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Abstract

Background: Hepatocellular carcinoma (HCC) is a leading cause of cancer death worldwide. Gemcitabine (Gem) is a commonly used
drug against HCC, but its efficacy is limited by the development of resistance. Resveratrol (Res), a natural polyphenol with antitumor
activity, may reverse Gem resistance in HCC, although the mechanism remains unclear. Methods: The effects of Res on the proliferation,
apoptosis, cell cycle, and invasion of Hep3B and HuH-7 cells were assessed via cell counting kit-8 (CCK-8), clonogenic, flow cytometry,
and Transwell assays, respectively. Potential Res targets were predicted by network pharmacology, and markers of HCC prognosis were
identified from the cancer genome atlas (TCGA) data. The interaction between Res and thymidylate synthase (TYMS) was validated by
molecular docking and dynamics simulation. A Gem-resistant HuH-7 cell line (HuH-7/GR) was established, and when these cells were
treated with Res combined with Gem, the effect on Gem sensitivity was detected by CCK-8 assay, clonogenic assay, and flow cytometry.
Finally, a subcutaneous nude mouse model of HCC was used to evaluate the in vivo effects of Res combined with Gem. Results: Res
inhibited HCC cell proliferation, induced apoptosis and G2/M arrest, and suppressed invasion in a concentration-dependent manner.
Network pharmacology and TCGA analysis identified TYMS as an important target gene for Res. TYMS was highly expressed in
HCC tissues and correlated with poor prognosis. Res treatment reduced TYMS expression, while molecular docking and simulation
showed stable binding of Res to TYMS. TYMS levels were elevated in HuH-7/GR resistant cells. Res combined with Gem was found to
reverse drug resistance, inhibit proliferation and colony formation, and induce apoptosis. The Res + Gem combination group showed the
smallest tumor volume in the in vivo model. Conclusion: By attenuating Gem resistance through TYMS inhibition, Res holds promise
as a clinically viable adjunct to Gem-based chemotherapy, offering a potential strategy to improve outcomes in HCC patients.
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1. Introduction Thymidylate synthase (TYMS) serves as a critical
rate-limiting enzyme within the DNA biosynthetic path-
way. It catalyzes the methylation of deoxyuridine (dAUMP)
to deoxythymidine (d{TMP), providing an essential raw ma-
terial for DNA replication and repair [7,8]. The activity
of TYMS directly determines the supply of thymidine in
cells, which in turn affects the rate of cell proliferation and
genomic stability [9]. TYMS overexpression has been re-
ported to be an important mechanism leading to tumor cell
resistance to various anti-metabolic drugs, including Gem
[10]. As a widely used anti-tumor nucleoside analog, Gem
exerts its pharmacological effects mainly by inhibiting ri-
bonucleotide reductase and interfering with DNA strand
elongation [11]. However, abnormally high expression of
TYMS can effectively maintain the balance of the intracel-
lular deoxynucleotide triphosphate (ANTP) pool, especially
by increasing the generation of deoxythymidine triphos-
phate (dTTP) to counteract depletion of the nucleotide pool.

of resistance should help to improve the survival outcome This weakens the effect of Gem-induced DNA damage
of HCC patients.

Hepatocellular carcinoma (HCC) is the leading histo-
logical subtype of primary liver neoplasms, with a global
case proportion of 75%—85%. The incidence and mortal-
ity of HCC continue to increase worldwide [1,2]. Due to
the occult onset of HCC, most patients are diagnosed in the
middle and late stages of disease, which is too late for sur-
gical resection. For these patients, systemic chemotherapy
is the main treatment method [3,4]. Gemcitabine (Gem) is
a nucleoside analog that interrupts DNA synthesis by in-
corporating into DNA strands. It is the basic chemotherapy
drug for the treatment of a variety of solid tumors, includ-
ing HCC [5]. However, the acquired resistance of tumor
cells to Gem greatly limits its clinical efficacy, leading to
chemotherapy failure and tumor recurrence [6]. Therefore,
finding sensitizers that can safely and effectively reverse
Gem resistance, and elucidating the molecular mechanism
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[12] and helps tumor cells maintain their DNA repair and
synthesis abilities, thereby avoiding the lethal effects of
chemotherapy drugs. TYMS level in HCC is generally sig-
nificantly upregulated, in line with the highly proliferative
nature of HCC [13]. TYMS overexpression in HCC tis-
sues is related with the increasing tumor invasiveness, de-
creasing differentiation, and poor patient prognosis [14].
Thus, TYMS functions not merely as a critical regulator in
liver cancer development and progression, but also holds
promise as a prognostic biomarker and a therapeutic target
for overcoming chemotherapy resistance.

