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Abstract
A common approach to cancer therapy is the combination of a natural product with chemotherapy to overcome sustained 
cell proliferation and chemotherapy resistance obstacles. Diosgenin (DG) is a phytosteroidal saponin that is naturally pre-
sent in a vast number of plants and has been shown to exert anti-cancer activities against several tumor cells. Herein, we 
assessed the chemo-modulatory effects of DG on volasertib (Vola) as a polo-like kinase 1 (PLK1) inhibitor and doxorubicin 
(DOX) in hepatocellular carcinoma (HCC) cell lines. DOX and Vola were applied to two human HCC cell lines (HepG2 and 
Huh-7) alone or in combination with DG. The cell viability was determined, and gene expressions of PLK1, PCNA, P53, 
caspase-3, and PARP1 were evaluated by RT-qPCR. Moreover, apoptosis induction was determined by measuring active 
caspase-3 level using ELISA method. DG enhanced the anticancer effects of Vola and DOX. Moreover, DG enhanced Vola- 
and DOX-induced cell death by downregulating the expressions of PLK1 and PCNA, elevating the expressions of P53 and 
active caspase-3. DG showed promising chemo-modulatory effects to Vola and DOX against HCC that may be attributed 
partly to the downregulation of PLK1 and PCNA, upregulation of tumor suppressor protein P53, and apoptosis induction. 
Thus, DG combination with chemotherapy may be a promising treatment approach for HCC.
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Abbreviations
ANOVA	� One-way analysis of variance
cDNA	� Complementary DNA
Ct	� Threshold cycle
PLK1	� Polo-like kinase 1
PCNA	� Proliferating cell nuclear antigen
ELISA	� Enzyme-linked immunosorbent assay
GAPDH	� Glyceraldehyde 3-phosphate dehydrogenase
HCC	� Hepatocellular carcinoma

LC	� Liver cirrhosis
DG	� Diosgenin
DOX	� Doxorubicin
Vola	� Volasertib
qPCR	� Quantitative polymerase chain reaction
SEM	� Standard error of the mean

Introduction

Hepatocellular carcinoma (HCC) is ranked as the fifth most 
prevalent malignancy and the third principal cause of can-
cer related mortality worldwide (Hsu et al. 2015). HCC 
is commonly diagnosed at an advanced stage because of 
the obstacle in the precise and reliable diagnosis of HCC 
at early-stage (Bashir et al. 2020). Strategies for treatment 
such as liver transplantation, surgery, and local ablative ther-
apy are inappropriate for advanced HCC cases (Yoon and 
Choi 2023). Chemotherapy, despite being one of the most 
essential treatment modalities for advanced HCC (Ikeda 
et al. 2017), may have an only palliative effect (Brito et al. 
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2012). Systemic chemotherapy failure is mainly returned to 
excessive intrinsic and acquired drug resistance of HCC (Lin 
et al. 2012; Fan et al. 2022). Systemic doxorubicin (DOX) 
as the most broadly used agent in clinical practice provides 
a partial response in only less than 10% of patients, without 
improving overall survival (Brito et al. 2012). Poor bioavail-
ability and multidrug resistance hinder the use of single-
drug chemotherapy, and high drug dose may be the key to 
effective therapy. However, the high dose of chemotherapy 
is restricted by severe adverse side effects (Wakharde et al. 
2018). Combining chemotherapy with a natural product has 
been extensively developed since it can increase therapeutic 
efficacy while avoiding unacceptable side effects as a result 
of lowering chemotherapy dose (Cao et al. 2016; Yousef 
et al. 2023). All of these make it crucial to find out chemo-
sensitizers which can achieve more tumoricidal efficiency 
against HCC without elevating the dose of chemotherapy.

