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Background: Hepatocellular carcinoma (HCC) remains a highly challenging malignancy to treat with a dismal prognosis. The
immunosuppressive tumor microenvironment (TIME), particularly regulatory T cells (Tregs), is a key driver of treatment resistance.
This study aimed to investigate the anti-tumor efficacy and underlying mechanism of taurine-modified gossypol (GT)—a novel
conjugate derived from two natural products (taurine and gossypol) with potential synergistic activity.

Methods: The anti-proliferative (CCK-8 assay), pro-apoptotic (Annexin V/PI staining) and cell cycle-regulatory (PI staining) effects
of GT were evaluated in HepG2 cells and patient-derived HCC organoids. scRNA-seq and multiparametric flow cytometry were used
to analyze alterations in the TIME. Molecular docking and surface plasmon resonance (SPR) were performed to validate the binding
affinity (KD) between GT and FASN. Western blotting assessed PI3K/AKT and lipid metabolism pathways.

Results: GT dose-dependently inhibited HCC proliferation, induced apoptosis and caused G1 arrest, with concomitant PI3K/AKT
pathway suppression. scRNA-seq revealed a selective reduction in Treg proportion following GT treatment. Mechanistically, GT
bound to FASN with high affinity, inhibiting its activity and disrupting lipid metabolism in Tregs, thereby reprogramming Treg
differentiation and function. In HCC patients, a clinically significant link was observed between high levels of FASN expression and
reduced survival, based on an analysis of TCGA data.

Conclusion: GT exerts synergistic anti-HCC effects through a dual mechanism: directly suppressing tumor proliferation by
inactivating the PI3K/AKT pathway, and remodeling the TIME by targeting FASN-dependent lipid metabolism in Tregs. These
findings highlight the potential of GT as a novel multitargeted agent for HCC treatment.
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Introduction
Hepatocellular carcinoma (HCC) accounts for approximately 80-90% of primary liver cancer cases worldwide, ranking
as the 6th most common malignancy and the 4th leading cause of cancer-related death globally, which poses a severe
threat to human health." Although therapeutic strategies such as surgical resection, transcatheter arterial chemoemboliza-
tion, and targeted drugs have achieved certain progress, the 5-year survival rate of HCC patients remains only 18% due to
issues including high recurrence rate, intrahepatic metastasis, and intrinsic drug resistance.*

The tumor immune microenvironment (TIME) plays a crucial role in HCC progression® In recent years, targeting
regulatory T cells (Tregs) in tumors to modulate the HCC immune microenvironment has emerged as a key research
direction for improving the efficacy of HCC immunotherapy. Single-cell sequencing studies have shown that the
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proportion of Treg cells in HCC tissues is significantly higher than that in adjacent non-tumor tissues, and the degree of
Treg infiltration is positively correlated with poor patient prognosis.’ This indicates that targeted regulation of Treg cells
holds important value for HCC treatment. However, direct depletion of Treg cells can trigger systemic immune
activation, leading to severe adverse reactions and even enhancing the immunosuppressive effect of tumors.® In contrast,
inhibiting Treg cell differentiation and function to partially relieve their mediated immunosuppression exhibits higher
safety and efficacy for HCC treatment. Nevertheless, due to the high heterogeneity of treatment responses among HCC
patients, existing drugs have shown suboptimal efficacy in precisely targeting Treg cell differentiation and function.
Therefore, exploring and developing new approaches and drugs that can accurately intervene in the functional state and
differentiation of Treg cells is of great significance for the current development of HCC treatment.

Fatty acid synthase (FASN), as the rate-limiting enzyme in the de novo fatty acid synthesis pathway, has been
identified as a key oncogenic driver in HCC.” Its overexpression promotes tumor cell proliferation by providing energy
and structural substrates. Recent studies have further revealed that FASN can regulate Treg cell function through
metabolic reprogramming.® Treg cells rely on enhanced fatty acid synthesis to maintain their immunosuppressive
phenotype, and inhibition of FASN can disrupt this metabolic dependence, thereby restoring antitumor immunity.’
Additionally, inhibition of FABPS, a gene related to fatty acid synthesis and metabolism, can induce mitochondrial
changes in Treg cells, characterized by impaired lipid metabolism, reduced oxidative phosphorylation, and loss of cristae
structure.'® These findings suggest that fatty acid synthesis and metabolism, the core process of FASN action, may indeed
regulate Treg cell differentiation and tumor immune escape.

