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ABSTRACT

Objective: To investigate the synergistic effects of auranofin and
schisandrin A (SA) on cell proliferation inhibition and apoptosis
induction in human hepatocellular carcinoma Hep3B cells.
Methods: Cell viability was assessed using MTT to determine
the synergistic effects of auranofin and SA. Three-dimensional
(3D) culture models were used to evaluate the effects on spheroid
structure and size. Apoptosis was analyzed by flow cytometry for
sub-G, populations, annexin V staining, and Western blotting for
apoptotic markers. Reactive oxygen species (ROS) production was
measured using DCF-DA staining.

Results: Our results showed that combined treatment with auranofin
and SA led to a significant reduction in cell viability compared with
either compound alone, with isobologram analysis confirming their
synergistic interactions. Under 3D culture conditions, auranofin
and SA disrupted the compact structure of spheroids, leading to
a loosened and disorganized morphology at the periphery, which
appeared as an increase in spheroid size. Moreover, the induction
of apoptosis by auranofin and SA was evidenced by elevated
sub-G, phase populations, increased annexin V-positive cells, and
upregulation of apoptotic markers such as cleaved poly (ADP-
ribose) polymerase 1 and cleaved caspase-3. Notably, auranofin
combined with SA markedly enhanced ROS production, which was
mitigated by the ROS scavenger N-acetylcysteine. Additionally,
the phosphoinositide 3-kinase (PI3K)/Akt signaling pathway was
downregulated in response to auranofin and SA treatment, and
further apoptotic effects were observed following PI3K inhibition
with LY294002.

Conclusions: Auranofin combined with SA promotes apoptosis of

hepatocellular carcinoma via ROS generation and inhibition of the
PI3K/Akt pathway.

KEYWORDS: Auranofin; Apoptosis; Hepatocellular carcinoma;
Reactive oxygen species; Schisandrin A; PI3K/Akt

Summary

Question: Does the combination of auranofin and schisandrin A
enhance apoptosis in hepatocellular carcinoma Hep3B cells by
modulating ROS and PI3K/Akt signaling?

Findings: In this in vitro study using 2D and 3D spheroid models,
the combination of auranofin and schisandrin A significantly
increased ROS levels and apoptosis in Hep3B cells while
downregulating PI3K/Akt signaling. ROS scavenger treatment
reversed these effects, confirming ROS as a key mediator.
Meaning: These findings suggest that targeting ROS with
auranofin and schisandrin A could be a promising therapeutic
approach for hepatocellular carcinoma cells by inducing apoptosis
through oxidative stress modulation.
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1. Introduction

Hepatocellular carcinoma (HCC) is one of the most prevalent and
fatal forms of liver canceri1.2]. Despite advances in early detection
and treatment, the prognosis for patients with advanced HCC
remains poor. Current therapeutic options, such as surgical resection,
liver transplantation, and systemic treatments such as sorafenib,
offer limited efficacy and significant toxicity[3.4]. These limitations
emphasize the urgent need for safer and more effective therapeutic
strategies to enhance patient outcomes and quality of life.

Recent research has increasingly focused on combining natural
compounds with established anticancer drugs as a promising
approach to enhance therapeutic efficacy against HCCJ5.6].
Natural compounds derived from plants, marine organisms, and
other sources have been shown to possess diverse biological
functions, including antioxidant, anti-inflammatory, and anticancer
properties[7.8]. Compounds, such as curcumin, resveratrol, and
epigallocatechin gallate, have been extensively studied for their
ability to inhibit cancer cell proliferation, induce apoptosis,
and sensitize cancer cells to established therapies[9-11]. Natural
compounds can be combined with existing drugs to overcome drug
resistance by targeting multiple signaling pathways and reducing the
side effects associated with high concentrations of chemotherapyf(12].
While HCC remains an unsolved problem in oncology, with the
existing treatments offering only modest benefits and often causing
substantial toxicity, combining natural compounds with established
anticancer drugs represents a promising path for the development
of more effective and less toxic therapies for HCC. Ongoing studies
are essential for a comprehensive understanding of combination
therapies and clinical practice. Auranofin, a gold-containing
compound used to effectively treat rheumatoid arthritis, is gaining
attention as a promising candidate for cancer treatment owing to
its ability to induce cell death[13]. Auranofin exerts its anticancer
effects primarily by inhibiting thioredoxin reductase, a key enzyme
involved in maintaining the cellular redox balance; it is recognized
as a candidate drug for anticancer treatment in malignant tumors
because it induces oxidative stress and apoptosis by disrupting the
cellular redox balance[13,14]. Despite these promising attributes, the
potential of combination therapy with auranofin for HCC treatment
has not been fully explored. One compound of interest is schisandrin
A (SA), a lignan derived from the fruit of Schisandra chinensis,
which is widely used in traditional Korean medicine[15]. SA is well-
known for its potent antioxidant properties and ability to modulate
various biological pathways involved in inflammation, oxidative
stress, and apoptosis[16.17]. The mechanisms by which SA exerts
these effects are thought to involve the modulation of multiple
signaling pathways, including the mitogen-activated protein kinase
and phosphoinositide 3-kinase (PI3K)/Akt pathways, which are

