needed to explore the autophagy/apoptosis interaction that underpins 
this synergistic effect. Additionally, we must evaluate the off-target ef
fects of ponatinib, gossypol, or a combination of the two drugs on 
healthy hepatocytes.

Based on the foregoing, we hoped to look deeper into the potential 
mechanisms underlying this combination’s synergistic effect. We 
investigated the antiproliferative properties of this innovative combi
nation against the hepatocellular carcinoma HepG2 cell line. Further
more, the distribution of apoptosis, the cell cycle profile, and the 
expression of proteins linked to autophagy were evaluated. In addition, 
the safety of ponatinib, gossypol, and their combination on hepatocytes 
was examined. Our study is the first to show that gossypol and ponatinib 
combination exhibited synergistic anti-tumor actions via impeding DNA 
synthesis and replication, inducing cell cycle arrest, boosting apoptotic 
and autophagic effects, and ultimately cytotoxicity to HCC cell lines, 
while remaining safe for normal hepatocytes. Overall, combining 
ponatinib and gossypol medication may be a powerful and safe clinical 
therapeutic strategy for HCC.

2. Materials and methods

2.1. Drugs and reagents

In this investigation, 100 mM stock solutions of ponatinib 
(943319–70–8; with purity ≥98 %) and gossypol-acetic acid 
(12542–36–8; with purity ~95 %) were acquired from BOC Science, 
BOCSCI Inc, 45–16 Ramsey Road Shirley New York, NY 11967, USA, and 
stored at − 20 ◦C. Before use, the final dilutions were done immediately. 
Since the concentration of DMSO (analytical HPLC grade ~95 %) used in 
the experiment was less than 0.1 % (v/v), the cells were not harmed. 
Dulbecco’s modified Eagle’s medium (DMEM, Gibco, Life Technologies, 
America), fetal bovine serum (FBS, Gibco), 3-[4,5-dimethylthiazol-2- 
yl]-2,5-diphenyltetrazolium bromide (MTT), (5 mg/ml in PBS, Bio 
Basic Canada INC.), ab139418_ propidium iodide (PI) flow cytometry 
kit/BD (Abcam, Cambridge, UK), Annexin V-FITC and propidium iodide 
double-staining apoptosis detection kit (Biovision, USA), Radio immu
noprecipitation assay (RIPA) buffer, PL005, Bio BASIC INC. (Marhham 
Ontario L3R 8T4 Canada)), RNeasy Mini Kit (Qiagen, Hilden, Germany), 
HERA SYBR® Green RT-qPCR Kit (WF1030300X), p-Akt (Catalogue No. 
201–12–9003, Sun Red, China) and caspase-3 (Catalogue No. SRB-T- 
81642, Sun Red, China) were used. The ReadyPrepTM protein extrac
tion kit (total protein) was provided by Bio-Rad Inc (Catalogue No. 
#163–2086). The Bradford Protein Assay Kit (SK3041) for quantitative 
protein analysis was supplied by Bio basic Inc. (Markham Ontario L3R 
8T4 Canada). Polyacrylamide gels were performed using TGX Stain- 
Free™ FastCast™ Acrylamide Kit (SDS-PAGE), which was provided by 
Bio-Rad Laboratories inc (Catalogue No. # 161–0181). All chemicals 
used with high purity and analytical HPLC grade (>95 %).

2.2. Culture and cell lines

Human HCC cell line HepG2 (ATCC, HB-8065) and primary 

hepatocytes (ATCC, hepatic cell line BNL 1ME A.7 R.1; ATCC TIB-75) 
were purchased from VACSERA (Dokki, Giza, Egypt). HepG2 is a cell 
line with epithelial-like appearance that was obtained from the hepa
tocellular carcinoma of a 15-year-old, white youth male with liver 
cancer. While, non-malignant normal hepatocytes are epithelial cells 
obtained from the liver of a healthy mouse. Both HepG2 and hepatocytes 
were grown in 75-cm2 flasks in DMEM supplemented with 10 % fetal 
bovine serum, 100 U/ml penicillin, and 100 µg/ml streptomycin and 
incubated at 37◦C in a humidified incubator. (Vision Scientific Co., Ltd., 
Korea) with 95 % air and 5 % CO2. The media was continuously 
replenished every 3–4 days for the stock culture, and the cells were 
passaged when they reached 80 % confluence.

2.3. MTT assay

The viability of HepG2 and normal hepatocytes was tested with 
ponatinib, gossypol, and their combinations using the MTT assay. Based 
on the number of living cells, it measures how well mitochondrial de
hydrogenases in viable cells can change the yellow tetrazolium salt MTT 
into blue formazan [16]. Briefly, HepG2 cells and hepatocytes (1 ×104 

cells/well) were put into tissue culture plates with 96 wells (100 μl/well) 
and incubated for 24 h at 37 ºC to generate a full monolayer sheet (80 % 
confluence). The culture media was subsequently changed with fresh 
medium containing a variety of concentrations of ponatinib 
(1.25 − 40 μM), gossypol (2.5–80 μM), and in combinations (at a con
stant ratio of 1–2) dissolved at a final concentration of 0.1 % in vehicle 
DMSO. Each concentration was checked in triplicate on the same plate at 
the same time. After the plates were incubated at 37 ºC for 24 and 48 h, 
the medium was removed and the cells were rinsed with PBS and 20 μl of 
MTT solution (5 mg/ml in PBS). They were then incubated for an 
additional 2–4 h at 37 ºC in 5 % CO2. Each well received 100 μl of DMSO 
after the media was removed. A reader for microplates (mindray 
MR-96A) at 570 nm was utilized to calculate the cell lysates’ optical 
density (OD). The results were shown as Mean ± SE. The cell viability 
percentage was estimated by multiplying the absorbance ratio between 
the compound-treated and untreated cells by 100. Using nonlinear 
regression analysis (GraphPad Software Instat, version 5; Inc., La Jolla, 
CA, USA), the IC50 (the dose of gossypol plus ponatinib needed to sup
press cell growth by 50 %) was determined.

