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OSW-1 inhibits tumor cell proliferation and migration
via uncoupling protein 2 in hepatocellular carcinoma
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Abstract. Apoptosis is one of the primary mechanisms by
which anticancer drugs exert their effects. Orsaponin (OSW-1)
is a natural broad-spectrum inhibitor of enterovirus replication
isolated from Ornithogalum saundersiae. It is a specific antago-
nist of cholesterol-binding protein (OSBP) and OSBP-related
protein 4 (ORP4). OSW-1 exhibits antitumor activity; however,
its mechanism remains to be elucidated. The present study
aimed to explore the cytotoxicity of OSW-1 in hepatocel-
lular carcinoma (HCC) and its antitumor mechanisms. Gene
Expression Profiling Interactive Analysis database analysis
showed that uncoupling protein 2 (UCP2) expression was mark-
edly higher in HCC tissue. Mitochondrial membrane potential
and cell cycle progression in Hep3B cells were assessed by flow
cytometry using JC-1 and propidium iodide staining, respec-
tively. OSW-1 decreased mitochondrial membrane potential,
induced cell cycle arrest at the G,/M phase and caused produc-
tion of intracellular reactive oxygen species. Western blot and
quantitative PCR determined that OSW-1 induced apoptosis in
Hep3B cells by downregulating UCP2 expression. These results
suggest that OSW-1 has potential as a therapeutic agent for liver
cancer. Future studies should explore its effects on a broader
range of HCC cell lines and in vivo models and investigate its
molecular mechanisms and side effects.

Introduction

According to National Cancer Center of China, there were
4.82 million new cancer cases in China in 2022, including
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apoptosis,

370,000 new cases of liver cancer, making it the fourth most
common cancer in China (1). Currently, the treatment of liver
cancer primarily focuses on perioperative treatment, surgery
and systemic drug therapy (2); however, liver cancer is often
diagnosed at an advanced stage or the physical condition of
the patient may preclude surgical intervention (3). Despite
advances in chemotherapy and the development of targeted
therapy and immunotherapy, toxic side effects remain a
challenge (3).

Taxanes have potential in antitumor activity and serve an
important role in cancer prevention and treatment (4). Since its
isolation from Ornithogalum saundersiae in 1992, orsaponin
(OSW-1) has demonstrated potent antitumor activity in various
cancer models (5,6). However, its mechanism of action remains
incompletely elucidated and the compound is challenging to
synthesize, maintaining its status in the preclinical research
phase (7). OSW-1 may be associated with mitochondrial
function and trigger apoptosis via mitochondrial signaling
pathways (8). Previous studies have reported that mitochon-
drial dysfunction is associated with apoptosis in hepatocellular
carcinoma (HCC) cells (9,10). Uncoupling protein 2 (UCP2)
regulates the production of reactive oxygen species (ROS)
in mitochondria, thus influencing mitochondrial dysfunc-
tion (11). UCP2 mediates resistance to gemcitabine-induced
apoptosis in HCC cell lines (12). A previous study demon-
strated that OSW-1 induces necrotic apoptosis in HCC cells,
primarily via the mitochondrial pathway (13). Given UCP2
role in mitochondrial-mediated chemoresistance and OSW-1's
mitochondrial targeting mechanism, investigating potential
interactions between UCP2 and OSW-1 could elucidate
determinants of therapeutic efficacy, though direct evidence
remains unconfirmed.

The present study aimed to explore the cytotoxicity of
OSW-1 in HCC cells and elucidate its potential antitumor
mechanisms.

Materials and methods

Gene Expression Profiling Interactive Analysis (GEPIA).
The updated version of GEPIA2 was utilized to analyze
the differential expression of UCP2 in liver cancer, perform
survival analysis, and assess its expression across different
clinical stages (gepia2.cancer-pku.cn/#analysis). GEPIA2, an
upgraded version of GEPIA, integrates RNA-seq data from
9,736 tumors (The Cancer Genome Atlas, TCGA) and 8,587
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normal (Gene-Tissue Expression, GTEx) samples processed
through the UCSC Xena standardized pipeline (http:/xena.
ucsc.edu).

Cell lines and culture. Huaman THLE-2 and Hep3B cell lines
(Shanghai Fuheng Biotechnology Co., Ltd.), derived from
normal human hepatocytes and HCC cells, respectively, were
cultured in RPMI-1640 and Eagle's minimum essential medium
supplemented with 10% fetal bovine serum and 1% penicillin
and streptomycin [all (Shanghai Xiaopeng Biotechnology Co.,
Ltd.)]. Cells were maintained at 37°C in a humidified incubator
with 5% CO,.