Natural products derived from traditional Chinese medicine have long been an important resource for anti-cancer drug
development due to their unique chemical structures and multi-target mechanisms of action.'' Calculus Bovis (Niuhuang),
a traditional anti-tumor Chinese medicine used for thousands of years, is believed to possess the effect of “clearing heat and
detoxifying” in traditional Chinese medicine theory, which is highly consistent with the pathological feature of “internal
accumulation of heat toxin” in HCC.'? Taurine, the main active component of Calculus Bovis, exhibits multiple pharma-
cological activities such as anti-fibrosis, anti-oxidative stress, and immune regulation.'? It can also promote the proliferation
and activation of T cells to enhance their ability to kill cancer cells;'* in the liver cancer microenvironment, it maintains the
balance of Th1/Th2 cells and inhibits Treg cell function to alleviate immunosuppression.'> Gossypol, a naphthalene
derivative isolated from Malvaceae plants, can also exert immunomodulatory effects in HCC by regulating T cell home-
ostasis and reducing the secretion of immunosuppressive cytokines.'®!’

Taurine-modified gossypol (GT) is a novel derivative synthesized by condensing taurine (as the lead compound) with
gossypol. Its structural characteristics make it promising to integrate the pharmacological advantages of both parent
components and achieve synergistic enhancement of anti-HCC activity. However, current research on the anti-tumor
effect of GT is still in the initial exploration stage, and its definitive anti-HCC activity, specific targets, and underlying
molecular mechanisms remain unclear. Based on this, this study systematically evaluated the direct cytotoxic activity of
GT against HCC cells and patient-derived organoids. Using multi-dimensional techniques including single-cell sequen-
cing, molecular docking, and metabolomics, we deeply investigated its regulatory effects on Treg cell differentiation and
function, and clarified the core role of FASN in the mechanism of GT action. This study aims to reveal the dual anti-HCC
mechanism of GT (“direct inhibition of tumor cell proliferation - remodeling of immune microenvironment”), and
provide experimental basis and theoretical support for the development of novel HCC therapeutic drugs targeting
immunometabolism.

Materials and Methods

Clinical Samples and Cell Line

All procedures involving human subjects were conducted in accordance with the principles of the Declaration of Helsinki
and approved by the Hospital Ethics Committee (Approval No.: KY2024-210). Human HCC tissue specimens were
obtained via needle biopsy from patients who provided informed consent, placed in PBS containing antibiotics, and
promptly transported to the laboratory at 4°C. The human HCC cell line HepG2 was purchased from the Cell Bank of the
Chinese Academy of Sciences, authenticated by STR profiling, and confirmed to be mycoplasma-free. Cells were
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routinely cultured in DMEM supplemented with 10% fetal bovine serum at 37°C in a 5% CO, incubator.The synthesis
method and chemical structure of GT are provided in the Supplementary Information, whose Appendix contains
supporting content such as experimental reagent information (Table S1), product-related images (Figures S1 and S2),
and characterization spectra (Figures S3 and S4).

Patient-Derived Organoid Culture and Drug Treatment
Fresh HCC tissues were minced and digested with a mixture of collagenase IV and hyaluronidase at 37°C with shaking
for 20-30 minutes to generate single-cell suspensions. After centrifugation, cells were resuspended, mixed with Matrigel
at a 1:1 volume ratio, and seeded into 24-well plates. Following Matrigel polymerization, specialized organoid culture
medium was added and refreshed every 2—3 days.

After 7 days of culture, organoids were treated with 25, 50, or 100 pg/mL taurine-modified gossypol (GT) or an equal
volume of vehicle control (0.1% DMSO) for 48 hours prior to subsequent assays.

Cell Viability Assay

Following drug treatment, the viability of HepG2 cells and organoid-derived single cells was assessed. Cells were seeded
at 5x10° cells/well in 96-well plates, incubated with CCK-8 for 2 hours, and the absorbance was then measured to
calculate the viability inhibition rate relative to the control group.

Flow Cytometry Analysis

For immunophenotyping, single-cell suspensions from organoids were stained with a viability dye and fluorescently-
labeled antibodies against surface markers (CD4, FOXP3, CD8a, CD161a), followed by fixation and permeabilization.
For intracellular FASN staining, after surface staining, cells were permeabilized and incubated with an anti-FASN
primary antibody and a corresponding fluorescent secondary antibody. Apoptosis was detected using an Annexin
V-FITC/PI apoptosis detection kit. Cell cycle analysis was performed by ethanol fixation, RNase A treatment, and PI
staining. All samples were analyzed using a flow cytometer, and data were processed with FlowJo software.