critical for cell survival and proliferation[18,19].
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Reactive oxygen species (ROS) comprise various molecules,
including hydrogen peroxide (H,O,), superoxide anion (O, ),
hydroxyl radical («OH), and singlet oxygen ('O,)[20]. ROS plays
important roles in cellular signaling and immune responses,
influencing processes such as cell growth, differentiation, and
apoptosis[21]. However, excessive ROS accumulation can lead to
oxidative stress, which is linked to diseases such as inflammation,
aging, and cancer[22.23]. Owing to their impact on cell survival
and death, ROS are considered the key mechanisms of anticancer
activity through the induction of apoptosis. Additionally, ROS
regulation is crucial for overcoming multidrug resistance in cancer
and managing inflammatory diseases|24]. In particular, basal ROS
levels are higher in cancer cells than in normal cells because of an
imbalance between oxidants and antioxidants and a high metabolic
rate[25]. Previous studies have shown that auranofin exerts its anti-
lymphoma effect through potent ROS generation mediated by
thioredoxin reductase[26]. Conversely, SA protects normal cells from
oxidative stress caused by ROS by modulating the Nrf2 signaling
pathway[27]. We investigated the outcomes of utilizing these two
types of compounds, which have distinct propensities for ROS
generation, within the specific environment of cancer cells.

This study explored the use of auranofin and SA based on their
potential for synergistic interactions, with the aim of enhancing
efficacy while minimizing toxicity. In particular, the combined
effects of auranofin and SA on Hep3B HCC cells were investigated
to gain valuable insights into their potential as a treatment strategy
for HCC.

2. Materials and methods

2.1. Cell culture and treatment

Hep3B cells were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and cultured in Dulbecco’s
Modified Eagle’s Medium (Welgene Inc., Gyeongsan, South Korea)
supplemented with 10% fetal bovine serum and 1% penicillin-
streptomycin. The cells were maintained in a 37 °C humidified 5%
CO, environment. Auranofin and SA were obtained from Sigma-
Aldrich (St. Louis, MO, USA), dissolved in dimethyl sulfoxide
(Generay, Shanghai, China) at concentrations of 1 and 100 mM,

respectively, and stored at —80 °C until use.

2.2. Cell viability assay

Hep3B cells were seeded at 1.5 x 10 cells/well in six-well plates and
incubated for 24 h. After stabilizing, the cells were exposed to 1 M
auranofin and various concentrations (50, 100, and 200 pM) of SA in a
fresh medium for 24 h. In addition, LY294002 (5 uM), as an inhibitor of
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PI3K/Akt signaling pathway, was pretreated for 1 h. Next, the cells were
incubated with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) solution (Thermo Fisher Scientific, Waltham, MA,
USA) at a final concentration of 0.5 mg/mL[28]. To form formazan,
the reaction was conducted at 37 °C for 2 h, and absorbance was

measured at 540 nm after dissolving formazan in dimethyl sulfoxide.

2.3. Colony formation assay

Cells exposed to auranofin (1 uM) and SA (200 uM) were seeded
in six-well plates at a density of 2000 cells/well. The cells were
incubated at 37°C for 12 d, and replaced with a fresh medium every
3 days. After colony proliferation, the colonies were washed with
phosphate-buffered saline and fixed with 4% formaldehyde (Junsei
Chemical Co., Tokyo, Japan) for 30 min at room temperature.
The colonies were then stained with 0.05% crystal violet (Sigma-
Aldrich), followed by washing with phosphate-buffered saline. The
stained colonies were observed under a phase-contrast microscope
(Carl Zeiss, Oberkochen, Germany), and the number of colonies was
analyzed using Image J software (version 1.52a; National Institutes
of Health, Bethesda, MD, USA).