OSW-1.0SW-1 (HY-101213,CAS:145075-81-6) was purchased
from MedChem Express . It was dissolved in dimethyl sulf-
oxide (Beijing Solarbio Science & Technology Co., Ltd.) to a
concentration of 100 ug/ml and stored at -20°C.

Cell Counting Kit-8 (CCK-8) assay. Cell proliferation was
monitored using a CCK-8 assay (Beijing Solarbio Science &
Technology Co., Ltd.). The aforementioned cell lines in the
logarithmic growth phase were seeded in a 96-well plate
(1x10*/well) for 24 h. After treatment, CCK-8 reagent was
added, followed by incubation at 37°C for 2 hours. Absorbance
at 450 nm was measured using a microplate reader (Synergy
Mx; BioTek; Agilent Technologies, Inc.). Data analysis was
performed using SPSS (version 24.0; IBM Corp.) and samples
were analyzed in quintuplicate.

Mitochondrial membrane potential assay. Hep3B cells in
the logarithmic growth phase were incubated with OSW-1 at
concentrations of 0.0, 12.5, 25.0 and 50.0 ng/ml in a 6-well
plate (5x10%/well) at a constant 37 °C for 24 h. JC-1 staining
solution (Beyotime Institute of Biotechnology) was added
and incubated at 37°C for 25 min in the dark. Cells were then
washed twice with JC-1 staining buffer. Images were captured
using an inverted fluorescence microscope (Discover Echo
Inc.) and analyzed with ImageJ software (Version 1.54h,
National Institutes of Health). Each sample was tested in
triplicate.

Cell cycle assay. The cell cycle was assessed using a cell
cycle and apoptosis detection kit (cat. no. C1052; Beyotime
Institute of Biotechnology). Following treatment aforemen-
tioned, single-cell suspensions were prepared and stained
according to the manufacturer's instructions. Flow cytometry
(FACSCalibur; BD Biosciences) was used to analyze (FlowJo;
10.6.2; BD) the cell cycle and triplicate experiments were
performed.

ROS assay. According to the manufacturer's instructions (ROS
Assay Kit; Beyotime Institute of Biotechnology), cells were
loaded with 10 uM DCFH-DA (diluted 1:1,000 in extracellular
solution) and incubated at 37°C for 20 min in the dark. After
washing three times with extracellular solution to remove
residual probe, ROS levels were assessed using a short-term
stimulation method. Based on preliminary tests showing no
detectable changes in ROS levels at lower concentrations, the
drug concentration was increased 10-fold for experimental
treatments. For positive controls, cells were stimulated with

Rosup (diluted 1:1,000 in PBS) at 37°C for 20-30 min to induce
ROS elevation. After digesting the Hep3B cells and preparing
a single-cell suspension at a concentration of 1x10%ml, dichlo-
rodihydrofluorescein diacetate was added and the cells were
incubated at 37°C. The probe was invested and mixed every
3-5 min to allow full contact with the cells. The non-probe and
Rosup positive control groups were used as the reference. The
Rosup group was stimulated for 20 min and the OSW-1 group
for 2 h. Flow cytometry was used to observe changes in ROS
levels and each sample was analyzed in triplicate.

Reverse transcription-quantitative (RT-q)PCR. Hep3B cells
were treated with OSW-1 as aforementioned. RNA was
extracted using the TRNzol Universal method (DP424; Tiangen
Biotech Co., Ltd.). Reverse transcription was performed with
the FastKing cDNA First Strand Synthesis Kit (KR116;
Tiangen Biotech Co., Ltd.) under the following conditions:
42°C for 15 min followed by 95°C for 3 min. Quantitative PCR
was performed using a Thermo 7300 Plus PCR instrument
(Thermo Fisher Scientific) with the SuperReal Fluorescence
Quantitative PreMix Enhanced kit (FP205; Tiangen Biotech
Co., Ltd.). Thermocycling conditions consisted of an initial
denaturation at 95°C for 15 min (1 cycle), followed by 40 cycles
of 95°C for 10 sec and 60°C for 26 sec. Gene expression levels
were analyzed by the 2244 method (14). Quantification was
performed according to the manufacturer's protocol in the kit
manual. The primer sequences were as follows: UCP2 forward,
5'-GGAGGTGGTCGGAGATACCAA-3' and reverse, 5'-ACA
ATGGCATTACGAGCAACAT-3' and GAPDH forward,
5'"TCAAGGCTGAGAACGGGAAG-3' and reverse, 5-TGG
ACTCCACGACGTACTCA-3.