Resveratrol (Res) is a natural polyphenolic compound
found in plants such as grapes and Polygonum cuspida-
tum. It has attracted considerable attention due to its wide
pharmacological activity, especially its anti-tumor proper-
ties [15,16,17]. It has been previously demonstrated that
Res exerts anti-tumor effects by suppressing cell prolifera-
tion, triggering apoptosis, and potentiating chemosensitiv-
ity, which are mediated through the modulation of multi-
ple signaling cascades, including the phosphoinositide 3-
kinase (PI3K)/protein kinase B (Akt) signaling pathway
(PI3K/Akt) and mitogen-activated protein kinase (MAPK)
pathways [18,19]. Res has been reported to suppress HCC
cell proliferation, migration, and invasion through modula-
tion of the hypoxia-inducible factor-1a/vascular endothelial
growth factor HIF-1a/VEGF signaling cascade [20]. More-
over, it was reported to reverse the resistance of HCC to cis-
platin by inhibiting glutamine metabolism [21]. However,
whether Res can reverse the resistance of HCC to Gem is
currently unknown.

Therefore, the goal of this study was to explore the
effect of Res on Gem resistance in HCC cells, as well as
the potential molecular mechanisms involved. We inte-
grated network pharmacology and the cancer genome at-
las (TCGA) database analysis to identify Res targets and
HCC-related genes. Furthermore, HCC cell lines and a
subcutaneous HCC model in nude mice were employed to
evaluate the effect of combined Res and Gem intervention,
and to study the effect of Res on Gem resistance in HCC.
Our results support a new theoretical basis to overcome
chemotherapy resistance in HCC, as well as potential com-
bination therapy strategies.

2. Materials and Methods
2.1 Cell Culture and Drug Treatment

Hep3B (#CL-0102) and HuH-7 (#CL-0120) cells,
both derived from human hepatocellular carcinoma, were
acquired from Wuhan ProCell Company (Wuhan, Hubei,
China). Their cell origin was validated by short tandem
repeat (STR), and the results of mycoplasma contamina-
tion testing were negative. Cells were incubated at 37 °C
in a humidified 5% CO, atmosphere and cultured in Dul-
becco’s Modified Eagle Medium (DMEM) medium sup-
plemented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin. All experiments were performed

using cells at passages 5 to 15 after thawing. The Gem re-
sistant cell line HuH-7/GR was established by gradually in-
creasing the concentration of Gem in the culture medium
until the cells ultimately showed stable growth in a medium
containing 50 nM Gem. Res and Gem were obtained from
Sigma Aldrich (St. Louis, MO, USA), prepared as stock
solutions in dimethyl sulfoxide (DMSO), and kept at —20
°C until further use.

2.2 Cell Counting Kit-8 (CCK-8) Assay

The CCK-8 assay kit (Dojindo Laboratories, Mashiki,
Kumamoto, Japan) was employed to measure cell viabil-
ity. Cells were inoculated into a 96-well plate with 5000
cell per well and treated with different concentrations var-
ious 0 to 120 uM of drugs for 24 h. Next, 10 pL of CCK-
8 reagent was introduced into each well, followed by a 2-
hour incubation period. The optical density at 450 nm was
subsequently recorded using an enzyme-linked immunosor-
bent assay (ELISA) microplate reader (Thermo Fisher Sci-
entific, Waltham, MA, USA).

2.3 Clone Formation Assay

After drug treatment, the cells were trypsinized and
seeded into a 6-well plate at 800 cells/well where they were
cultured for 14 days. The colonies were subsequently fixed
using methanol, subjected to 0.1% crystal violet staining,
and those harboring >50 cells were scored.

2.4 Analysis of Cell Apoptosis

Apoptosis was assessed using the Annexin V-
fluorescein isothiocyanate (FITC)/propidium iodide (PI)
dual staining kit (#SNK-007, Sunncell, Wuhan, China).
Following 24 hours of drug treatment, the cells were har-
vested along with the supernatant. Annexin V-FITC and
PI were applied as per the manufacturer’s protocol. The
cells were then incubated in the dark for 15 minutes, fol-
lowed by analysis on a CytoFLEX Flow Cytometer (Beck-
man Coulter, Inc., Brea, CA, USA). Cells were first gated
by FSC/SSC to remove debris, followed by FSC-A/FSC-
H gating to exclude doublets. For apoptosis, quadrant
gates were set using unstained and single-stained controls
to define viable (FITC/PI"), early apoptotic (FITC'/PI"),
late apoptotic (FITC*/PI*), and necrotic (FITC/PI*) popu-
lations.