Polo-like kinase 1 (PLK1), a ubiquitously expressed ser-
ine/threonine protein kinase, is extensively recognized as 
an oncogene that drives cell proliferation by inducing mito-
sis and cytokinesis. It is commonly considered as a tumor 
biomarker, as excessive PLK1 expression has been related 
to poor prognosis, radioresistance, and chemo resistance in 
numerous types of cancer (Yousef et al. 2020). PLK1 can 
inhibit pro-caspase-8 processing upon Fas stimulation by 
direct phosphorylation at S305. When PLK1 is repressed, 
pro-caspase-8 is processed and caspase-3 is activated, which 
in turn leads to apoptosis (Wu et al. 2019). Meanwhile, the 
constitutive expression of PLK1 has been found in cancerous 
liver cells but not in healthy liver tissues (Sun et al. 2014). 
According to previous published work, patients with HCC 
have a lower chance of survival when PLK1 downstream 
effector proteins such Myc, BUBR1, and Akt are overex-
pressed in cancer cells (Jang et al. 2012; Chen et al. 2017). 
Additionally, the inhibition of PLK1 might sensitize several 
cancer cells such as esophageal squamous cell carcinoma, 
pancreatic cancer, Ewing sarcoma cells, and HCC to chemo-
therapy (Li et al. 2016, Weiß et al. 2016, Li et al. 2019a, Wu 
et al. 2019, Yousef et al. 2020).

Diosgenin (DG), a phytosteroidal saponin extracted from 
a wide number of plants such as fenugreek (Iranmanesh et al. 
2018; Rohani et al. 2019), has been traditionally used for the 
treatment of inflammation, vascular calcification, thrombo-
sis, atherosclerosis, acute lung injury, diabetes, hypercho-
lesterolemia, neurodegeneration, and gastrointestinal dis-
orders (Li et al. 2010; Cai et al. 2018; Chen et al. 2018b; 
Gong et al. 2019). Several studies have proved the promising 
anticancer activities of DG (Binesh et al. 2018; Chen et al. 
2018b; Peng et al. 2023; Ruan et al. 2023). The anticancer 

activities of DG has been detected in several cancer origins 
such as breast cancer (Khanal et al. 2022), colorectal cancer 
(Li et al. 2021), osteosarcoma (Huang et al. 2019), gastric 
cancer (Gu et al. 2021), HCC (da Silva et al. 2022), and pros-
tate cancer (Peng et al. 2023). However, the chemosensitiz-
ing activity of DG in HCC and the underlying mechanism of 
action are needed to be elucidated. Thus, this study aimed to 
investigate the ability of DG to sensitize HepG2 and Huh-7 
cells to DOX- and Vola-induced cell death alongside unrav-
elling its mechanism of action.

Materials and methods

Research work was agreed by the Mansoura University’s 
ethics committee (Ethics code: 2023–83).

Cell lines and culture

HepG2 and Huh-7 human HCC cell lines used in this study 
were obtained from VACSERA, Dokki, Giza, Egypt. The 
cells were cultured in Dulbecco’s modified Eagle’s medium 
(Lonza, Vervies, Belgium) containing 10% fetal bovine 
serum (Seralab, Brazil) and 1% 100 U/mL penicillin/strep-
tomycin solution (Lonza, Vervies, Belgium) and incubated 
in a humidified atmosphere containing 5% CO2 at 37 °C.

Reagents and materials

DG and Vola (BI-6727) were bought from Cayman (Ann 
Arbor, MI, USA). DOX vial (10 mg/5ml) was a market-
available pharmaceutical product. Dimethyl sulfoxide 
(DMSO) was purchased from Elgomhoria company (Man-
soura, Egypt) and used as a vehicle for preparing DG and 
Vola solutions.

Cell viability assay

In 96-well tissue culture plate, 2 × 104 HepG2 or Huh-7 cells 
were seeded in each well. The next day, cells were exposed 
to DOX concentrations (10–1.25 µM), Vola concentration 
(10–1.25 µM), or DG concentrations (100–6.25 µM) in trip-
licates. The crystal violet assay was used in the next day to 
determine cell viability (El-Mesery et al. 2013). The optical 
density (OD) was measured at an absorbance wavelength of 
570 nm using plate reader. The data were presented as the 
cell viability percentage of each group as compared to the 
control group of untreated cells (100% viability). The fol-
lowing formula was used to calculate cell viabilities:
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Analyses of synergy

In experiments, where DG was used as a chemosensitizer, 10 
µM of DG (Chen et al. 2011) was added to the cells 30 min 
after DOX (0.625–10 μM) and Vola (0.625–10 μM). Then, 
cell viability was assessed as described previously.