2.4. Apoptosis analysts

Apoptosis was analyzed by measuring annexin V positivity and the
population in the sub-G, phase for cells treated with the indicated
concentrations of auranofin and SA. Briefly, the cells were harvested
and stained with FITC annexin V/propidium iodide (PI) Apoptosis
Detection Kit (BD Biosciences, Franklin Lakes, NJ, USA) and BD
Cycletest” Plus DNA Reagent Kit (BD Biosciences), respectively,
and analyzed with an Accuri C6 Plus flow cytometer (BD

Biosciences)[29].

2.5. Evaluation of mitochondrial membrane potential (MMP,
yAm)

To estimate loss of MMP (yAm) by apoptosis, the cells treated with
auranofin and SA were collected and incubated with JC-1 dye (10 puM,
Sigma-Aldrich) for 20 min. Following staining, green/red fluorescence

ratio was analyzed using an Accuri C6 Plus flow cytometer{30].

2.6. ROS production

Intracellular ROS production following auranofin and SA treatment
was detected using 2',7'-dichlorodihydrofluorescein diacetate
(H,DCFDA; Sigma-Aldrich), which emits green fluorescence
depending on the redox state. N-Acetylcysteine (NAC) was used
as a positive control for ROS scavenging. Cells were incubated
with H,DCF-DA for 20 min before harvesting. After incubation,

the stained cells were analyzed using an Accuri C6 Plus flow

cytometer(31].

2.7. Western blot analysis

Briefly, total protein was extracted from Hep3B cells using a
lysis buffer containing NaCl, Tris-Cl (pH 7.5), ethylene-diamine-
tetraacetic acid, NP-40, 4-benzene sulfonyl fluoride hydrochloride,
dithiothreitol, and a protease inhibitor cocktail (Sigma-Aldrich).
Equal amounts of protein (30 pg) were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred onto
nitrocellulose membranes (GE Healthcare, Chicago, IL, USA). The
membranes were then incubated with the primary antibodies at 4 °C
overnight, followed by secondary antibodies at room temperature
for 1 h[32]. Primary antibodies were purchased from Santa Cruz
Biotechnology Inc. (Dallas, TX, USA) and Cell Signaling
Technology (Danvers, MA, USA) (Supplementary Table). Secondary
antibodies were purchased from Santa Cruz Biotechnology
Inc. Finally, the proteins were visualized using enhanced
chemiluminescence (ECL; Thermo Fisher Scientific) and detected
using a Fusion Solo system (Vilber Loumat, Collégien, France).
Densitometric analysis of the Western blot bands was performed
using ImagelJ software. The intensity of the bands was quantified and

normalized to the loading control for relative comparison.

2.8. Tumor spheroid formation assay

To generate HCC spheroids, 7 x 10° Hep3B cells were seeded
onto a PrimeSurface three-dimensional (3D) culture plate (S-Bio,
Siheung, South Korea) and stabilized for 3-5 d. The existing medium
was carefully removed and replaced with a fresh medium containing
auranofin (1 uM) and SA (200 uM). Tumor spheroid images were
taken daily after auranofin and SA treatment, and their sizes were
analyzed using Image]. H,DCFDA staining was used to detect the
ROS levels in Hep3B spheroids. Tumor spheroids were fixed with
4% formaldehyde, reacted with H,DCFDA in an incubator for 20
min, stained with 4°,6-diamidino-2-phenylindole (DAPI; Sigma-
Aldrich), and observed under a fluorescence microscope (EVOS FL
Auto 2; Thermo Fisher Scientific).