Lipid Metabolomics Analysis

To investigate the effect of GT on lipid metabolism, approximately 50 mg of organoid samples were collected, and lipids
were extracted using a methanol-acetonitrile solution. Lipidomic analysis was performed using an ultra-performance
liquid chromatography-tandem mass spectrometry system. Separation was achieved on an HSS T3 column, and detection
was carried out with an electrospray ionization source operating in both positive and negative ion modes. Raw data were
processed for peak picking and lipid identification by matching against databases. Differential lipids were screened with
criteria of VIP>1 and P<0.05, followed by KEGG pathway enrichment analysis.

Western Blot Analysis

Western blotting was performed to validate key protein expression. Total protein extracted from cells or organoids was
quantified (BCA assay), separated by SDS-PAGE, and transferred to PVDF membranes. After blocking with 5% skim
milk, membranes were incubated with primary antibodies (FASN, ACSL4, ACSL3, GAPDH) at 4°C overnight, followed
by HRP-conjugated secondary antibodies for 1 h at room temperature. Protein bands were visualized by ECL and
quantified using ImageJ Software.

Single-Cell RNA Sequencing

To dissect cellular heterogeneity at the transcriptome level, single-cell suspensions from organoids were prepared. Cells
were captured using the 10x Genomics platform for library preparation and sequencing on an Illumina NovaSeq 6000
instrument. Raw sequencing data were aligned, subjected to quality control, and normalized. Cell clustering was
performed using the Seurat package. Pseudotime trajectory analysis of Tregs was conducted using Monocle 3.
Differentially expressed genes underwent KEGG functional enrichment analysis.
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Molecular Docking and Surface Plasmon Resonance

To investigate the interaction between GT and FASN, the crystal structure of FASN (PDB ID: 7KIV) was retrieved from
the Protein Data Bank. Molecular docking was performed using AutoDock Vina software to dock the GT molecule into
the active site, and binding energy was evaluated.

SPR was used for experimental validation. Recombinant human FASN protein was immobilized on a CM5 sensor
chip. Serially diluted GT solutions were injected, and binding signals were monitored in real-time. Binding kinetics
parameters (KD, ka, kd) were calculated using a 1:1 binding model. Control experiments were performed using the
FASN-Arg250Ala point mutant.

TCGA Data Analysis

Transcriptomic and clinical data for 371 HCC and 50 adjacent normal tissues were obtained from The Cancer Genome
Atlas. FASN mRNA expression differences between tissues were analyzed using R. Based on the median expression
level, patients were stratified into high- and low-expression groups. Kaplan-Meier survival analysis with Log rank testing
was then performed to compare overall survival between these groups.

Statistical Analysis

Data are presented as mean + SD. All analyses were conducted using GraphPad Prism 9.0, employing one-way ANOVA
with Tukey’s test for multi-group comparisons and unpaired t-tests for two-group comparisons. A P-value<0.05 was
considered statistically significant.

Results
GT Exerts Potent Anti-Tumor Effects on HCC Cells

To explore the anti-tumor potential of GT, we first treated human HCC HepG?2 cells with increasing concentrations of
GT. The results showed that GT significantly inhibited cell proliferation in a dose-dependent manner (Table 1).
Additionally, flow cytometry analysis indicated that GT treatment notably promoted cell apoptosis and induced cell
cycle arrest (Figure 1A and B). At the molecular level, Western blotting analysis revealed that the anti-tumor effect of GT
was associated with the inactivation of the PI3K/AKT signaling pathway—a key pro-survival pathway in HCC
(Figure 1C).

Table | GT Can Inhibit the Proliferation of HCC
Cells in a Dose-Dependent Manner

Drug Concentration (ng/mL) | n | Cell Viability
0 3 100.00+0.00
25 3 72.95+4.13*
50 3 66.20+2.68*
75 3 54.51x1.69*
100 3 51.27+0.75*
125 3 47.56+1.23*
150 3 44.3+0.65*

F value - 268.5

P value - <0.0001

Notes: (* P < 0.05 vs 0 pg/mL group).
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Figure | GT inhibits hepatocellular carcinoma progression by inducing apoptosis, cell cycle arrest, and suppressing PI3K/AKT signaling. (A): GT promotes HCC cell
apoptosis in a dose-dependent manner (n=3). (B): GT induces cell cycle arrest in HCC cells in a dose-dependent manner (n=3). (C): GT inhibits the activation of the PI3K/
AKT signaling pathway in tumor cells (n=3).