IC30 of DG, DOX, and Vola to achieve a 30% growth 
inhibition in combination and of the individual drugs were 
calculated by nonlinear regression analysis using the excel 
software based on the dose–response curves. Finally, inter-
actions on combining DG with either DOX or Vola were 
investigated and the combined growth-inhibitory effect at 
30% cell death was assessed by calculating the combination 
index (CI). The CI was defined by

CI = (dA∕D30A) + (dB∕D30B) , where D30A is the con-
centration of drug A (DG) necessary to cause 30% cell death, 
and dA is the drug A concentration which will produce 30% 
cell death in combination with drug B(chemotherapy). Like-
wise, D30B is the drug B concentration necessary to cause 
30% cell death, and dB is the drug B concentration which 
will produce 30% cell death in combination with drug A 
(Yamashita et al. 2016; Nishi et al. 2023). The combination 
effect was symbolized as follows: CI < 1, synergistic effect; 
CI = 1, additive effect, and CI > 1, antagonistic effect (Sarkar 
et al. 2011; Morisaki et al. 2013).

Real‑time reverse transcription‑PCR (qRT‑PCR)

In 6-well plate, 1 × 106 cells of HepG2 or Huh-7cells were 
seeded in each well and treated with vola (1 µM), DOX (5 µM), 
and/or DG (10 µM) alone or in combination for 24 h. Subse-
quently, total RNA was isolated using TRIZOL (Zymoresearch 
Co., Murphy Ave. Irvine, CA92614, USA) and was purified 
using the Direct-zol RNA miniPREP kit (Zymoresearch Co., 
Murphy Ave. Irvine, CA92614, U.S.A.). Samples (10 µl) of 
total RNA was reverse transcripted to cDNA using the sen-
siFASTcDNA synthesis kit (bioline Inc., Taunton, USA). 
Primers were designed according to gene sequences obtained 
from PubMed (Entrez Gene) and ordered from Invitrogen 
(CA, USA.). The Applied Biosystems 7500 Fast Real-Time 
PCR System (Applied Biosystems, Woburn, MA, USA) was 
used to conduct the PCR using the SYBR Green master mix 
(Bioline Inc., Taunton, USA). In accordance with the manu-
facturer’s recommendations, the thermal cycling program was 
conducted. Using the 2−ΔΔCT method, the relative expression 
of the genes under study was calculated. The GAPDH gene 
was used as a reference gene to quantify expression changes 
in relation to its level of expression. Primer sequences are as 
previously described (Yousef et al. 2020).

Active caspase‑3 concentration determination

In 6-well plate, 1 × 106 cells of HepG2 or Huh-7cells were 
seeded and exposed to Vola (1 µM), DOX (5 µM), and/
or DG (10 µM) alone or in combination for 24 h. Subse-
quently, cells were collected, washed two times using cold 
PBS, resuspended in protein lysis buffer, and kept for 30 min 
on ice. Later, centrifugation was conducted for 10 min at 
1500 rpm. Cell lysates (100 μL) have been transferred to 
96-well plates in triplicates and kept for 2 h at 37 °C. Con-
centration of active caspase-3 in HepG2 and Huh-7 cells 
lysates was measured through the Invitrogen ELISA Kit 
(CA, U.S.A.) based on the manufacturer's instruction.

Statistical analysis

The standard error of the mean (SEM) was used to rep-
resent the data. The SPSS software version 16.0 (SPSS, 
Inc., Chicago, IL, USA) was used to calculate statistical 
significance differences between samples using a one-way 
analysis of variance (ANOVA) followed by a Tukey’s post 
hoc test or Student’s t-test. The GraphPad Prism (GraphPad 
Software Inc., San Diego, USA) was used to create the 
graphs. The threshold for statistical significance predefined 
as p ≤ 0.05.

Results

DOX, Vola, and DG induce cell death in HepG2 
and Huh‑7 cell lines

DG is a well-known phytosteroidal saponin that exert antitu-
mor activity in various tumor types. Consequently, its impact 
to provoke death in HepG2 and Huh-7 cells was investigated. 
Cells were exposed to the prementioned concentration of 
DG, and the viability of cell was assessed the next day. As 
demonstrated in Fig. 1, DG had the capability of inducing 
significant cell death. According to our results, DG induced 
death of cells in a dose-dependent manner with an IC30 of 
51.63 µM and 65 µM in HepG2 and Huh-7 cells, respectively 
(Table 1).