2.9. Statistical analysis

The data were presented as mean + standard deviation (SD)
of at least three independent experiments. For multiple group
comparisons, statistical significance was assessed using a one-way
analysis of variance (ANOVA), followed by Tukey’s post hoc test.
The criterion for statistical significance was set at P < 0.05. All
statistical analyses were performed using GraphPad Prism v8.4.2
(GraphPad Software., La Jolla, CA, USA).
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3. Results

3.1. Auranofin and SA synergistically inhibit Hep3B cell

proliferation

To evaluate the synergistic effect of auranofin and SA on the
inhibition of Hep3B cell proliferation, the cells were treated with
each chemical alone and cell viability was measured using the MTT
assay (Figure 1A and B). Based on the results, the concentration that
did not significantly reduce cell viability was selected for further
experiments. To investigate the synergistic effects of auranofin and
SA, cells were simultaneously treated with both chemicals and
incubated for 24 h. The viability of Hep3B cells was significantly
reduced by combined treatment with 1 pM of auranofin and various
concentrations (50, 100, and 200 uM) of SA (Figure 1C). The
isobologram confirmed that combined treatment with auranofin

and SA had a synergistic effect (Figure 1D). Inhibition of colony
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formation (Figure 1E) and reduced cell density (Figure 1F) were
also observed. The inhibitory effects of auranofin and SA on cell
proliferation were evaluated under 3D-culture conditions. As shown
in Figure 1G, spheroids were firmly formed using Hep3B cells (Day
0). However, after 3 days of treatment with auranofin and SA, the
outer surface of the spheroids was scattered compared to that of
the control group, which remained firmly maintained. Accordingly,
the area and size of the spheroids were also increased by auranofin
and SA treatment (Figure 1H and I). Therefore, the combination
treatment of auranofin and SA synergistically suppressed Hep3B cell
growth and altered spheroid structure.

3.2. Auranofin combined with SA induces apoptosis in Hep3B

cells

As shown in Figure 2A and C, auranofin and SA treatment

significantly increased the population of cells in the sub-G, phase.
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Figure 1. Effects of auranofin and schisandrin A (SA) on the proliferation and growth of Hep3B cells and spheroids. Cells were treated with auranofin

and SA alone or together at the indicated concentrations for 24 h. (A-C) Cell viability was determined by MTT assay. Data are expressed as mean + SD of

three independent experiments. "P<0.05 and ~"P<0.001 compared with the control group. (D) Isobologram was calculated based on the cell viability. (E)

Colonies formed after incubation with auranofin and SA were stained with 0.05% crystal violet. (F) Representative phase-contrast images of morphology. (G)

Representative phase-contrast images of 3D spheroids treated with auranofin and SA for 3 days. The (H) area and (I) length of spheroids were quantified using
ImagelJ. "P<0.05 and "P<0.001 compared with the control group on Day 3. AF: auranofin.
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Figure 2. Auranofin and SA induce apoptosis in Hep3B cells. Cells were treated with indicated concentration of auranofin and SA for 24 h. Apoptosis induced
by auranofin and SA was detected by (A and C) cell cycle and (B and D) annexin V-FITC/propidium idodie (PI) analysis using flow cytometry. Data are
expressed as mean =+ SD of three independent experiments. "P<0.05 and ~"P<0.001 compared with the control group.
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Figure 3. Expression levels of apoptosis-related factors after auranofin and SA treatment in Hep3B cells. Cells were exposed to auranofin (1 pM) and SA (200
puM) alone or in combination for 24 h. (A) Total protein was isolated from the cells and Western blot analysis was performed on the same amount of protein.
B-actin was used as the loading control. Quantitative analysis of the expression of (B) cIAP-1, (C) XIAP, (D) caspase-3, (E) cleaved caspase-3, (F) caspase-8,
(G) caspase-9, and (H) cleaved PARP-1. Data are expressed as mean = SD of three independent experiments. "P<0.05 and ~"P<0.001 compared with the control
group.
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It was attributed to an increase in DNA fragmentation, a hallmark
of apoptosis. Annexin V/PI double staining was used to detect
apoptosis in Hep3B cells. The percentages of early and late apoptotic
cells were markedly elevated after auranofin and SA treatment
(Figure 2B and D). As shown in Figure 3, Western blot analysis
indicated that the levels of caspase-3, -8, and -9, which play a major
role in the initiation and execution of apoptosis, were decreased
by auranofin and SA treatment. Additionally, the active forms of
caspase-3 and cleaved poly(ADP-ribose) polymerase 1 (PARP-
1), a known substrate of caspase-3, were significantly increased
by auranofin and SA treatment. Treatment with auranofin and SA
also decreased the expression of cIAP-1 and XIAP. Thus, auranofin
and SA promoted apoptosis in Hep3B cells by elevating apoptotic

markers and decreasing anti-apoptotic proteins.