2.4. Analysis of drug interaction and the combination Index

CompuSyn (version 1.0.1) was used to examine the interaction be
tween ponatinib (1.25–40 μM) and gossypol (2.5–80 μM) on HepG2 cells 
using the MTT test after 24 and 48 h. To display synergism (CI< 1), 
antagonistic effects (CI >1), additive effects (CI = 1), and dosage 
reduction index (DRI) for the medications taken together, the combi
nation index (CI) was computed. When compared to the dose of each 
drug alone, the (DRI) indicates the number of folds of dose reduction 
that are allowed for each medication due to synergism. A DRI greater 
than one indicates a larger dose reduction for a given therapeutic effect 
[17–19]. After that, HepG2 cells were cultured for 24 h under usual 
conditions in 24-well plates at a density of 5 × 104 cells/well. After that, 
the cells in each well received a 48 h treatment with either ponatinib 
(IC50), gossypol (IC50), or a combination of the two. The cells were then 
taken out and prepared for the next measurements.

2.5. Morphological changes

Cells were evaluated under an inverted microscope for any pre
liminary morphological alterations indicative of cell toxicity, such as 
partial or total loss of monolayer, rounding, shrinkage, condensation, or 
cell granulation, after treatment with ponatinib (IC50), gossypol (IC50), 
or a combination of both. Morphological pictures of the cells were ob
tained using inverted phase contrast microscope (Reichert Jung, Nikon 
Eclipse TS200, Nikon) at a magnification of 200x and compared to 
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untreated control cells.

2.6. Cell cycle analysis

Using the ab139418_ propidium iodide (PI) flow cytometry kit/BD 
by the manufacturer’s instructions, flow cytometry was utilized to 
examine the cell cycle. To summarize, ponatinib (IC50), gossypol (IC50), 
or both were applied to HepG2 cells (1 ×104 cells/well) for 48 h. After 
treatment, the cells were centrifuged at 1000xg, resuspended in 70 % 
ethanol, and fixed at 4 ◦C for an overnight period after being twice 
rinsed with ice-cold PBS. Subsequently, 40 μg/ml PI and 0.1 mg/ml 
RNase A were applied to the cells. The proportion of cells in the G0/G1, 
S, and G2/M phases was measured using a flow cytometer fitted with the 
FacsCalibur (BD Biosciences, USA) and examined using the Cell-Quest 
software (Becton Dickinson) due to the fact that DNA content differs 
amongst cells at different stages of the cell cycle [16]. HepG2 cells were 
used as a control group and their cell cycle was analyzed without any 
treatment.

2.7. Cell apoptosis analysis

The Annexin V-FITC/PI kit was used to quantify apoptosis according 
manufacturer’s instructions. In summary, 5 x 105 HepG2 cells cultured 
on a 6-well plate were treated with ponatinib (IC50), gossypol (IC50), or a 
combination of the two for 48 h. After centrifugation, the cells were 
collected, twice washed in cold PBS, and then re-suspended in 500 µL of 
ice-cold annexin V-binding solution. This was followed by a combina
tion of 5 µL of PI and 5 µL of Annexin V-FITC. Following a 15-minute 
dark incubation period, 400 µL of ice-cold annexin V-binding buffer 
was applied to the cells. Following incubation, flow cytometry utilizing 
BD Biosciences’ FacsCalibur (USA) was used to identify apoptotic cells. 
The outcomes were shown using dot plot graphs.

2.8. Analysis of gene expressions by quantitative RT- PCR

Using a RNeasy Mini Kit (Qiagen, Hilden, Germany) and following 
the manufacturer’s instructions, total RNA was extracted from cell pel
lets. Utilizing a nanodrop and absorbance measurements at 260 and 
280 nm (1.8–2.0), the total RNA concentration and purity were assessed. 
Following the manufacturer’s instructions, RT-PCR amplification and 
analysis were carried out in an optical 96-well plate (light cycler 480 II) 
using the HERA SYBR® Green RT-qPCR Kit (WF1030300X). The primers 
FGF19 and FGFR4 [20], Beclin-1 [21], Bcl-2, and 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH, endogenous 
reference gene) [22] are shown in Table 1. The selected genes’ relative 
expression was determined by the 2− ΔΔCt method [23].

2.9. The Sandwich ELISA technique for protein analysis

The protein levels of both human p-AKT 1 (Catalogue No: 
201–12–9003, Sun Red, China) and Caspase-3/CPP32 (Catalogue No: 
SRB-T-81642, Sun Red, China) in cell pellet lysate were determined via 

an enzyme-linked immunosorbent assay utilizing a double-antibody 
sandwich (ELISA) kit. Cysteinyl p-AKT or (Caspase-3/CPP32) was 
added to wells pre-coated with either human p-AKT1 or (Caspase-3/ 
CPP32) monoclonal antibody. After incubation, p-AKT1 or (Caspase-3/ 
CPP32) Biotin-tagged antibodies were added, then mixed with 
Streptavidin-HRP to form an immunological complex; the uncombined 
enzyme was then removed by repeating the incubation and washing 
steps. Then, Chromogen solution A and B were added, and the liquid’s 
color changed from blue to yellow owing to the acid. The chroma of 
color was positively linked with the concentration of Human p-AKT1 or 
(Caspase-3/CPP32) in the sample. Total protein was quantified in each 
sample utilizing the Bradford test, using bovine serum albumin (BSA) as 
the standard.