Furthermore, Vola, a specific PLK1 inhibitor, was 
assessed compared with DOX for the inhibition of HCC cell 
viability. Cell viability was assessed in the next day after 
treating cells with a series of concentrations (10–0.625 M) 
of DOX and (10–0.625 M) Vola. DOX repressed cell viabil-
ity in a dose dependent manner with an IC30 of 3.67 μM and 
6.89 μM in HepG2 and in Huh-7 cells, respectively. Also, 
Vola decreased cell viability in a dose-dependent manner 
with an IC30 of 3.16 μM and 6.23 μM in HepG2 and Huh-7 
cells, respectively (Figure 1).

Viability(%) = (Atreated∕Acontrol) × 100%(Coghietal., 2022)
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DG significantly enhances DOX and Vola cytotoxicity 
in HepG2 and Huh‑7 cells

The effect of DG on DOX and Vola cytotoxicity was inves-
tigated. HepG2 and Huh-7 cell treatments with either DG/
DOX or DG/Vola for 24 h induced suppression of the cell 
viability in a dose-dependent manner. The addition of 10 µM 

of DG decreased IC30 for DOX and Vola to 2.78 µM and 
1.76 µM in HepG2 cells, respectively, and to 4.69 µM and 
3.35 µM in Huh-7 cells, respectively (Figure 2).

The capability of these molecules to cause additive or syn-
ergistic inhibition was determined using ACI approach. When 
DG (10 µM) was added to cells incubated with ascending 
doses of DOX or Vola, the combinational impact improved 

Fig. 1   The inhibitory effect of DG, DOX, and Vola on cell viabil-
ity in HepG2 and Huh-7 cells. Cells were seeded in 96-well plates, 
and after 24  h; they were treated for 24  h with the indicated con-
centrations of DG (100–6.25  M) (a). In 96-well plates, cells were 
seeded and later treated for 24  h with the indicated concentrations 

of DOX (10–0.625  µM) (b). In 96-well plates, cells were seeded 
and incubated for 24  h with the indicated concentrations of Vola 
(10–0.625  µM) (c). Cell viability was assessed using crystal violet. 
***P < 0.001, *P < 0.05 compared to the control group. DG, diosgenin; 
DOX, doxorubicin; Vola, volasertib

Table 1   The growth inhibitory 
effect of DG, DOX, and Vola 
(µM) in HepG2 and Huh-7 cells

Drug treatment 
(µM)

HepG2 Drug treatment 
(µM)

Huh-7

IC10 IC20 IC30 IC10 IC20 IC30

DG 18 34.73 51.63 DG 24.56 45.69 65
DOX 1 2.22 3.67 DOX 1.1 3.1  6.89
Vola 0.927 1.98 3.16 Vola 1.76 3.85  6.23
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the inhibition of cell growth in comparison with single drug 
treatments in both HepG2 and Huh-7 cells. In addition, CI 
values at IC30 indicated a synergism between DG and either 
DOX or Vola (Table 2).

DG potentiates downregulation of PLK1 mRNA 
expression in HepG2 and Huh‑7 cells

Following HCC cell treatments with DG, DOX, Vola, DG/
DOX, and DG/Vola for 24 h, DG/DOX revealed a significant 
reduction in the expression of PLK1 mRNA by 2.75-fold (p < 
0.00.1) and 1.65-fold (p < 0.05) as compared to cells treated 
with DOX in HepG2 and Huh-7 cells, respectively (Figure 3).

DG potentiates downregulation of PCNA 
and upregulation of p53, caspase‑3, and PARP1 
mRNA expression induced by DOX and Vola 
in HepG2 and Huh‑7 cells

To investigate the molecular mechanism of action of DG, 
mRNA expression of PCNA, p53, PARP1, and caspase-3 
were assessed in Huh-7 and HepG2 cells using RT-qPCR.