3.3. Combined treatment with auranofin and SA triggers
ROS production in Hep3B cells

The explosive accumulation of ROS presents a potential
environment for the induction of apoptosis in cancer cells. Therefore,
we assessed the intracellular ROS levels in 2D and 3D culture

systems using H,DCFDA staining. As shown in Figure 4A and B, the
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level of ROS remarkably increased 1 h after treatment with auranofin
and SA, which was reduced to the control level by NAC, a ROS
scavenger. For Hep3B spheroids, H,DCFDA fluorescence intensity
was significantly increased by combined treatment of auranofin and
SA, which was decreased by NAC treatment, consistent with the
results in the 2D culture system (Figure 4C and D). The increased
ROS levels induced by auranofin and SA in both 2D and 3D cultures
were reversed by NAC, highlighting the role of ROS in the apoptotic

effects of the treatment.

3.4. ROS is a key regulator of auranofin and SA—induced
apoptosis in Hep3B cells

To determine whether ROS generation modulates auranofin- and
SA-induced apoptosis, the cells were treated with NAC. As shown in
Figure 5A, the auranofin and SA-induced reduction in cell viability
was significantly restored by pretreatment with NAC in the 2D
culture system. In 3D spheroids, NAC treatment partially firmed
the scattered outer surface, and the area and size were significantly
reduced compared with auranofin and SA treatment without NAC
(Figure 5B-D). In addition, NAC blocked auranofin and SA-
induced apoptosis (Figure SE and F). To quantify the damage to
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Figure 4. Effects of auranofin and SA treatment on ROS accumulation. (A and B) Cells were treated with auranofin (1 uM) and SA (200 uM) for 1 h.
N-Acetylcysteine (NAC) (10 mM) was administered 1 h before auranofin and SA treatment. Intracellular ROS was detected using H,DCFDA staining and
flow cytometry. (C and D) Representative image of H,DCFDA-stained spheroids on Day 3 after auranofin and SA treatment (scale bar = 500 pum). Data are
expressed as mean + SD of three independent experiments. P<0.05 and ~“P<0.001 compared with the control group; “P<0.05 and *P<0.001 compared with the

auranofin + SA group.
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mitochondria during apoptosis, MMP (yAm) was measured using
JC-1 dye. Auranofin and SA-induced MMP loss was recovered by
NAC treatment (Figure 5G and H). Overall, the effects of auranofin
and SA on cell apoptosis and proliferation were abrogated by NAC,

confirming the role of ROS in the apoptotic process.

3.5. The PI3K/Akt signaling pathway is downregulated in

auranofin and SA—induced apoptosis

We evaluated protein expression using Western blot analysis and
changes in apoptosis using the PI3K inhibitor. Expression levels
of the total and phosphorylated forms of PI3K and Akt are shown
in Figure 6A. Treatment with auranofin and SA led to a significant
reduction in the expression of phosphorylated PI3K and Akt as well
as cell viability, whereas LY294002 further amplified the effects of
auranofin and SA. We then investigated the changes in auranofin-
and SA-induced apoptosis after treatment with LY294002. As shown
in Figure 6C-D, apoptotic cell death and MMP loss induced by

245

auranofin and SA were further aggravated by LY294002 treatment.
Therefore, auranofin and SA reduced the levels of phosphorylated
PI3K and Akt, and further inhibition of PI3K by LY294002
exacerbated apoptosis and mitochondrial damage, indicating the

involvement of the PI3K/Akt pathway in their apoptotic effects.

3.6. ROS contributes to auranofin and SA—induced apoptosis
by inhibiting the PI3K/Akt signaling pathway

To examine which factors are the main or preferential mechanisms
of auranofin and SA-induced apoptosis, changes in apoptosis were
measured following treatment with NAC and LY294002. Cell
viability decreased by auranofin and SA treatment was restored
by NAC and LY294002 co-treatment (Figure 7A). Additionally,
apoptosis and MMP loss induced by auranofin and SA were reduced
by both inhibitors (Figure 7B-E). These results demonstrate that
ROS blockade, rather than the PI3K/Akt signaling pathway, was a

critical factor in auranofin and SA-induced apoptosis. Consequently,
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the restoration of cell viability and the reduction in apoptosis by
NAC and LY294002 showed that ROS inhibition, rather than PI3K/
Akt pathway modulation, was the primary mechanism of auranofin

and SA-induced apoptosis.