2.5 Cell Cycle Analysis

Cell cycle distribution was assessed using the
PI/RNase staining kit (#SNK-015, Sunncell, Wuhan,
China). Following 24 hours of drug treatment, the cells
were harvested and fixed overnight in 70% ethanol at 4 °C.
Subsequently, PI/RNase staining solution was introduced,
and the samples were incubated at 37 °C in the dark for
30 minutes. DNA content was quantified by flow cytom-
etry, and cell cycle phase distribution was analyzed on a
CytoFLEX Flow Cytometer (Beckman Coulter, Inc., Brea,
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CA, USA). For cell cycle, singlet cells were analyzed for PI
fluorescence (FL2-A), and sub-G1 debris was excluded.

2.6 Transwell Assay

The Transwell inserts (#3422; Corning, Corning, NY,
USA) were pretreated by coating with Matrigel base-
ment membrane matrix. The upper Transwell inserts re-
ceived the cell suspension prepared in serum-free medium,
whereas the lower compartment was replenished with
growth medium supplemented with 10% FBS to function
as a chemotactic gradient. At 24 hours post-seeding, cells
that had not migrated through the membrane were care-
fully scraped off the upper chamber using a cotton swab.
Cells that had migrated to the lower surface were subse-
quently fixed in methanol and subjected to crystal violet
staining. Five random fields of view were then selected for
cell counting under the microscope (Olympus CX23, Olym-
pus Corporation, Tokyo, Japan).

2.7 Scratch Healing Assay

Cells were dispensed into 6-well plates and incubated
until a confluent monolayer was formed. A 200 pL ster-
ile pipette tip was then used to draw a line on the surface
of the cell monolayer to create scratches. After washing
with PBS to remove shed cells, maintenance medium con-
taining 2% FBS was added for further cell culture. At0 h
and 24 h after scratching, photos were taken under an in-
verted microscope. The scratch area was measured using
Image] software (National Institutes of Health, Bethesda,
MD, USA).

2.8 Network Pharmacology and Bioinformatics Analysis

Potential targets were obtained from the PharmMap-
per (http://www.lilab-ecust.cn/pharmmapper/), SwissTar-
get Prediction (http://www.swisstargetprediction.ch/), and
STITCH databases (http://stitch.embl.de). The Res target
set was obtained after deduplication. HCC-related targets
were obtained from GeneCards (http://www.genecards.org)
using the keyword ‘hepatocellular carcinoma’ and the inter-
section of the two target sets was identified as potential Res
targets against HCC. Data from the TCGA hepatocellular
carcinoma (LIHC) project were utilized to examine the dif-
ferential expression patterns of the overlapping genes in tu-
mor versus normal tissues. To identify genes with prognos-
tic significance, Kaplan-Meier survival analysis was con-
ducted via the GEPIA2 web tool. Gene ontology (GO) and
Kyoto encyclopedia of genes and genomes (KEGG) enrich-
ment analyses of the 7YMS gene were also performed.

2.9 Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR)

RNA was isolated from cell pellets using TRIzol
reagent (#15596026, Thermo Fisher Scientific, Waltham,
MA, USA), after which the purified RNA was reverse-
transcribed to c¢cDNA. Quantitative polymerase chain
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reaction (qQPCR) was performed using the SYBR Green
method (#A25742, Thermo Fisher, Waltham, MA,
USA) to determine TYMS mRNA levels, with B-actin
used as an internal control. The primer sequences for
TYMS were 5-TACAGCCTGAGAGATGAATTCCC-3'
(forward) and  5-GGATTCCAAGCGCACATGAT-
3" (reverse). Primer sequences for p-actin were
5'-ACATGGGGCAGTATGGCTTG-3" (forward) and
5'-AGAGGTCACACTCGGGTTCA-3’ (reverse).