2.10. Analysis of protein expression via Western blot

To extract all of the cellular proteins, the cell pellets were treated 
with RIPA buffer, and the lysates were centrifuged at 10,000xg for 
15 minutes at 4 ◦C. The Bradford protein assay kit (Bio-Rad) was used to 
determine the amount of protein present in the supernatants. Using 
immunoblotting analysis, the levels of LC3 II, P62, and β-actin (ACTB) 
were ascertained. In summary, each sample containing 20 μg of protein 
was heated to 95 ◦C for 8 minutes, then placed on a 12 % sodium 
dodecyl sulfate polyacrylamide gel (SDS-PAGE) and transferred into. 
polyvinylidene fluoride (PVDF) membranes. For two hours at room 
temperature, the membranes were blocked in tris-buffered saline con
taining 5 % nonfat milk and 0.1 % Tween-20 (TBST). Following an 
overnight incubation at 4 ◦C with primary antibodies against LC3 II and 
P62 and α-actin (ACTB) at a dilution of 1:1000, the membranes were 
three times washed with TSBT. The membranes were then cleaned and 
exposed to a 1:1000 dilution of the secondary antibody conjugated with 
HRP. The ClarityTM Western ECL substrate (Bio-Rad cat#170–5060) 
was added to the blot in accordance with the manufacturer’s in
structions to enhance chemiluminescence and visualize protein bands. 
Using protein normalization, image analysis software was employed on 
the ChemiDoc MP imager to determine the band intensity of the target 
proteins in comparison to the housekeeping protein, β-actin, as a control 
sample.

2.11. Statistical analysis

The data is shown as Mean ± SEM. Using SPSS, software package 
version 16.0 (Chicago, IL, USA), a one-way ANOVA test and Tukey’s post 
hoc test were used to determine the statistical difference between the 
mean values of the various groups. A P value of less than 0.05 were 
considered statistically significant.

3. Results

3.1. Gossypol enhances the cytotoxic effect of ponatinib in HepG2 cells

Using the MTT assay, the impact of gossypol on ponatinib’s cyto
toxicity was initially identified. Ponatinib (1.25–40 μM) and gossypol 
(2.5–80 μM) both decreased cell viability in a way that was dependent 
on time and dose (Fig. 1A and B). Based on the fitted survival curves, the 
half-maximal inhibitory concentrations (IC50) of gossypol and ponatinib 
were determined. The IC50s values were 8.38 and 21.35 μM, respectively 
after 24 h and 5.15 and 13.32 μM, respectively after 48 h. More 
importantly, co-treatment of HepG2 cells with ponatinib and gossypol 
resulted in 2.2-fold and 2.5-fold reductions in IC50 (3.79 and 2.04 μM) 
after 24 h and 48 h, respectively, in contrast to the cells treated with 
ponatinib (Fig. 1C and D), indicating excellent augmenting anti-HCC 
activity.

Table 1 
Sequences of primers for PCR analysis in real time.

Gene Name Primer sequence

FGF19 F: 5′-GCACAGTTTG CTGGAGATCA− 3′
​ R: 5′-ATCTCCTCCTCGAAA GCACA− 3
FGFR4 F: 5′-AGCACCCTACTGGACAC ACC− 3′

R: 5′-ACGCTCTCCATCACGAGACT− 3′
Beclin¡1 F: 5′ACAGAGCTCATGGAAGGGTCTA AGACGTCC− 3′

R: 5′-TACGAATTCT CATTTGTTATAAAATTGTG− 3′
Bcl¡2 F: 5′-ACTGGCTCTGTCTGAGTAAG− 3′

R: 5′-CCTGATGCTCTGGGTAAC− 3′
GAPDH F: 5′-GGGAAGGTGAAGGTCGGAGT− 3′

R: 5′-GGGGTCATTGATGGCAACA− 3′
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3.2. Effect of ponatinib/gossypol combination on the morphological 
changes of HepG2 cells

After 48 h, a preliminary morphological assay was used to evaluate 
the morphological effects of ponatinib (IC50) and gossypol (IC50) in 
HepG2 cells, and the results were examined under an inverted phase 
contrast microscope, as shown in Fig. 1E. The control HepG2 cells 
formed an 80 % confluent monolayer sheet that appeared intact. 
Treatment of cells with ponatinib (IC50) or gossypol (IC50) alone resulted 
in a loss of normal shape, with cells appearing smaller in size, shrunken 
and rounded, swelling, and with low density. Notably, co-treatment 
with ponatinib and gossypol revealed complete monolayer destruc
tion, with cell appearing spare and fully separated from the plates’ 
surface, loss of cell adhesion capacity, and a reduction in cell number 

reaching roughly half that of ponatinib or gossypol-treated cells, indi
cating that the ponatinib/gossypol combination considerably inhibits 
HepG2 cell proliferation over either alone.

3.3. Safety of ponatinib/gossypol combination on hepatocyte cell growth 
and viability

The concentrations of ponatinib and/or gossypol used in our study 
were shown to be safe, with only mild toxicity at higher concentrations. 
Adding ponatinib (1.25 − 40 μM) and gossypol (2.5 − 80 μM) alone to 
the culture medium of primary hepatocytes resulted in about 99 − 77 % 
and 99 − 76 % viability, respectively, after 48 h. The addition of com
bined ponatinib/gossypol to hepatocyte culture media resulted in cell 
viability ranging from 98 % to 68 % after 48 h, as illustrated 

Fig. 1. The effect of ponatinib (1.25 − 40 μM) and gossypol (2.5–80 μM) alone (A and B) and their combination (C and D) at 1: 2 ratios on the viability of HepG2 
cells after 24 and 48 h, respectively, using the MTT assay. The cell viability percentage was calculated by multiplying the absorbance ratio between the compound- 
treated cell culture and the untreated control by 100. Data are presented as Mean ± SEM (n = 3) and analyzed by one-way ANOVA test followed by a Tukey’s post hoc 
test. (E) The effect of ponatinib and/or gossypol on HepG2 morphological alterations after 48 h. Morphological pictures of the cells were obtained using an inverted 
phase contrast microscope (Reichert Jung, Nikon Eclipse TS200, Nikon) at a magnification of 200x. PON: ponatinib, GOS: gossypol. a, b, c Significantly different from 
untreated control, PON and GOS groups, respectively, at P ˂ 0.05.
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morphologically in Fig. 2A and graphically in 2B.