Fig. 2   DG enhances DOX and Vola cytotoxicity in HepG2 and Huh-7 
cells. In 96-well plates, cells were seeded and incubated with DG 
(10 µM) in combination with ascending doses of vola (0.625–10 μM) 

or DOX (0.625–10 μM) for 24 h. Cell viability was assessed by crys-
tal violet. #p < 0.05 compared to DOX, $$$p  < 0.001, and $p < 0.05 
compared to Vola. DOX, doxorubicin; Vola, volasertib

Table 2   Combination index values for DOX/DG and Vola/DG com-
binations at 10%, 20%, and 30% growth inhibition level of HepG2 
and Huh-7 cells

CI values at inhibition of

10% 20% 30%Cell line Combination

HepG2 DOX/DG 1.4 1.1 0.96
Vola/ DG 0.89 0.8 0.76

Huh-7 DOX/DG 1.41 1.1 0.88
Vola/DG 0.95 0.75 0.68



4888	 Naunyn-Schmiedeberg's Archives of Pharmacology (2024) 397:4883–4894

1 3

Interestingly, DG/DOX revealed a significant reduction in 
PCNA expression by 3.08-fold (p ≤ 0.001) in HepG2 cells, 
in comparison with cells treated with DOX which came in 
agreement with the suppression in cell viability when cells 
were treated with combined treatment (Figure 4a).

Moreover, DG/DOX and DG/Vola demonstrated a sig-
nificant increase in p53 expression by 1.37-fold (p < 0.05) 
and 2-fold (p < 0.001) in comparison with cells treated with 
DOX and Vola, respectively in HepG2 cells (Figure 4b).

As shown in Fig. 4c, DG/Vola showed 2.36-fold (p ≤ 
0.001) significant rise in caspase-3 mRNA expression in 
comparison with Vola in HepG2 cells. Moreover, DG/DOX 
and DG/Vola showed significant increase in caspase-3 gene 
expression by 1.98-fold and 1.6-fold (p ≤ 0.001) as com-
pared with DOX and Vola in Huh-7 cells, respectively.

DG/DOX showed 1.2-fold (p ≤ 0.05) and 1.24-fold (p ≤ 
0.05) significant rise in mRNA expression of PARP1 in compar-
ison with DOX in HepG2 and Huh-7 cells, respectively, which 
came in agreement with the decrease in cell viability when cells 
were treated with the combined treatment (Figure 4d).

DG increases active caspase‑3 concentration caused 
by DOX and Vola in HepG2 and Huh‑7 cells

Ultimately, apoptosis was evaluated by measuring the 
concentration of active caspase-3 in lysates of HepG2 and 
Huh-7 cells. According to our results, there is an increase in 
the concentration of active caspase-3 in HepG2 cells treated 

with DG/DOX and DG/Vola by 31.46% and 127.66% as 
compared with cells treated with DOX and Vola, respec-
tively. In addition, Huh-7 cells treated with DG/DOX and 
DG/Vola demonstrated a rise in the concentration of active 
caspase-3 by 35.65% and 121.33% in comparison with 
cells treated with DOX and Vola, respectively, that came in 
agreement with the decrease in cell viability when cells were 
treated with the combined treatment (Fig. 5).

Downregulation of PLK1 induced by DG alone 
or in combination with DOX and Vola correlates 
with apoptosis induction and consequent cell death

Whereas level of PLK1 was significantly high in the HCC cells, 
it was interesting to explore how PLK1 correlated with either 
cell proliferative marker such as PCNA or apoptotic markers 
such as p53 and active caspase-3 in HepG2 and Huh-7 cells.

According to statistical analysis, PLK1 is inversely cor-
related with active caspase-3 concentration (r = −0.74, p ≤ 
0.001) (Fig. 6a) and p53 (r = −0.67, p ≤ 0.001) (Fig. 6b). 
Contrary, PLK1 is directly correlated with PCNA (r = 0.73, 
p ≤ 0.001) (Fig. 6c) in HepG2 cell line.

Furthermore, PLK1 is inversely correlated with active 
caspase-3 concentration (r = −0.76, p ≤ 0.001) (Fig. 6d) 
and p53 (r = −0.87, p ≤ 0.001) (Fig. 6e). Contrary, PLK1 
is directly correlated with PCNA (r = 0.7, p ≤ 0.001) 
(Fig. 6f) in Huh-7 cell line illustrating the role of PLK1 
inhibition in activating caspase cascade and inducing 
apoptosis.