2.10 Western Blotting

Total cellular proteins were extracted with radio-
immunoprecipitation assay (RIPA) lysis buffer (#P0013E-
1; Beyotime, Shanghai, China) supplemented with pro-
tease inhibitor phenylmethylsulfonyl fluoride (PMSF)
(#SH0906; Beyotime), and the resulting protein concen-
trations were assessed using the bicinchoninic acid (BCA)
method. The extracted proteins were electrophoretically re-
solved using SDS-PAGE (#P0901M; Beyotime Biotechnol-
ogy, Shanghai, China), followed by electrophoretic transfer
to polyvinylidene difluoride (PVDF) membranes. Nonspe-
cific binding was blocked by incubating the membrane in
5% non-fat dry milk, followed by overnight probing at 4
°C with rabbit anti-TYMS (#3766; Cell Signaling Tech-
nology; dilution 1:1000) and mouse anti-B-actin (#4967
Cell Signaling Technology; dilution 1:2000) primary anti-
bodies. The next day, HRP-labeled secondary antibodies
(anti-rabbit 1gG, #7074, dilution 1:2000; anti-mouse IgG,
#7076, dilution 1:2000, Cell Signaling Technology, Dan-
vers, MA, USA) were incubated and an ECL chemilumines-
cence method (#32109, Thermo Fisher Scientific, Waltham,
MA, USA) was used to detect protein grayscale.

2.11 Cell Transfection

Lipofectamine™ 3000  transfection  reagent
(#L3000015, Invitrogen, Carlsbad, CA, USA) was
employed for siRNA delivery according to the
manufacturer’s specifications. The specific siRNA
was sourced from Miaoling Bio (Wuhan, Hubei,
China). The primer sequences for Si-Control
were  5-UUCUCCGAACGUGUCACGUTT-3" (for-
ward) and 5'-ACGUGACACGUUCGGAGAATT-
3" (reverse), and for Si-TYMS they were 5'-
CAAUCCGCAUCCAACUAUUTT-3" (forward) and
5'-AAUAGUUGGAUGCGGAUUGTT-3' (reverse).
Transfection efficiency was subsequently validated
through qRT-PCR and Western blot analyses.

2.12 Molecular Docking and Molecular Dynamics
Simulation

The three-dimensional coordinates of TYMS were ac-
quired from the Protein Data Bank (PDB), while the struc-
tural information for Res was retrieved from the PubChem
compound database. AutoDock Vina v1.1.2 (The Scripps
Research Institute, La Jolla, CA, USA). was used to ana-
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lyze molecular docking, and the conformation with the low-
est binding energy was selected as the initial binding mode.
The GROMACS software package was used for molecular
dynamics simulation (simulation time set to 100 ns) and to
analyze root mean square deviation (RMSD) and binding
free energy.

2.13 Subcutaneous Tumors in Nude Mice

Four- to six-week-old male BALB/c nude mice (n=20
in total) were obtained from Hunan SJA Laboratory Animal
Co., Ltd. (Changsha, China). After a 7-day acclimatisation
period, 5 x 10 HuH-7 cells were subcutaneously inoculated
into the right axilla of each mouse. Based on the exploratory
nature of the study and previous similar reports, no for-
mal sample size calculation was performed, and 5 mice per
group were used. No predefined inclusion/exclusion cri-
teria were applied, and all animals were included in the
analysis. Once tumours were established, mice were ran-
domly assigned to four groups (n = 5 each) using a com-
puter generated sequence by an independent researcher:
Vehicle control, Gem (50 mg/kg, i.p., twice weekly), Res
(50 mg/kg, gavage, daily), and Gem + Res combination.
Treatment lasted 3 weeks. Doses and routes were cho-
sen based on pilot experiments and published data. To
minimise confounders, cage locations were rotated, treat-
ment/measurement order was alternated across groups, and
all measurements were performed by the same investiga-
tor. Blinding was applied during allocation, treatment, out-
come assessment, and data analysis. At endpoint, mice
were anesthetised with isoflurane (3—5% for induction, 1.5—
2.5% for maintenance) and euthanised by cervical disloca-
tion. Tumours were excised, weighed, and measured (V
= 0.5 x length x width?). Liver and kidney tissues were
also collected for paraffin embedding and section staining.
All animal procedures were approved by the Institutional
Animal Committee of Hunan Provincial People’s Hospital
(N0.2025-089).