3.4. Synergistic interaction between ponatinib and gossypol in HepG2 
cells

Fig. 3 depicts the combination indices (CIs) obtained after treating 
HepG2 cells with various concentrations of the two drugs, as well as the 
pattern of their interaction. The CI values in HepG2 ranged from 0.74 to 
1.06 after 24 h and from 0.62 to 0.91 after 48 h, indicating superior 
synergism when HepG2 cells were treated for 48 h rather than 24 h. 
When compared to the dose of each drug alone, (DRI) reflects the 
number of folds of dose reduction that are allowed for each drug due to 
synergism. A DRI greater than one suggests a greater dose reduction for a 
given therapeutic benefit [17–19]. The combination also demonstrated 
that the DRI values for ponatinib were always greater than one at any 
two-drug combination point. Furthermore, the combination of 5 µM 

ponatinib and 10 µM gossypol, which represented approximately their 
IC50 values in HepG2, inhibited growth by 79 % with CI = 0.62 
(Table 2), demonstrating the greatest synergism with the higher DRI of 
ponatinib by 2.66-fold. Based on these findings, the mechanisms behind 
ponatinib and gossypol synergy on HepG2 cells were studied, including 
growth inhibition, autophagy-associated proteins, apoptosis, cell cycle 
arrest, and proliferation.

3.5. Ponatinib and gossypol combination induced cell cycle arrest in 
HepG2 cells

Cytotoxic anticancer drugs work by inhibiting cell growth at certain 
cell cycle checkpoints. When these phases are suppressed, cell growth 
halts. Flow cytometry is used in cell cycle investigations to distinguish 
between cells at various phases of the cell cycle. Fig. 4 displays graphs of 
fractional DNA content (PI fluorescence, X axis) and cell counts (Y axis) 

Fig. 2. The effect of ponatinib (1.25 − 40 μM) and gossypol (2.5–80 μM) alone or in combination at 1: 2 ratios on the morphological alterations of primary hepa
tocytes after 48 h (A). Morphological pictures of the cells were obtained using an inverted phase contrast microscope (Reichert Jung, Nikon Eclipse TS200, Nikon) at 
a magnification of 200x. (B) The effect of ponatinib and/or gossypol on the % viability of normal hepatocyte after 48 h, using the MTT assay. The cell viability 
percentage was calculated by multiplying the absorbance ratio between the compound-treated cell culture and the untreated control by 100. Data are presented as 
Mean ± SEM (n = 3) and analyzed by one-way ANOVA test followed by a Tukey’s post hoc test. PON: ponatinib, GOS: gossypol.

H.H. Elkattan et al.                                                                                                                                                                                                                             Toxicology Reports 14 (2025) 101856 

5 



of HepG2 cells at various cell cycle stages (G0/G1, S, and G2/M) after 
48 h of incubation with IC50 of ponatinib (5 μM), gosypol (10 μM), or 
both. HepG2 cells treated with ponatinib accumulated in the G0/G1 
phase, increasing (P > 0.05) from 44 % ± 0.80 in untreated cells to 
47 % ± 0.84 in treated cells, with a concurrent significantly increase in 
the percentage of cells in S phase (P < 0.05) (from 39 % ± 0.36 in un
treated cells to 43 % ± 1.10 in treated cells) (Fig. 4B and E). Likewise, 
gossypol has been shown to promote cell accumulation in the S phase 
(P < 0.05), which is 46 % ± 0.84 higher than the control (39 % ± 0.36), 
accompanied by a decrease in the proportion of cells in G0/G1 and G2/ 
M phases (Fig. 4C and E). However, treating HepG2 cells with ponatinib 
and gossypol in combination resulted in alterations in cell distribution 
during the G0/G1 and S phases. Compared to control and ponatinib or 
gossypol alone, the proportion of cells in G0/G1-phase increased 
dramatically (P < 0.05) from 44 % ± 0.80–52 % ± 0.87, resulting in 

near-complete G0/G1 arrest and a significant decrease (P < 0.05) in the 
proportion of cells in S-phase (Fig. 4E), indicating a lack of growth and 
DNA synthesis.

3.6. Gossypol enhances the anti-proliferative activity of ponatinib in 
HepG2 cells

When HepG2 cells were treated with ponatinib (5 μM) and gossypol 
(10 μM) separately, they induced a significant (P < 0.05) reduction in 
the expression of genes FGF19 by 83 % and 48 %, respectively, and 
FGFR4 by 64 % and 34 %, respectively, after 48 h, when compared to 
the untreated control (Fig. 5). Furthermore, the combination of pona
tinib (5 µM)/gossypol (10 µM) reduced significantly (P < 0.05) both 
FGF19 and FGFR4 gene expression by 99 % and 97 %, respectively. 
When compared to the ponatinib alone group, this combination caused a 

Fig. 3. Combination (A and C) and dose reduction (B and D) index plots of ponatinib combined with gossypol at a constant ratio (1:2) in HepG2 at 24 h and 48 h, 
respectively. CI < 1, CI = 1, and CI > 1 represented synergism, additive effect, and antagonism, respectively. The CI is calculated as (dA/DA) + (dB/DB), where dA 
and dB are the concentrations of PON and GOS together, and DA and DB are the concentrations of PON or GOS that induce the same effect alone. The computer 
software CompuSyn (version 1.0.1) was used to calculate the combined drugs’ CI, DRI, and Fa. PON: Ponatinib, GOS: Gossypol, CI: Combination Index, DRI: Dose 
reduction index, Fa: Fraction affected.
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greater (P < 0.05) and synergistic reduction in both FGF19 and FGFR4 
gene expression by 94 % and 92 %, respectively.