Fig. 3   DG significantly decreases PLK1 mRNA expression caused 
by Vola and DOX in HepG2 and Huh-7 cells. In 6-well plates, cells 
were seeded and incubated with vola (1  µM), DOX (5  µM), and/or 
DG (10 µM) alone or in combination for 24 h. Effect of DG, DOX, 
Vola, DG/DOX, and DG/Vola on mRNA expression level of PLK1 

was measured by RT-PCR technique. Bars symbolize mean ± SEM. 
***p < 0.001, *p < 0.05 compared to the control group, ###p < 0.001 
and #p < 0.05 compared to DOX. DG, diosgenin; DOX, doxorubicin; 
PLK1, polo-like kinase 1; Vola, volasertib
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Fig. 4   DG potentiates downregulation of mRNA expression of 
PCNA and upregulation of p53, caspase-3 and PARP1 provoked by 
DOX and Vola in HepG2 and Huh-7cells. In 6-well plates, cells were 
seeded and incubated with vola (1  µM), DOX (5  µM), and/or DG 
(10 µM) alone or in combination for 24 h. Effects of DG, DOX, Vola, 
DG/DOX, and DG/Vola on mRNA expression level of PCNA, p53, 

caspase-3, and PARP1 were assessed using RT-PCR technique. Bars 
symbolize mean ± SEM. ***p < 0.001, *p < 0.05 compared to the con-
trol group, $$$p < 0.001compared to Vola, ###p < 0.001 and #p < 0.05 
compared with DOX. DG, diosgenin; DOX, doxorubicin; PARP1, 
poly [ADP-ribose] polymerase 1; PCNA, proliferating cell nuclear 
antigen; Vola, volasertib

Fig. 5   DG increases active caspase-3 concentration caused by 
Vola and DOX in HepG2 and Huh-7 cells. The impact of 10  µM 
DG alone or combined with either 5  µM DOX or 1  µM Vola on 
active caspase-3 concentration for 24 h in the lysates of HepG2 and 

Huh-7 cells was assessed by ELISA. Bars symbolize mean ± SEM. 
***p < 0.001   compared to control group, $$$p < 0.001compared to 
Vola, ###p < 0.001compared to DOX. DG, diosgenin; DOX, doxoru-
bicin; Vola, volasertib
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Discussion

Cell proliferation is considered a critical biological process to 
all living organisms owing to its role in the growth and main-
taining tissue homeostasis (Bologna-Molina et al. 2013). The 
imbalance between cell proliferation and apoptosis is a pivotal 
mechanism for tumorigenesis and cancer progression that can 
directly affect the biological cancer activities (Fang et al. 2019; 
Morana et al. 2022). Alterations in p53 expression and/or acti-
vation are common in HCC cells, which participate in their 
resistance to chemotherapy (Brito et al. 2012). DOX has been 
extensively used as the front-line chemotherapeutic agent in 
HCC (Fan et al. 2017). DOX resistance is one of the major rea-
sons for chemotherapy failure in the clinic (Chen et al. 2018a). 
Since the outcome of chemotherapy treatment for HCC patients 
is not satisfactory, it is critical to develop chemosensitizer to 
improve therapeutic efficiency. Previous studies have shown 
that DG could sensitize cancer cells to chemotherapy (Li et al. 
2010; Lepage et al. 2011; Sethi et al. 2018).

PLK1, a key regulator of the cell cycle, is reported to 
be implicated in HCC tumorigenesis, metastasis, and drug 
resistance (Pellegrino et al. 2010; Sun et al. 2014; Liu 
et al. 2017; Mao et al. 2018). Its overexpression is a com-
mon feature of human cancers and its expression corre-
lates often with poor prognosis (Louwen and Yuan 2013). 
Moreover, PLK1 inhibition can suppress cancer prolifera-
tion, reverse the cancer cells drug resistance, and enhance 
sensitivity to radiotherapy and chemotherapy (Liu et al. 
2017). PLK1 activation is based on the catalytic activity of 
Akt downstream of phosphatidylinositol 3-kinase (PI3K) 
(Kasahara et al. 2013). Inhibition of PI3K and Akt signifi-
cantly downregulated PLK1 and induce apoptosis (Kasa-
hara et al. 2013; Mao et al. 2016). DG is also reported to 
suppress PI3K/Akt activation in several cell types such 
as prostate cancer, and HCC (Chen et al. 2011; Li et al. 
2015). Furthermore, recent research has shown that block-
ing PI3K/AKT/mTOR signaling made cancer cells more 
susceptible to chemotherapeutics (Li et al. 2019b). This 