Western blotting (WB). Cells were treated as aforemen-
tioned and proteins were extracted using RIPA cell lysate
(Beijing Solarbio Science & Technology Co., Ltd.) mixed
with PMSF. A BCA protein assay kit (Beyotime Institute
of Biotechnology) was used for protein quantification. The
prepared protein samples (40 ug/lane) were separated by
12% SDS-PAGE (Beijing Solarbio Science & Technology
Co., Ltd.) and transferred to nitrocellulose membranes
(MilliporeSigma). The membrane was blocked in 5% skim
milk at room temperature for 1 h and incubated overnight
at 4°C with the following primary antibodies: BAX (1:1,000
dilution, catalogue no. WL01637; Wanleibio Co., Ltd.), Bcl-2
(1:1,000, WLO01556; Wanleibio Co., Ltd.), Cleaved Caspase-3
(1:1,000, WL01992; Wanleibio Co., Ltd.), Caspase-3 (1:1,000,
WL04004; Wanleibio Co., Ltd.), UCP2 (1:1,000, 11081-1-AP;
Proteintech), and pB-actin (1:1,000, AF7018; Affbiotech).
The next day, the membrane was incubated with a fluores-
cent secondary antibody (IRDye 800CW goat anti-Rabbit;
1:20,000; LI-COR Biosciences) for room temperature 1 h in
the dark, followed by visualization using a dual near-infrared
fluorescent molecular imaging system. ImageJ was used to
analyze the gray values of the bands.

Statistical analysis. All data are presented as the mean + SD
from three independent experimental repeats. All data were
processed using SPSS 24.0 and analyzed using one-way anal-
ysis of variance followed by post hoc LSD test. Graphs were
generated using the GraphPad Prism 6 software (Dotmatics).
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Figure 1. UCP2 expression and survival analysis in liver cancer. (A) Gene expression profile across tumor samples and paired normal tissue. (B) Box plots of
UCP2 in liver cancer and normal tissue. (C) Overall survival of patients with low or high UCP2 expression in liver cancer. (D) Expression of UCP2 in liver
cancer across pathological stages. "P<0.05. UCP, uncoupling protein 2; HR, hazard ratio; TPM, transcripts per million; LIHC, liver hepatocellular carcinoma.

P<0.05 was considered to indicate a statistically significant
difference.

Results

UCP?2 is upregulated in liver cancer. The GEPIA database
was used to assess differences in UCP2 expression between
cancerous and normal human tissue. UCP2 expression was
significantly higher in HCC compared with paired normal tissue
(Fig. 1A). Compared with normal tissue in TCGA and GTEx
data, the expression of UCP2 in liver cancer was significantly
higher compared with that in normal tissues (P<0.05; Fig. 1B).
Moreover, patients with high UCP2 expression demonstrated
shorter overall survival compared with those with lower expres-
sion (Fig. 1C). No significant association was found between
UCP2 expression and the clinical stage of HCC (Fig. 1D).

OSW-1 inhibits the proliferation of Hep3B cells. To evaluate
the ability of OSW-1 to inhibit cell survival, a CCK-8 assay
was used. OSW-1 had a significant cytotoxic effect on Hep3B
cells; however, the viability of THLE-2 cells was significantly
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Figure 2. Proliferation of THLE-2 and Hep3B cells treated with orsaponin-1.
“P<0.05 vs. control.

higher compared with Hep3B cells at the same concentration
(P<0.05; Fig. 2). The half-maximal inhibitory concentration of
OSW-1 against Hep3B cells was 73.97 ng/ml.
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Figure 3. OSW-1 decreases the mitochondrial membrane potential. (A) Mitochondrial function of Hep3B cells treated with OSW-1. Magnification, x100.
(B) Quantification of fluorescence ratio of red to green. "P<0.05 vs. control. OSW, orsaponin.

OSW-1 decreases the mitochondrial membrane potential in
Hep3B cells. A decline in mitochondrial membrane poten-
tial is a hallmark of early apoptosis. To measure this, the
membrane-permeable cationic dye JC-1 was used as a fluores-
cent probe. A decrease in mitochondrial membrane potential
is indicated by the transition of JC-1 from red to green (15).
OSW-1 significantly decreased the mitochondrial membrane
potential in Hep3B cells in a dose-dependent manner compared
with untreated controls (P<0.05; Fig. 3).

OSW-1 mediates Hep3B cell cycle arrest. OSW-1 induced
significant G2/M phase arrest and partial S phase accumulation
in Hep3B cells, concurrent with reduced GO/G1 population.
(P<0.05; Fig. 4).