3.7. Gossypol enhances the apoptotic activity of ponatinib in HepG2 cells

One of the main causes of cell death and growth inhibition is cellular 
apoptosis [24]. It is possible to determine if uncontrollably occurring 
necrosis or programmed apoptosis is the source of cell death by doing 
the double-staining experiment with PI and Annexin V-FITC. The dif
ferentiation of live cells, early apoptotic cells, late apoptotic cells, and 
necrotic cells is made possible by dual labeling for Annexin-V and PI. To 
confirm the quantitative efficiency of apoptosis induction and to 
ascertain whether the synergistic cell growth inhibition by ponati
nib/gossypol combination accompanied the induction of apoptosis in 
HepG2 cells, Annexin V-FITC and PI were used to stain ponatinib, 
gossypol, ponatinib/gossypol-treated HepG2 cells, and untreated cells.

Based on staining and phase (viable: PI and Annexin-V negative, 
early apoptosis: PI negative and Annexin-V positive, late apoptosis: PI 
and Annexin-V positive, necrotic: PI positive and Annexin-V negative), 
flow cytometry was used to distinguish the cells. Two stages of apoptosis 
are distinguished: early-stage apoptosis, which is displayed in the FACS 
histograms’ lower right quadrants, and late-stage apoptosis/necrosis, 
which is displayed in the upper right quadrants. The findings demon
strated that either ponatinib or gossypol alone to HepG2 cells for 48 h 
caused a considerable amount of early and late-stage apoptosis in the 
cells (Fig. 6B and C), with a higher percentage of cells undergoing early- 
stage apoptosis than late-stage apoptosis/necrosis. On the other hand, 
more cells were in late-stage apoptosis/necrosis than early-stage 
apoptosis when HepG2 cells were treated with both ponatinib and 
gossypol for 48 h (Fig. 6D). The combination of ponatinib (5 µM) and 
gossypol (10 µM) resulted in a larger (P < 0.05) rise in late apoptosis/ 
necrosis as compared to the ponatinib alone group, with a percent in
crease (P < 0.05) of around > 2.00-fold (Fig. 6E).

A series of caspase cleavage and activation events are indicative of 
apoptosis [25]. There are two types of apoptosis mechanisms: 
caspase-dependent and caspase-independent. To fully explore the 
apoptosis induction pathway, we looked at the expression levels of the 
Bcl-2 gene and the caspase-3 protein in HepG2 cells (Fig. 6F and G). 
Treatment with ponatinib (5 µM) and gossypol (10 µM) individually for 
48 h caused a significant (P < 0.05) reduction in Bcl-2 gene expression 
by 84 % and 86 %, respectively, and a significant (P < 0.05) increase in 
caspase-3 protein level by 1.65 and 1.73-fold. Meanwhile, the combi
nation of ponatinib (5 µM) and gossypol (10 µM) caused the best 
(P < 0.05) reduction in Bcl-2 gene expression associated with a higher 
increase in caspase-3 protein expression than either agent alone, with a 

marked (P < 0.05) difference by about 87 % and 1.96-fold, respectively, 
when compared to the ponatinib group alone. These findings suggest 
that apoptosis is caused in HepG2 cells via both intrinsic and extrinsic 
routes, with mitochondria and Bcl-2 family members linked to 
ponatinib/gossypol-induced cell death.

3.8. Gossypol enhances the autophagic activity of ponatinib in HepG2 
cells

When HepG2 cells were treated for 48 h with ponatinib (5 μM) or 
gossypol (10 μM), they caused a substantial (P < 0.05) increase in 
Beclin-1 gene expression in the ponatinib group, but an apparent in
crease in gossypol by 4.53 and 3.04-fold, respectively when compared to 
the control (Fig. 7). This was associated with a substantial drop 
(P < 0.05) in p-Akt protein levels of 20 % and 16 %, respectively, and a 
rise (P < 0.05) in LC3II protein levels by 2.00 and 1.80-fold. Further
more, gossypol caused a 3.44-fold rise in p62 protein levels, but pona
tinib demonstrated a marginally non-significant increase (P > 0.05). 
The combination of ponatinib (5 μM) and gossypol (10 μM) led to the 
most notable (P < 0.05) increase in Beclin-1 gene expression and the 
greatest decrease in p-Akt protein level. This was associated with an 
increase in LC3II and P62 protein levels, with a significant (P < 0.05) 
difference of about 10.33-fold, 46 %, 2.73-fold and 5.01-fold, respec
tively, when compared to control, and with a marked (P < 0.05) dif
ference by about 2.28-fold, 32 %, 1.37-fold, and 4.48-fold, respectively, 
when compared to the ponatinib group alone (Fig. 7).