Fig. 6   Correlation of PLK1 with markers of apoptosis and prolifera-
tion of cell in the HepG2 and Huh-7 cell lines. The expression of PLK1 
correlated with active caspase-3 concentration, p53 mRNA expres-

sion, and cell proliferation in the HepG2 and Huh-7 cell lines either 
untreated or treated with DG, DOX, Vola, DOX/DG, or Vola/DG.
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was supported in our study as DG treated alone signifi-
cantly decreased the viability of HCC cells at the doses of 
50 and 100 μΜ, which was consist with previous studies 
(Chen et al. 2018b; Yu et al. 2018). Furthermore, com-
bined treatment of DG with DOX or Vola improved their 
cytotoxicity in HCC cells, suggesting that DG has the 
capability of potentiating DOX and Vola anti-tumor activ-
ity. Also, DOX and Vola decreased the PLK1 expression, 
which was increased in the presence of DG (Figure 3).

Proliferating cell nuclear antigen (PCNA), a critical 
regulator of the cell cycle, is a 36-kDa molecule, which is 
highly conserved among species (Khalil et al. 2015). The 
PCNA expression is elevated during G1 phase through 
S phase of the cell cycle, and it plays an essential role in 
regulating DNA replication (McKay et al. 2002). There-
fore, PCNA was found valuable in the study of the pro-
liferative activity in various tumors including HCC (Loor 
et  al. 1997; Murlidhar and Goswami 2012). Also, DG 

Fig. 7   The proposed mechanism by which diosgenin (DG) can poten-
tiate chemotherapy anticancer effect in hepatocellular carcinoma 
(HCC) cell lines. PARP1, poly [ADP-ribose] polymerase 1;  PLK1, 

polo-like kinase 1; PCNA, proliferating cell nuclear antigen; DOX, 
doxorubicin; Vola, volasertib
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attenuated tumor cell proliferation via lowering the PCNA 
index in colon tumors (Malisetty et al. 2005). Likewise, 
in our study, DG enhanced the antiproliferative activity 
of DOX and Vola by increasing the suppression of PCNA 
expression (Figure 4).

Apoptosis is a programmed cell death that is important 
for normal development, host defense, and oncogenesis 
suppression (Lee et al. 2023). Apoptosis dysregulation is 
a crucial component of tumor pathogenesis and is widely 
believed to be a defining feature of the majority types of 
tumor (Yao et al. 2019). Therefore, promoting apoptosis in 
cancer cells may have a vital role in cancer therapy (Alim-
betov et al. 2018). p53 is a tumor suppressor gene that can 
induce apoptosis by intrinsic and extrinsic pathways (Yogo-
sawa and Yoshida 2018; Zhou et al. 2019). Moreover, p53 
is a vital PLK1 target, and its function is abrogated through 
physical interaction with PLK1 (Gutteridge et al. 2016). 
Indeed, p53 downregulation and PLK1 overexpression make 
cancer cells resistant to chemotherapeutic treatment. As a 
result, we explored the molecular mechanisms underlying 
the sensitivity of tumor cells to DG combinations with DOX 
or Vola by measuring p53, caspase-3, PARP1 mRNA levels, 
and active caspase-3 concentration. Accroding to our data, 
DG enhanced the expression of p53 induced by either DOX 
or Vola, which resulted in caspase 3 activation in HCC cells 
(Figures 4 and 5).

To investigate the impact of PLK1 expression on tumor 
proliferation and apoptosis, we performed correlation stud-
ies between PLK1 and each of active caspase-3 concentra-
tion, p53 and PCNA expressions in HepG2 and Huh-7 cells 
(Figure 6). According to our results, there was a positive 
correlation between PLK1 and PCNA expression in both 
HepG2 and Huh-7. This positive correlation indicates that 
PLK1 plays a significant role in promoting tumor prolif-
eration in HepG2 and Huh-7 cell lines. In addition, PLK1 
inhibition significantly correlated with apoptosis activation 
as shown by the negative correlation between PLK1 and 
both of p53 expression and active caspase-3 concentration 
in both HepG2 and Huh-7.

Thus, conclusively, this study demonstrates that combi-
nation of DG with DOX or Vola enhances their antitumor 
effects in HCC cell lines, by decreasing PLK1 and PCNA 
expressions and increasing p53 expression. Furthermore, 
this study provides a novel insight into a prospective com-
bination strategy for HCC treatment by combining DG with 
chemotherapeutics currently in use (Figure 7).
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