2.14 Statistical Analysis

Each experiment was repeated at least three times,
and all values are reported as the mean =+ standard devia-
tion (SD). Normality and homogeneity of variance were as-
sessed using Shapiro-Wilk and Levene’s tests, respectively;
non parametric alternatives were applied when assumptions
were violated. The IC50 value was calculated by non-
linear regression using SPSS 27.0 (IBM Corp., Chicago,
IL, USA). Other statistical analyses were performed using
GraphPad Prism 9.0 (San Diego, CA, USA). Differences
between two groups were evaluated by the #-test, while one-
way or two-way analysis of variance (ANOVA) was ap-
plied for comparisons involving three or more groups. The
threshold for statistical significance was set at p < 0.05.

3 Results

3.1 Res Inhibits HCC Cell Proliferation and Invasion, and
Induces Apoptosis and Cell Cycle Arrest

To investigate the effect of Res on HCC cells, we first
treated Hep3B and HuH-7 cells with different concentra-
tions of Res (0, 10, 20, 40, 80, and 120 uM). The CCK-8
results showed that Res significantly inhibited the viability
ofboth cell lines in a concentration-dependent manner, with
ICy¢ values of 9.53 £ 2.14 uM for Hep3B and 9.87 + 1.96
puM for HuH-7 (Fig. 1A). Based on this, we chose 10 uM as
the treatment concentration for subsequent experiments. As
shown in Fig. 1B, treatment with 10 uM Res significantly
inhibited the colony-forming capacity of Hep3B and HuH-
7 cells (p < 0.01). The flow cytometry results showed that
rates of early and late apoptosis in the Res treatment group
were significantly higher than those in the control group (p
<0.01) (Fig. 1C). Cell cycle analysis showed that Res treat-
ment led to a significant increase in the proportion of G2/M
phase cells, whereas GO/G1 phase cells decreased, indicat-
ing that cells were blocked in the G2/M phase (Fig. 1D). In
addition, the scratch healing assay and the Transwell assay
showed that Res could effectively inhibit the invasion and
migration ability of HCC cells (Fig. 1E,F).

3.2 Network Pharmacology Prediction of Potential Res
Targets With Anti-HCC Effects

The structure of Res is shown in Fig. 2A. By inte-
grating multiple databases, a total of 100 Res-related tar-
gets were obtained. The top 500 HCC-related targets were
retrieved from the GeneCards database (Supplementary
Table 1 and Supplementary Table 2). After intersecting
the two target sets, 24 common potential targets were ob-
tained (Fig. 2B,C). These 24 genes were considered candi-
date target genes through which Res may exert anti-HCC ef-
fects, and their expression in HCC was analyzed using data
from the TCGA database. Amongst them, 12 genes were
highly expressed in HCC, including TYMS, TNF receptor-
associated factor 1 (TRAFI), and mammalian target of ra-
pamycin (MTOR). The remaining 12 genes showed either
decreased expression in HCC, or did not show significant
changes compared to normal liver tissue (Fig. 2D, Supple-
mentary Fig. 1).

3.3 TYMS is a Key Target and is Associated With the
Prognosis of HCC

Next, we further analyzed the 12 candidate target
genes that were highly expressed in HCC. We examined
their expression levels in HCC and their association with
patient prognosis, including overall survival (OS), disease-
specific survival (DSS), and progression-free interval (PFI).
TYMS was found to be the only gene in which high ex-
pression was significantly associated with all the OS, DSS
and PFI of HCC patients. Specifically, patients with high
expression of TYMS had significantly shorter OS (HR =
1.67, p=10.004), DSS (HR =2.21, p <0.001), and PFI (HR
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Fig. 1. Res inhibited HCC cell proliferation and invasion, and induced apoptosis and cell cycle arrest. (A) The CCK-8 assay was
performed to detect cell viability in HuH-7 and Hep3B cells treated with different concentrations of Res (0, 10, 20, 40, 80, and 120 uM)
for 24 h. (B) A clonogenic formation assay was used to evaluate the colony-forming ability of HuH-7 and Hep3B cells after Res (10 uM)
treatment. (C) Flow cytometry analysis was conducted to measure the apoptosis rate of HuH-7 and Hep3B cells following Res (10 uM)
treatment. The total apoptosis rate was calculated by Q1 UR + Q1 LR. The left panel was representative image and the bar graph showed
the means of apoptosis rate. (D) The cell cycle distribution of HuH-7 and Hep3B cells treated with Res (10 pM) was analyzed by flow
cytometry. (E) The Transwell invasion assay was employed to assess the invasive capacity of HuH-7 and Hep3B cells after Res (10 pM)
treatment (scale bar = 200 um). (F) Scratch healing assay was performed to determine the migration ability of HuH-7 and Hep3B cells
treated with Res (10 pM) treatment (scale bar = 200 pm). Data are presented as the mean + SD (n = 3). *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001 vs. control group. HCC, Hepatocellular carcinoma; CCK-8, cell counting kit-8; Res, Resveratrol; SD, standard
deviation.
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Fig. 2. Network pharmacology prediction of potential Res targets with anti-HCC effects. (A) Chemical structure and 3D molecular
model of Res. (B) Venn diagram showing the overlap between Res-related target genes (n = 100) and HCC-related genes (n = 500),
with 24 genes identified in the intersection. (C) The 24 intersection genes, with TYMS highlighted as a key hub gene. (D) Violin plots
displaying the differential expression of 12 key target genes (TYMS, MTOR, TRAF1, SRC, BCL2L1, CYP17A41, ABCCI1, INSR, MMP9,
RELA, PIK3CA, BCL2) between normal liver tissues and HCC tumor tissues (***p < 0.001, **p < 0.01, *p < 0.05).