4. Discussion

Worldwide, liver cancer is the leading cause of mortality from can
cer, and the World Health Organization estimates that it will kill 
approximately one million people by 2030 [26] Despite the fact that 
HCC has a variety of treatment options, the 5-year survival rate remains 
low [27]. Chemotherapy is one of the most commonly used HCC treat
ment options, but its high cytotoxicity and poor selectivity have the 
potential to seriously harm healthy cells [28]. Exploration of potential 
therapeutic targets or novel combination strategies is therefore urgently 
required. Combination therapy is used to treat a wide range of cancers 
with complex pathology around the world, and it has the potential to 
significantly reduce drug toxicity and chemo-resistance while increasing 
efficacy and providing selective synergism against a target [29]. We 
previously demonstrated potent efficacy against solid Ehrlich carcinoma 
and colorectal cancer using a novel combination of ponatinib, a potent 
multi-targeted kinase inhibitor used to treat leukemia, and gossypol, an 
extract of yellow polyphenols that were first discovered in cottonseed 
[14,15]. This novel therapeutic strategy seeks to improve ponatinib ef
ficacy while lowering major side effects such an elevated risk of vascular 
occlusive disease and heart failure. In the current study, we anticipated 
to investigate its effects on another type of cancer cell line, such as 
HepG2, as well as the potential mechanisms underlying this combina
tion’s synergistic effect by examining expression of proteins linked to 
autophagy, cell viability, and dispersion of the cell cycle profile. Also, 
since combination treatment may damage non-cancerous cells, it was 
imperative to look into the cytotoxic effect of ponatinib/gossypol com
bination on normal hepatocytes.

The findings unequivocally showed that gossypol significantly re
inforces the anti-tumor effects of ponatinib, with co-treatment of HepG2 
cells with ponatinib/gossypol at a constant ratio of 1–2 consistently 
demonstrating a greater inhibition of cell proliferation, as evidenced by 
a ~ 2-fold reduction in IC50s (3.79 μM & 2.04 μM) after 24 h and 48 h, 
respectively, as compared to IC50 of ponatinib-treated cells (8.38 μM & 
5.15 μM, respectively). Ponatinib and gossypol together had a syner
gistic effect on cancer cell proliferation in HepG2 cells, as indicated by CI 
and DRI values at 24 and 48 hours, according to the isobologram anal
ysis for two-drug interactions. A synergistic impact was evident at low 
IC50 concentrations, as most tested concentrations had CI values < 1. 

Table 2 
Indexes for combination and dose reduction when ponatinib is added to gossypol 
in HepG2 cells for 24 and 48 h.

PON (µM) GOS (µM) Fa CI DRI PON

24 h 48 h 24 h 48 h 24 h 48 h

40 80 0.94 0.98 1.06 0.91 1.32 1.58
20 40 0.88 0.95 0.92 0.79 1.65 1.88
10 20 0.75 0.91 0.88 0.64 1.89 2.42
5 10 0.59 0.79 0.77 0.62 2.39 2.66
2.5 5 0.38 0.58 0.74 0.68 2.80 2.59
1.25 2.5 0.2 0.32 0.75 0.76 3.20 2.51

HepG2 cells were treated with the combination of ponatinib and gossypol at the 
doses indicated for 24 and 48 h. CI < 1, CI= 1, and CI > 1 indicated synergism, 
additive effect, and antagonism, respectively. The CI= (dA/DA) + (dB/DB), 
where dA and dB are the concentrations of PON and GOS in combination, 
whereas, DA and DB are the concentrations of PON or GOS, respectively, which 
produce the same effect alone. The computer software CompuSyn (version 
1.0.1) was used for the determination of CI, DRI and Fa for the drugs in com
bination. PON: ponatinib, GOS: gossypol, CI: combination index, DRI PON: Dose 
reduction index of ponatinib, Fa: fraction affected.
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Since the DRI values were greater than 1, we were able to mostly prevent 
ponatinib toxicity by mixing gossypol and ponatinib, which was espe
cially beneficial at low dosages.

Cell cycle and apoptosis of ponatinib/gossypol-treated HepG2 cells 
were next examined. Cell growth and proliferation can be prevented in 
one of two ways: by inducing apoptosis or by arresting the cell cycle. As 
a result, it is claimed that combining molecular targeted drugs with 
agents that cause DNA damage or cell cycle arrest may boost anti-tumor 
efficacy [7]. Apoptosis is caused by many anti-tumor and 
DNA-damaging drugs that interfere with the cell cycle in the G1/S or S 
phase to stop improper DNA replication, or in the G2/M phase to prevent 
mitosis with damaged DNA [30]. In this investigation, we employed 
flow cytometry to examine if ponatinib, gossypol, or their combinations 
altered the cell cycle of HepG2 cells. Combining ponatinib and gossypol 
treatment substantially improved anti-tumor effects on HCC cell lines by 

stopping cells in the G0/G1 phase, which was associated with increased 
apoptotic and necrotic cells versus each drug alone, as indicated by cycle 
analysis and V-FITC/PI staining, implying that they impede DNA syn
thesis and replication. Previous studies reported that ponatinib stimu
lated cell cycle arrest at G1 in liver cancer [31,32], while gossypol arrest 
the cell cycle at G1 phase in gastric cancer [33]. In HepG2 cells, Bcl-2, an 
antiapoptotic protein, and caspase-3, a key protein regulator of 
apoptosis, were also evaluated. Bcl-2 family proteins are well-known for 
their involvement in the mitochondrial apoptotic pathway [34]. 
Caspase-3 is a major apoptotic executive caspase that activates in a 
cascade during apoptosis via proteolytic cleavage of caspase 9 [25]. 
After 48 h of treatment, the ponatinib/gossypol combination lowered 
Bcl-2 protein levels while raising active caspase-3 protein levels, indi
cating enhanced apoptosis compared to the individual drugs. Gossypol 
increases caspase-3 while decreasing Bcl-2 in BxPC-3 and MIA PaCa-2 