Effect of OSW-1 on ROS in Hep3B cells. OSW-1 markedly
increased intracellular ROS levels (Fig. 5A). Compared with
the control group, 125, 250, and 500 ng/ml OSW-1 treatments
induced significant increases in M2 gated cells (%) (P<0.05;
Fig. 5B).

OSW-1 induces apoptosis in Hep3B cells via UCP2. To
investigate how OSW-1 induces apoptosis in Hep3B cells,
WB and RT-qPCR were performed to assess UCP2 protein
and mRNA expression, respectively. RT-qPCR analysis
demonstrated that the expression of UCP2 mRNA decreased
in a dose-dependent manner with increasing OSW-1 concen-
tration. Compared with the control group, 12.5, 25.00, and
50.00 ng/ml OSW-1 reduced UCP2 mRNA (P<0.05; Fig. 6B).
Similarly, WB (Fig. 6C) demonstrated that the expression of
UCP2 decreased with an increase in OSW-1 concentration
(P<0.05). The protein expression of UCP2 decreased with
longer treatment times at 12.5 ng/ml OSW-1 (Fig. 6A) and the
48- and 72-h groups were significantly decreased compared
with the untreated control group (P<0.05). Compared with
the control, Bcl-2 was downregulated, Bax was upregulated
and the Bax/Bcl-2 ratio was significantly increased with
OSW-1 treatment. In addition, cleaved-caspase3/caspase3
levels were significantly increased compared with the
control (P<0.05).

Discussion

OSW-1 was first isolated from the bulbs of O. saundersiae
by Kubo et al (16) in 1992. Researchers have studied OSW-1
in-depth and have reported notable anticancer activity across
several cancer types (17,18). OSW-1 is considered a promising
anticancer drug due to its low toxicity in non-malignant
cells; however, its clinical application remains limited due
to its unclear anticancer mechanisms and low yield (19). In
the present study, the cytotoxicity of OSW-1 in HCC cells
and normal hepatocytes was assessed. OSW-1 exhibited low
toxicity in normal hepatocytes and significant toxicity in HCC
cells.

There is an association between mitochondrial dysfunc-
tion and liver cancer (20). Numerous studies have reported
that UCP2 affects mitochondrial dysfunction and ROS
production (21,22). Additionally, miR-214 suppresses HCC
progression and reverses chemoresistance by targeting UCP2
expression to regulate ROS homeostasis and apoptosis. (23). In
the present study, using GEPIA database analysis, the expres-
sion of UCP2 in HCC was significantly higher compared with
normal tissue. Therefore, UCP2 may serve an important role
in liver cancer progression. The lack of significance between
the clinical stages may be due to a small sample size.

Apoptosis is one of the primary mechanisms by which
anticancer drugs exert their effects. Iguchi et al (24)
demonstrated that OSW-1 induces apoptosis in HL-60 cells
via a mitochondria-independent signaling pathway, while
Wu et al (25) reported that OSW-1 suppresses triple-nega-
tive breast cancer growth and metastasis by inducing
Ca?*-dependent mitochondrial apoptosis and cytoprotec-
tive autophagy via PI3K/Akt-mTOR pathway inhibition,
while synergizing with chemotherapy agents. Therefore, it
was hypothesized that apoptosis may be a key mechanism
of OSW-1-induced tumor cell death. Apoptosis-associated
proteins were evaluated; OSW-1 downregulated the expres-
sion of Bcl-2, upregulated the expression of Bax, and
increased Bax/Bcl-2 and cleaved-caspase3/caspase3 ratios,
indicating, apoptosis in Hep3B cells treated with OSW-1 was
markedly increased.
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in each group. "P<0.05 vs. control. ROS, reactive oxygen species.

UCP?2 can resist inflammation and apoptosis in mice with ~ mitochondrial pathway is involved in orthoxylin-induced
sepsis-associated encephalopathy by affecting mitochondrial  apoptosis in human colon cancer cells (27). Therefore, OSW-1
dysfunction and ROS accumulation (26). The UCP2-associated  may target and inhibit highly expressed UCP2 in HCC,


https://www.spandidos-publications.com/10.3892/ol.2025.15107

6 SHEN and JIN: OSW-1 INHIBITS TUMOR CELL PROLIFERATION AND MIGRATION VIA UCP2 IN HCC

B S
A s ? 1.5 1
o
(o}
x
— (O]
1.0 < < 1.0 4
o "g = = = E
) . o S e N E
0.5 & 0.5 : .
d O
UCP2 o’ 33kDa S *
[0
>
0.0- . = 0-
Control 24 h 48 h 72h B-actin B - n u 42kDa 3 Control 12.50 25.00 50.00
o ng/ml
E E E
(o)) ()] (o))
6 c c c
= 3 8 8 - = —
C S o % S E E E
O - 3 o =] [=)] =)
(_D c < c
£ 8 8 3
ucP2 v . 33 kDa S & & S
O — al L0