4. Discussion

Synergistic inhibition of cancer cell proliferation is crucial because
it enhances the effectiveness of treatment by simultaneously
targeting multiple pathways. This combined treatment approach
may enhance cancer cell growth inhibition and potentially reduce
resistance, thereby improving therapeutic efficacy(33.34]. In this study,
we explored the potential treatment of two or more compounds
at low concentrations to induce cancer cell death and achieve an
effective anticancer treatment for HCC.

Auranofin, a thioredoxin reductase inhibitor, exhibits anticancer
activity by modulating the redox balance, inducing apoptosis,

regulating cellular signaling, and activating the immune system(35,36].

Hyun Hwangbo et al./ Asian Pactfic Journal of Tropical Biomedicine 2025; 15(6): 239-250

Moreover, auranofin has been investigated in combination therapies
for its potential to enhance synergistic effects, overcome drug
resistance, offer a broad spectrum of action, and reduce toxicity[37.,38].
SA has been reported to exhibit anticancer activity against breast,
non-small cell lung, and colorectal cancers|17,39,40]. In liver cancer,
the anticancer activity of SA is enhanced by destroying microbubbles
using ultrasound, which increases cancer cell death and reduces
tumor size[41]. Our results demonstrated a potent combinatorial
effect of auranofin and SA for synergistic inhibition of Hep3B cell
proliferation. The MTT assay and subsequent isobologram analysis
showed that the combination treatment significantly reduced cell
viability more effectively than either compound alone. These
findings suggest that auranofin and SA act synergistically to impair
cell growth via complementary mechanisms. To mimic the tumor
microenvironment more accurately than 2D models, we used 3D
spheroid models for a more precise evaluation of the combined
effects of auranofin and SA in preclinical studies and to yield more
realistic data. Our results demonstrated that the morphology of the

3D spheroids was altered, and their size increased, likely due to
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Figure 6. Suppression of the PI3K/Akt signaling pathway in auranofin and SA-induced apoptosis. (A) Cells were treated with auranofin (1 pM) and SA (200

uM) for 24 h. Expression levels of phosphorylated PI3K and Akt were determined using Western blot analysis. (B) Cell viability after incubation with PI3K

inhibitor (LY294002; 5 uM) was examined using MTT assay. (C) Annexin V-positive cells and (D) cells with MMP loss were quantified using flow cytometry.

Data are expressed as mean + SD of three independent experiments. "P<0.05, “P<0.001 compared with the control group; “P<0.001 compared with the

auranofin + SA group.
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structural disruptions and reduced intercellular adhesion, rather than
enhanced cell proliferation. These changes suggest a destabilization
of the spheroid structure, rather than an increase in cell growth. The
induction of apoptosis by the combination of auranofin and SA was
evidenced by increased sub-G, cell populations, enhanced annexin
V/PI staining, and upregulated apoptotic markers such as cleaved
PARP-1 and active caspase-3. These results indicated that the
synergistic effect of auranofin and SA triggered cell death pathways.
The downregulation of pro-caspases and reduced expression of IAP
family proteins further supported that auranofin and SA enhanced
apoptosis by modulating key apoptotic regulators. Given that the
auranofin concentration used in this study was lower than that
reported in previous studies, this approach may be more efficient,
highlighting its potential therapeutic relevance{42.43].

Intracellular ROS induces apoptosis by generating oxidative
stress that damages cellular components, including lipids, proteins,
and DNA. Oxidative damage activates proapoptotic signaling
pathways, disrupts mitochondrial function, and promotes the release
of cytochrome c, leading to the activation of apoptosome and
subsequent programmed cell death. Thus, ROS serves as both signals
and mediators of the apoptotic process, connecting oxidative stress
to cell death. Therefore, we investigated the ROS levels generated in
response to auranofin and SA. Our findings showed that in 2D and
3D culture systems, the combined treatment significantly increased
ROS production in Hep3B cells, and NAC treatment effectively
restored cell viability and reduced cell death. These results indicated
that ROS generation may play a key role in auranofin and SA-
induced apoptosis. Enhanced ROS levels contribute to a pro-
apoptotic environment that enables cell death, emphasizing the
importance of oxidative stress in the mechanisms of action of
auranofin and SA. These results are similar to those of previous
studies, suggesting the role of ROS in apoptosis by blocking ROS in
various cancer cells[44].