Fig. 4. Ponatinib and gossypol combination induced cell cycle arrest at G0/G1 in HepG2 cells. Cell cycle distribution of HepG2 cells was analyzed by flow cytometry 
at different phases after 48 hours in (A) untreated control, (B) PON IC50, (C) GOS IC50, and (D) PON IC50 + GOS IC50. (E) Cell cycle distribution of HepG2 cells at 
different phases is represented as a histogram. Data are presented as Mean ± SEM (n = 3) and analyzed by one-way ANOVA test followed by a Tukey’s post hoc test. 
IC50: the dose of ponatinib and gossypol required to suppress cell growth by 50 % and was determined using nonlinear regression analysis (GraphPad Software Instat, 
version 5; Inc., La Jolla, CA, USA). PON: ponatinib, GOS: gossypol. a, b, c Significantly different from the untreated control, PON and GOS groups, respectively at 
P ˂0.05.
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cells [35], HT-29 cells [36], MCF-7 cells [37], and AtT20 cells [38]. 
Similarly, ponatinib inhibited Bcl-2 expression in SK-Hep-1 and 
SNU-423 cells [31] and TccY/Sr cells [39] suggesting that the mito
chondrial apoptotic pathway is connected to ponatinib-induced 
apoptosis in a concentration-dependent manner.

The observed apoptosis caused by combination therapy agreed with 
the cytotoxicity testing and preliminary morphology results, where co- 
treatment with ponatinib and gossypol revealed decreased cell 
viability/proliferation, complete monolayer destruction, with cells 
appearing spare and detached completely from the surface of the plates, 
loss of cell adhesion capacity, and a cell number reduction reaching 
roughly half that of ponatinib or gossypol-treated cells, indicating that 
the ponatinib/gossypol combination significantly inhibits HepG2 cell 
proliferation over either drug alone. Ponatinib/gossypol’s anti
proliferative activity matched with synergistic inhibition of the FGF19/ 
FGFR4 axis, resulting in a decrease in cell viability in HepG2, which is 
associated with an increase in many types of cell death (apoptosis and 
autophagy). This is consistent with our recent results [14], which indi
cated that ponatinib/gossypol was effective on CRC cell lines by tar
geting FGF19/FGFR4. FGF19 selectively binds to FGFR4, and abnormal 
FGF19 signaling is translocated into tumor cells via a variety of onco
genic routes, resulting in tumor-promoting activity, with FGF19-FGFR4 
binding activating downstream signaling cascades such as PI3K/AKT, 
apoptosis, and autophagy [40]. Notably, in this study, FGFR4 deletion 
was linked to lower Bcl-2, higher caspase-3, and increased apoptosis. It 
was discovered that the induction of apoptosis by FGFR depletion was 
FLIP- and Bax-dependent. This led to the activation of caspase 8, which 
in turn promoted the release of Bax-mediated cytochrome c and acti
vation of caspase 9, which in turn activated the executioner caspases 3 
and 7, ultimately resulting in apoptosis [41]. Additionally, Turkington 
et al. [42] revealed that FGFR4 controls apoptosis via altering the 
anti-apoptotic proteins cellular FLICE-inhibitory protein (c-FLIP) and 
Bcl2. In another study, FGFR4 interaction with the βKlotho (KLB) 
co-receptor, a metabolic regulator altered in hepatic malignancies, was 
demonstrated to decrease cell proliferation and cause 
caspase-3-dependent death in hepatomas via lowering AKT and m-TOR 
activity [43]. Combining these data, we propose that ponatinib and 
gossypol’s apoptotic effects may also be attributed to their inhibitory 
activity on FGFR, in addition to the apoptotic effects mediated by 
decreased Bcl-2 and elevated caspase-3. However, more research is 
needed to fully understand the most likely mechanism.

In addition to apoptosis, this study looked into autophagy as a po
tential mechanism for cancer therapy. Autophagy can either direct or 

collaborate with apoptosis to trigger cell death [44], where moderate 
autophagy helps cells survive by maintaining cell homeostasis, but 
excessive autophagy destroys essential cellular components and func
tions, eventually leading to cell death [45]. Intriguing research explored 
that blocking autophagy in HCC can increase apoptosis and decrease 
tumor cell growth rate when exposed to photothermal therapy [46]. 
Autophagy and apoptosis interact in both normal and malignant cells, as 
well as in other illnesses, although their importance in HCC has been 
overlooked in some studies [47]. Thus, our results may provide insight 
into how autophagy-apoptosis crosstalk functions in HCC.

Caspases were found to be involved in regulating the interaction 
between autophagy and apoptosis [48]. Several pro-apoptosis mecha
nisms can activate caspases, which then cleave and degrade key auto
phagic proteins such as Beclin-1 and p62, promoting crosstalk between 
apoptotic and autophagic pathways [49]. P-Akt, Beclin-1, LC3II, and 
p62 are autophagy-regulating proteins, with p-Akt overexpression in 
cancer leading to phosphorylation of Beclin-1, which is required for 
autophagy initiation and autophagosome formation [50]. Herein, 
following ponatinib/gossypol treatment, p-Akt protein levels decreased 
while Beclin-1 expression increased. [36,51,52] state that both ponati
nib and gossypol promote autophagy. Apoptosis and autophagy are two 
modes of cell death with intricate connections [53]. Beclin-1, a key 
autophagy-inducing protein, is inhibited by Bcl-2 or Bcl-xL [54,55]. 
Lowering Bcl-2 improves Beclin-1 accessibility, boosting autophagy 
[56]. Gossypol, a BH3 mimic, binds to anti-apoptotic Bcl-2 proteins 
[57], disrupting Bcl-2 and Beclin-1 interactions at the endoplasmic re
ticulum, decreasing Bcl-2 levels, and increasing Beclin-1 expression in 
cancer cells by inducing the Beclin-1 Atg5-dependent autophagic [58], 
thus regulating apoptosis and autophagy [59,60]. Beclin-1 regulates cell 
death processes like apoptosis and autophagy by binding Bcl-2 family 
members [61,62], activating pro-apoptotic proteins Bax and Bak, 
releasing cytochrome c, and activating caspase-9 and − 3 [63]. Overall, 
our study suggests that the modification of Bcl-2 and Beclin-1 signifi
cantly regulates the interaction between autophagy and apoptosis, 
though further research is needed to understand the exact mechanism.