BCl-2 s s s— s 26 kDa

o O
_

1.51 2.0 1
£ 1.51
S 1.04 o
& &
O 0.54 7 c‘g
) 0.5

0.0- i

Control12.50 25.00 50.00
ng/ml

Control12.50 25.00 50.00

C-caspase-3 #EEL SRS AN SRR 17 kDa

—

1.0

C-caspase-3/Caspase-3

Control12.50 25.00 50.00

ng/ml ng/ml

Figure 6. OSW-1 induces apoptosis of liver cancer cells via UCP2. (A) mRNA expression of UCP2 was determined by reverse transcription-quantitative PCR.
(B) UCP2 protein expression following 12.5 ng/ml OSW-1 treatment at different time points. “P<0.05 vs. control. (C) Western blotting of apoptosis-associated
proteins following OSW-1 treatment. UCP2, uncoupling protein 2; OSW, orsaponin.

disrupting its regulation of mitochondrial ROS homeostasis,
leading to ROS accumulation and mitochondrial dysfunction.
In the present study, the expression of UCP2 decreased with
an increase in OSW-1 concentration and time, demonstrating
an association between UCP2 and OSW-1. Here, membrane
potential decreased with an increase in the concentration of
OSW-1. This unexpected reduction in membrane potential,
despite decreased UCP2 expression, suggests that OSW-1
may exert additional effects on mitochondrial ion homeo-
stasis. UCP2, a proton transporter, is an inner mitochondrial
membrane carrier protein that can induce proton leakage and
dissipate the proton gradient, which may be an important
mechanism for controlling mitochondrial ROS production by
adjusting the mitochondrial membrane potential (28-31).
Previous studies have demonstrated that changes in the cell
cycle can affect the occurrence and process of apoptosis and
that cell cycle arrest and apoptosis serve antitumor roles (32,33).
Abusaliya et al (34) demonstrated that prunetrin induces cell
cycle arrest and intrinsic apoptosis in Hep3B cells via inhibition
of Akt/mTOR and activation of p38/MAPK signaling. In the

present study, flow cytometry demonstrated that the propor-
tion of Hep3B cells treated with OSW-1 was significantly
increased in the G,/M phase. This was similar to the findings
of Liu et al (35), who reported that silencing of UCP2 sensi-
tizes HeLa cells to radiation-induced DNA damage, leading to
increased apoptosis, G,/M cell cycle arrest and increased mito-
chondrial ROS production. UCP2 can inhibit the production of
mitochondrial ROS, thereby alleviating oxidative stress-induced
apoptosis (36,37). In the present study, the concentration of ROS
increased with increasing OSW-1 concentration. Furthermore,
UCP2 expression decreased with increasing OSW-1 concentra-
tion. UCP2 is a molecular sensor and inhibitor of mitochondrial
ROS production and serves an important role in regulating
apoptosis in different cell systems (38).

The present study has some limitations, such as exclusive
use of Hep3B cells. HCC cell lines vary in genetic makeup and
biological behavior, so the present findings may not apply to
other cell lines. This restricts full understanding of effects of
OSW-1 on HCC. Future research should involve multiple cell
lines to confirm if the effects are consistent. Additionally, the
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specific molecular pathways by which OSW-1 affects UCP2
remain unclear, requiring further investigation. Notably, the
present study did not account for patient comorbidities or treat-
ment differences, which may confound the association between
UCP2 expression and survival outcomes. Comorbid condi-
tions may independently alter mitochondrial ROS dynamics,
while prior therapy might modulate UCP2 levels, potentially
obscuring the impact of UCP2 expression on prognosis and
survival. To address this, future studies should integrate
clinical metadata into survival analyses, stratify cohorts by
treatment history and employ comorbidity-mimicking models
to determine how these factors influence OSW-1 efficacy and
UCP2-associated mechanisms. Finally, the present study did
not address the potential side effects of OSW-1 in normal tissue,
which is key for its therapeutic application in cancer treatment.

In conclusion, OSW-1 promotes apoptosis in Hep3B cells,
potentially via the modulation of UCP2 expression. These
findings provide insight into the potential of OSW-1 as a thera-
peutic agent for liver cancer. Future studies should explore the
effects of OSW-1 across a range of HCC cell lines and in vivo
models to validate its therapeutic potential. Additionally,
investigating the molecular mechanisms of the interaction
between OSW-1 and UCP2 and its potential side effects on
normal tissue is essential for clinical application.
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