= 1.68, p < 0.001) compared to patients with low expres-
sion of TYMS (Fig. 3A—C, Supplementary Fig. 2). GO
and KEGG enrichment analyses suggested that TYMS was
mainly involved in pathways involving DNA replication,
cell cycle, etc. (Fig. 3D-K).

3.4 Res May Bind Directly to TYMS and Reduce its
Expression

Considering the stable drug-metabolizing enzyme ac-
tivity of HuH-7 cells [22], we conducted further mecha-
nistic studies with these cells in subsequent experiments.
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Fig. 3. TYMS is a key target gene, and its expression is associated with the prognosis of HCC. (A) Kaplan—Meier survival curves
showing overall survival (OS) in HCC patient groups with different TYMS expression levels. (B) Kaplan—Meier survival curves show-
ing disease-specific survival (DSS) in HCC patient groups with different TYMS expression levels. (C) Kaplan—Meier survival curves
showing progression-free interval (PFI) in HCC patient groups with different TYMS expression levels. (D) Volcano plot of differen-
tially expressed genes (DEGs) between TYMS-high and TYMS-low HCC subgroups (red: upregulated; green: downregulated; gray:
not significant). (E) Gene set enrichment analysis (GSEA) revealed the top-enriched pathways in TYMS-high HCC, including G2M
Checkpoint, E2F Targets, Bile Acid Metabolism, and Oxidative Phosphorylation. (F) Biological Process (BP) terms enrichment analyses
of DEGs. (G) Cellular Component (CC) terms enrichment analyses of DEGs. (H) Molecular Function (MF) terms enrichment analyses
of DEGs. (I) KEGG pathways enrichment analyses of DEGs. (J) Circular plot showing co-expression correlations between TYMS and
cell cycle-related genes. (K) Correlation lollipop demonstrating strong positive correlations between TYMS and key cell cycle genes.
***p <0.001.

TYMS expression changes were detected in HuH-7 cells sults showed that Res can stably bind to the active pocket of
after Res treatment. After 24 h treatment of HuH-7 cells ~ the TYMS protein, with a binding energy of —7.1 kcal/mol
with 10 uM Res, the TYMS mRNA and protein levels de- (Fig. 4B). Further molecular dynamics simulations (100 ns)
creased significantly (Fig. 4A). The molecular docking re- showed that the RMSD value of the Res TYMS complex
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remained stable during the simulation, indicating a stable
binding conformation (Fig. 4C—H). We speculate that bind-
ing of Res to TYMS may inhibit its enzymatic activity.

3.5 Res Reverses the Resistance of HuH-7 Cells to Gem

Given that TYMS is closely linked to the cell cycle, we
further investigated its effect on cell resistance to Gem. We
first constructed a Gem-resistant cell line, HuH-7/GR. The
ICsp value of Gem in HuH-7/GR cells (533.56 + 6.72 nM)
was found to be 4—fold higher than that of parental HuH-7
cells (132.08 £ 3.65 nM) (Supplementary Table 3). More-
over, the TYMS protein level in HuH-7/GR cells was sig-
nificantly upregulated compared to HuH-7 cells (Fig. 5A).