In addition, changes in LC3-II and p62 protein expression indicate 
autophagy initiation. Cytosolic LC3-I attaches to phosphatidylethanol
amine on autophagosome surfaces, generating LC3-II [64]. P62, an 
autophagy negative regulator, can also create autophagosomes by 
interacting directly with the target protein LC3 [65,66]. Ponatinib was 
shown to increase LC3-II protein expression in this study, which is 
consistent with [67]. Gossypol also stimulates LC3-II protein production, 
as previously demonstrated by [52]. Importantly, 

Fig. 5. The effect of ponatinib alone and in combination with gossypol on FGF19/FGFR4 axis in HepG2 cells after 48 h. Data are presented as Mean ± SEM (n = 3) 
and analyzed by one-way ANOVA test followed by a Tukey’s post hoc test. PON: ponatinib, GOS: gossypol. a, b, c Significantly different from the untreated control, 
PON and GOS groups, respectively at P ˂0.05.
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ponatinib/gossypol-treated HepG2 cells showed a synergistic increase in 
LC3-II protein levels compared to either drug alone. Ponatinib had no 
impact on p62 protein expression, as seen by a non-significant rise, as 
reported by [67], however gossypol boosted p62 protein expression, as 
published by [52]. P62 is crucial for autophagy and apoptosis induction 
[68], activating caspase-8 at the autophagosomal membrane [69], 
which then activates effector caspases-3, − 6, and − 7, initiating the 
extrinsic pathway [70]. The build-up of p62 protein can trigger 

caspase-3-mediated apoptosis [71] as seen in our study. The addition of 
gossypol and ponatinib dramatically boosted p62 protein expression 
compared to either medication alone, displaying that ponatinib/gossy
pol acts on HepG2 cells via autophagy and apoptotic interaction. 
Notably, increase of LC3B-II and p62 expression suggests inadequate 
autophagy [72]. Incomplete autophagy can increase autophagosome 
production, prevent autophagosome-lysosome fusion, modify lysosome 
function, and cause cell death [73], a scenario that warrants further 

Fig. 6. Gossypol enhances the apoptotic activity of ponatinib in HepG2 cells. Apoptotic cells were determined by PI and Annexin-V staining and analyzed by flow 
cytometry after 48 h in (A) untreated control, (B) PON IC50, (C) GOS IC50, and (D) PON IC50 + GOS IC50. (E) The X-axis depicts various treatments for HepG2 cells, 
while the Y-axis reflects the proportion of apoptotic/necrotic cells. (F, G) Apoptotic markers such as Bcl-2 and caspase-3 were tested in HepG2 cells after 48 h of 
treatment. Data are presented as Mean ± SEM (n = 3) and analyzed by one-way ANOVA test followed by a Tukey’s post hoc test. IC50: the dose of ponatinib and 
gossypol required to suppress cell growth by 50 % and was determined using nonlinear regression analysis (GraphPad Software Instat, version 5; Inc., La Jolla, CA, 
USA). PON: ponatinib, GOS: gossypol. a, b, c Significantly different from untreated control, PON and GOS groups, respectively at P ˂0.05.
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exploration.
One downside of combination therapy is the increased toxicity on 

non-cancerous cells [74]. The search for low-toxicity anticancer com
bination drugs continues to make major strides towards cancer cure. As 
a result, determining the cytotoxic effect of the ponatinib/gossypol 
combination on normal cells was crucial. Primary hepatocytes are a 
useful in vitro model for identifying chemicals that may be potentially 
dangerous for humans [75]. Notably, normal hepatocytes showed 
minimal harm when ponatinib (% viability 99 − 77 %) or gossypol (% 
viability 99 − 76 %) were used separately or in combination (% viability 
99 − 68 %) at higher concentrations. Interestingly, the 5/10 μM pona
tinib/gossypol combination used for the HepG2 cell study settings was 
safe. For the development of anticancer drugs, selective cytotoxicity is a 
crucial necessity.

5. Conclusion

Taken together, we discovered for the first time that gossypol (10 
μM) may synergistically boost the anticancer activity of ponatinib (5 
μM) against HepG2 cells by inhibiting cell growth and increasing 
ponatinib-induced apoptosis and autophagy via the G0/G1 cell cycle 
arrest, p-AKT/LC3II/p62, and Bcl2/caspase-3 pathways. This combina
tion, however, had no harm on normal hepatocytes. However, this 
study’s shortcomings include the inability to detect autophagic flux, 
such as autophagosome maturation and lysosomal degradation. Overall, 
this combination could be a safe and feasible chemotherapeutic agent 
for the treatment of HCC patients, a finding that demands additional 
clinical evaluation.

Fig. 7. Autophagic markers p-AKT, beclin-1, LC3II and p62 were evaluated in HepG2 cells after 48 h in untreated control, PON IC50, GOS IC50, and PON IC50 + GOS 
IC50. Data are presented as Mean ± SEM (n = 3) and analyzed by one-way ANOVA test followed by a Tukey’s post hoc test. IC50: the dose of ponatinib and gossypol 
required to suppress cell growth by 50 % was determined using nonlinear regression analysis (GraphPad Software Instat, version 5; Inc., La Jolla, CA, USA). PON: 
ponatinib, GOS: gossypol. a, b, c Significantly different from untreated control, PON and GOS groups, respectively at P ˂ 0.05.
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