In cancer, the PI3K/Akt signaling pathway plays a key role in
promoting cell survival, growth, and proliferation by inhibiting
apoptosis, enhancing cellular metabolism, and contributing to
resistance to various therapies. Several studies have suggested
that the PI3K/Akt signaling pathway plays an important role in
HCC metabolism and is a potential target for HCC treatment.
Therefore, our study investigated the involvement of the PI3K/Akt
signaling pathway in apoptosis induced by auranofin and SA. After
treatment with the PI3K inhibitor LY294002, the downregulation
of phosphorylated PI3K and Akt, along with the aggravation of cell
death and loss of MMP, indicated that the PI3K/Akt pathway was
involved in the response to auranofin and SA. The interplay between
ROS generation and PI3K/Akt signaling was a key aspect of this
study. Co-treatment with NAC (ROS inhibitor) and LY294002
(PI3K/Akt inhibitor) showed that while both ROS blockade and
PI3K/Akt pathway inhibition contributed to modulation of apoptosis,

Hyun Hwangbo et al./ Asian Pactfic Journal of Tropical Biomedicine 2025; 15(6): 239-250

ROS inhibition appeared to play a more dominant role. When
NAC and LY294002 were co-treated, the resulting apoptosis levels
were similar to those observed with NAC treatment alone, further
supporting the hypothesis that ROS plays a more critical role than
the PI3K/Akt pathway in regulating auranofin and SA-induced
apoptosis. Therefore, we conclude that ROS is the primary mediator
of apoptosis, with the PI3K/Akt pathway playing a secondary role.
This suggests that targeting ROS could be a more effective strategy
for enhancing the apoptotic response to auranofin and SA, whereas
inhibition of the PI3K/Akt pathway may offer complementary
benefits. While this study provides significant insights into the
synergistic effects of auranofin and SA in HCC, several limitations
should be considered. First, our findings are based on in vitro 2D and
3D spheroid models, which lack key physiological components such
as immune interactions, vascularization, and tumor heterogeneity.
Second, the use of a single HCC cell line limits the generalizability
of our results, highlighting the need for validation in multiple
HCC models with distinct molecular signatures. Third, although
ROS and PI3K/Akt signaling were identified as key mediators
of apoptosis, other mechanisms such as ferroptosis, necroptosis,
and autophagy warrant further investigation. To build upon
these findings, future studies could incorporate in vivo models,
including patient-derived xenografts, to better assess the systemic
efficacy and pharmacokinetics of auranofin and SA. Additionally,
exploring alternative cell death pathways and potential resistance
mechanisms may provide a more comprehensive understanding of
their therapeutic potential. These efforts would help bridge the gap
between preclinical research and clinical applications of auranofin-
and SA-based combination therapies for HCC.

In summary, our findings provided evidence that auranofin and SA
act synergistically to inhibit Hep3B cell proliferation and induce
apoptosis. The mechanism involved significant ROS generation and
modulation of the PI3K/Akt signaling pathway (Figure 8). These
insights offer valuable information for future therapeutic strategies
aimed at utilizing oxidative stress and signaling pathway inhibitors
to enhance the efficacy of cancer treatment. Further research into 3D
organoids and the in vivo efficacy of these compounds is necessary to

better assess their clinical potential.
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Supplementary Table. List of primary antibodies used for Western blot analysis.

Antibody Source Cat No. Dilution
Akt Santa Cruz Biotechnology sc-81434 1:1 000
[B-actin Bioworld BS6007M 1:20 000
Caspase-3 Santa Cruz Biotechnology SC-7272 1:1 000
Caspase-8 Santa Cruz Biotechnology sc-56070 1:1 000
Caspase-9 Santa Cruz Biotechnology sc-56076 1:1 000
clAP-1 Santa Cruz Biotechnology Sc-271419 1:1 000
p-Akt Santa Cruz Biotechnology sc-514032 1:1 000
p-PI3K Cell Signaling Technology 4292S 1:1 000
PARP-1 Santa Cruz Biotechnology sc-8007 1:1 000
PI3K Cell Signaling Technology 4228S 1:1 000
XIAP Proteintech 66800-1-1g 1:1 000
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