Next, we successfully constructed HuH-7/GR cells
with TYMS knockdown. The mRNA and protein lev-
els of TYMS in the si-TYMS group were confirmed to
be significantly lower than those in the control group
(Supplementary Fig. 3A). Furthermore, the ICsy value of
Gem in si-TYMS cells (220.64 + 13.37 nM) was lower than
that of HuH-7/GR cells (Supplementary Table 4). There-
fore, knockdown of TYMS caused HuH-7/GR cells to be
more sensitive to Gem, and the combination of Res+Gem
significantly inhibited cell proliferation (Supplementary
Fig. 3B). Subsequently, we examined the sensitizing effect
of Res on drug-resistant cells. In HuH-7/GR cells, the com-
bination of Res (10 pM) and Gem significantly reduced cell
viability and colony formation ability compared to the use
of Gem alone, and significantly increased the cell apoptosis
rate (Fig. 5SB—F). These results indicate that Res could ef-
fectively restore the sensitivity of HuH-7/GR cells to Gem.

3.6 Res Combined With Gemcitabine Inhibits Tumor
Growth In Vivo

HuH-7 cells were also utilized to construct a subcuta-
neous tumor model in nude mice. Both the Res and Gem
monotherapy groups showed inhibition of tumor growth
compared to the control group, but the effect was limited
(Fig. 6A). The tumor volume and weight of the combina-
tion therapy group (Res+Gem) were significantly smaller
than those of the other three groups. The results of ALT,
AST, UA, UREA, and H&E staining of liver and kidney
showed that the various treatments were safe and did not
damage liver and kidney functions (Fig. 6B,C). The H&E
staining and PCNA staining of tumor tissues revealed that
the combination group had the lowest positivity rate for
PCNA (Fig. 6D). In summary, the above results indicate
that the combination of Res and Gem can effectively in-
hibit tumor growth in vivo without causing damage to liver
and kidney functions.

4. Discussion

Resistance to Gem is an important obstacle in the treat-
ment of advanced HCC, and overcoming this resistance is
crucial to improving patient survival rates. This study re-
vealed a novel mechanism by which Res reverses Gem re-

sistance in HCC through its inhibition of TYMS. Our com-
prehensive analysis involving network pharmacology pre-
diction, molecular biology validation, and in vitro and in
vivo functional experiments confirmed the synergistic anti-
tumor effect of Res combined with Gem.

We initially verified that Res exerts inhibitory effects
on HCC cell proliferation and migration, while also pro-
moting apoptosis and inducing G2/M phase cell cycle ar-
rest. Subsequently, we used network pharmacology meth-
ods to identify TYMS as a key molecule in the intersection
between Res and HCC. TYMS is overexpressed in various
tumor types and is the main target of antimetabolite drugs
such as 5-fluorouracil and Gem. High expression levels of
TYMS are associated with decreased drug efficacy [10,23].
TYMS overexpression in HCC was significantly linked to
worse prognosis across OS, DSS, and PFI, highlighting its
candidacy as a therapeutic target.

The present study also found that Res significantly
downregulated the expression of TYMS. The results of the
molecular dynamics simulation showed that Res could sta-
bly bind to the active site of TYMS, suggesting that it may
act as a direct inhibitor of this enzyme. We observed a sig-
nificant increase in TYMS level in the successfully con-
structed Gem-resistant cell line HuH-7/GR. Res treatment
may effectively reduce the TYMS level in HuH-7/GR cells,
thereby restoring their sensitivity to Gem. Although most
studies suggest that inhibition of TYMS is associated with
cell cycle arrest in the S phase, some studies have also sug-
gested that TYMS inhibition is related to G2/M phase arrest
in HCC. A previous study found that Res acts mainly in the
G2/M phase in HCC, which is consistent with the current
results [24,25,26].