GT Inhibits the Viability of Patient-Derived HCC Organoids in a Dose-Dependent
Manner

To validate our findings in a more physiologically relevant model, we established patient-derived HCC organoids. CCK-8
assays demonstrated that GT treatment significantly reduced the viability of organoids (Figure 2). This inhibitory effect
was also dose-dependent, confirming the broad anti-HCC activity of GT across different model systems.
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Figure 2 GT suppresses the in vitro growth of HCC organoids in a dose-dependent manner. (A): Time-lapse images of organoids treated with medium containing 25 pg/mL,
50 pg/mL, and 100 pug/mL GT for 96 hours. (B): CCK-8 assay for viability of organoids at 96 hours post-treatment with 25 ug/mL, 50 pg/mL, and 100 pg/mL GT.

Single-Cell Sequencing Analysis of Organoids Reveals the Inhibitory Effect of GT on
Tregs

To clarify the impact of GT on the HCC TIME, we performed single-cell RNA sequencing (scRNA-seq) on organoids
from the control group and GT-treated group. The results showed a consistent reduction in the proportion of Tregs after
GT treatment (decreasing from 4% to 3.5%, and from 4.6% to 2.8%, respectively). Other immune cell subsets exhibited
inconsistent or no significant changes (Figure 3), indicating that Tregs are the specific cellular target of GT. We
functionally validated this finding using an in vitro co-culture system. When HCC cells were co-cultured with peripheral
blood mononuclear cells, flow cytometry analysis showed that GT treatment effectively inhibited Treg differentiation and

improved the immune microenvironment (Figure 4).

GT Reshapes Tregs Differentiation and Inhibits FASN Expression

Pseudotime trajectory analysis of Tregs in the scRNA-seq data revealed that GT treatment significantly altered their
differentiation state: the dominant population shifted from being primarily state 1 (with secondary state 2) to predomi-
nantly state 5 (Figure 5). Differential gene expression analysis among these states identified FASN as a key down-
regulated gene in state 5 (Log2FC = —1.156, p = 3.82E-27) (Figure 6).

Cell type
| Hepatocyte
M Liver bud hepatic cell
B Cancer-associated fibroblast
Regulatory T (Treg) cell
0.00 0.25 0.50 0.75 1.00
Ratio

Figure 3 Single-cell sequencing of cultured organoids reveals that Treg cells are inhibited by GT.
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Figure 4 Flow cytometry analysis of changes in Tregs after co-culture of HCC organoids with peripheral blood mononuclear cells. (A): Representative gating strategy for
Tregs (CD4+CD25+Foxp3+) in the HCC group (without GT treatment). (B): Representative gating strategy for Tregs (CD4+CD25+Foxp3+) in the GT-treated group (with
GT intervention). (C): Quantitative comparison of Treg proportions among CD4+ T cells. Unpaired two-tailed Student’s t-test; *P < 0.05, GT treatment significantly reduced
Treg proportions vs HCC group.

We subsequently validated this finding in in vitro experiments. Western blotting analysis of Tregs stimulated with
PHA and treated with IL-2 showed that while IL-2 activation significantly upregulated the expression of key fatty acid
metabolic enzymes (FASN, ACSL4, ACSL3), subsequent GT treatment significantly reversed this effect (Figure 7). This
provides direct biochemical evidence that GT targets and inhibits FASN expression in Tregs.
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Molecular Docking Predicts Stable Interactions Between GT and FASN Protein

To understand the potential direct interaction between GT and FASN, we performed molecular docking simulations. The
2D structure of GT was generated based on previously reported derivatives (Yang et al, 2018) (Figure 8). Docking GT
into the binding pocket of FASN (chain A) yielded favorable binding energies, suggesting the potential formation of
a stable complex (Table 2). The model predicted that the sulfonyl group, phenolic hydroxyl group, and amino group of
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Figure 7 Western blot analysis of expression changes in key fatty acid metabolism proteins in Tregs after intervention with IL-2 and GT (*Compared with the Treg+PHA
group: **P<0.0001; #Compared with the Treg+PHA+IL2 group: ###P<0.001, ####P<0.0001).

GT are crucial for forming intermolecular hydrogen bonds with residues such as Trp2060 and Ser2021, while also
engaging in hydrophobic interactions with Pro1264 of FASN (Figure 9).

Elevated FASN Expression Predicts Poor Prognosis in HCC

Analysis of public TCGA data indicated a significant upregulation of FASN mRNA in HCC tissues (Figure 10).
Consistent with this expression pattern, patients with high FASN levels exhibited significantly worse 5-year overall
survival (Figure 11). These findings support FASN as a promoter of HCC progression and a potential target for GT-
mediated immunomodulation.