The mechanism by which Res reverses drug resistance
is likely to rely on its downregulation of TYMS, allow-
ing Gem to exert its cytotoxic effects. TYMS is generally
highly expressed in HCC tissues and cells, and this high ex-
pression is closely associated with poor patient prognosis
[27]. TYMS primarily catalyzes the conversion of dUMP
to dTMP, thus providing essential material for DNA re-
pair and replication, and promoting the malignant prolifer-
ation and invasion of HCC cells [14,28]. Previous studies
have shown that TYMS is an important target of the clas-
sic chemotherapy drug 5-fluorouracil (5-FU) [29]. How-
ever, the high expression of TYMS is one of the main rea-
sons for the development of resistance to 5-FU in liver can-
cer cells. Therefore, a key factor in reversing drug resis-
tance and improving the efficacy of chemotherapy is the
effective inhibition of TYMS activity. Certain bioactive
compounds derived from traditional Chinese medicine, in-
cluding Huachansu toxin, have been shown to markedly
suppress HCC cell proliferation and elicit DNA damage.
The proposed mechanism is the promotion of proteasome-
dependent degradation of the TYMS protein, thus reducing
its cellular level [25,30]. The expression of TYMS is reg-
ulated by the transcription factor FOXM1, and FOXM1-
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Fig. 4. Res may directly bind to TYMS and reduce its expression. (A) qRT-PCR and Western blot analyses showing that Res treatment
significantly downregulated TYMS mRNA and protein levels in HCC cells. (B) 3D structural model of the TYMS—Res complex, with
a detailed view of the binding pocket and key interacting residues (LYS77, ARG78). (C) Root Mean Square Deviation (RMSD) plot of
TYMS (black), Res (red), and the TYMS-Res complex (blue) over a 100 ns molecular dynamics (MD) simulation, indicating system

stability. (D) Root Mean Square Fluctuation (RMSF) plot of TYMS residues in a complex with Res, reflecting local protein flexibility.

(E) Radius of gyration (Rg) plot of the TYMS—Res complex, demonstrating consistent protein compactness during the simulation. (F)

Time-dependent number of hydrogen bonds between TYMS and Res, confirming stable intermolecular interactions. (G) 2D Gibbs energy

landscape of the TYMS—Res complex along principal components PC1 and PC2, revealing a stable conformational cluster. (H) 3D Gibbs

energy landscape corresponding to (G), visualizing the energy minimum of the TYMS—Res complex. ***p < 0.001 vs. control group.

qRT-PCR, quantitative real-time polymerase chain reaction.

induced upregulation of TYMS is an important mechanism
that promotes liver cancer progression and leads to 5-FU re-
sistance [27]. Furthermore, TYMS is applied in combina-
tion with inhibitors of other metabolic enzymes, including
ACLY and G6PD, and supplemented with retinoic acid for

&% IMR Press

HCC treatment. This combination is designed to simulta-
neously block the synthesis of essential substances and the
self-renewal ability of liver cancer cells through multiple
pathways. In preclinical models, this combination has been
demonstrated to have tumor suppressive effects beyond the
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HuH-7/GR cells treated with GEM, Res, or their combination. *p < 0.

05, **p < 0.01, ***p < 0.001 vs. HuH-7 control. *p < 0.05, #p <

0.01, **p < 0.001 vs. HuH-7/GR control. “p < 0.05, “*p < 0.01 HuH-7/GR vs. HuH-7. ns p > 0.05. qRT-PCR, quantitative real-time

polymerase chain reaction.

existing targeted drug sorafenib [31]. Therefore, target-
ing TYMS represents a promising therapeutic approach for
HCC, and the ability of Res to suppress TYMS expression
further supports its potential as an effective anti-HCC agent.

10

Being a natural compound, Res has demonstrated
good safety and tolerability in clinical use for patients with
knee osteoarthritis [32,33]. In the present study, in vivo ex-
periments not only validated the significant anti-tumor ef-
fects of Res combined with Gem, but also demonstrated
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preliminary safety. This work provides strong preclini-
cal evidence for the future development of Res combined
with Gem as adjuvant therapy for HCC patients with drug-
resistant tumors.
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5. Limitations

Although this study provides several novel insights, it
has several limitations. First, the specific molecular mech-
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anism by which Res downregulates TYMS, whether at the
transcriptional or post-translational modification level, re-
quires further clarification. Second, whether Res exerts its
effect by affecting the metabolism of substrates (such as
dUMP) or products (d{TMP) of TYMS warrants further in-
vestigation through metabolomics.

6. Conclusion

In summary, this study found that TYMS is a key
molecule mediating Gem resistance in hepatocellular car-
cinoma, and an important target of Res. Res can effec-
tively reverse the resistance of HCC cells to Gem by binding
to and inhibiting TYMS. Res combined with Gem showed
significant and synergistic anti-tumor effects, both in vitro
and in vivo. This study proposes a new target to over-
come chemotherapy resistance in HCC, and suggests that
Res may be useful as an adjuvant therapy for Gem in clini-
cal practice.
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