GT Inhibits FASN and Disrupts Fatty Acid Metabolic Pathways in Tregs

To comprehensively evaluate the metabolic impact of GT-mediated FASN inhibition on Tregs, we performed KEGG
pathway enrichment analysis of downregulated genes in Tregs after GT treatment. These genes were significantly
enriched in lipid metabolism-related pathways, including steroid biosynthesis, glycolysis/gluconeogenesis, cholesterol
metabolism, fatty acid metabolism, fatty acid degradation, and biosynthesis of unsaturated fatty acids (Figure 12). Thus,
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Figure 8 Stick model of GT.

it is reasonable to speculate that FASN inhibition in Tregs affects tumor immunity through alterations in fatty acid
metabolic signaling pathways.

Based on these findings, we propose that GT inhibits FASN expression in Tregs, triggering reprogramming of de novo
fatty acid synthesis and metabolism, altering Treg differentiation status, thereby alleviating immunosuppression in the

HCC microenvironment and enhancing anti-tumor immunity.

Discussion

HCC has an extremely poor prognosis and remains a major global health burden. Traditional treatments are hindered by
issues such as tumor heterogeneity, TIME disorders, and acquired drug resistance.'® Although immunotherapies such as
immune checkpoint inhibitors are effective in some patients, the potent immunosuppressive barrier mediated by Tregs
often leads to treatment failure.'” Tregs dominate the TIME by secreting cytokines such as IL-10 and TGF-p, and their
accumulation is closely associated with the aggressive progression of HCC and poor prognosis.”’ Consequently,
developing agents capable of precisely targeting immunosuppressive cells to reshape the TIME is of considerable
clinical importance. This study found that GT, a natural product conjugate derivative derived from traditional Chinese
medicine, is an anti-HCC agent with dual effects of direct tumor killing and targeted immunomodulation.

Our study confirms that GT specifically targets the aberrantly activated PI3K/AKT pathway in HCC and delineates
the precise mechanistic link between this pathway inhibition and GT’s anti-tumor phenotypes—effects first validated at
the cellular and organoid levels. As a core pro-survival pathway frequently hyperactivated in HCC, sustained PI3K/AKT
signaling drives tumor cell proliferation, suppresses apoptosis, and enhances invasive capacity.”’ While gossypol
derivatives have been reported to target this pathway,?* our findings extend this knowledge by demonstrating that taurine
modification significantly potentiates this inhibitory effect, suggesting structural optimization may improve GT’s cellular
penetration and target-binding affinity. Western blot analysis (Figure 1C) further reveals that GT specifically reduces the
phosphorylation of PI3Ka (p110a subunit) in HepG2 cells and patient-derived HCC organoids without altering total

Table 2 Molecular Docking Table of Taurine Gossypol and
FASN Protein

No. Compound Protein | PDB ID | Docking Score

| Taurine gossypol FASN 4PIV —-10.1

2764 https: Journal of Hepatocellular Carcinoma 2025:12



He et al

re1462(8)
Prol264(A) é)777’\‘(‘6

>
w

P AR EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE
Va X .‘"“ H H /mﬂ\&
4 Y ./ P " Arg2026(A)
g5 T () : :
I » = H H H g )
A | d e H . o nd Ser2081(A
LAY Y O 5‘7‘ & . - Phe2109(A) @& \ % @
4 \ \ . . od A
< A\ = . H o
NP ) A . H H L 3o -3
> A ) : :
@l v P . ! .
) » & H : H o anosoca)
e, : - TRP-2060 : P
s . ¢ ‘ .
. . R - 2
. H ( H : P Hm02s(a)
. . H )
.
% . H .
. . H
* -
‘e . :
0 . . HE
* - < o E
(X . % a ’
. H i %
Xy .
/ - . . & 1 o Ala2062(A)
N 4 (N - ER-2081 =
o . b ! :
% = H GIy2061(A )-
Y H 162063(4) wd Tyr2034(A)
" -
- -
A sssssssnnnsnnnnnnnnnnn A—

Taurine-Modified Gossypol_FASN

Figure 9 Molecular docking mode diagram of GT and FASN. (A) Schematic diagram of the chemical structure of GT. (B) Three-dimensional (3D) molecular docking
complex diagram of GT and FASN (*** denotes the key interaction region between GT and the active pocket of FASN chain A).

A%,

. .;

L
-~

Expression —log,(TPM + 1)

-
.

}. .

LIHC Normal
Tissue Type
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PI3K protein expression—Ilikely via direct binding to the PI3Ka catalytic domain or disruption of its interactions with
upstream activating molecules (eg, EGFR, c-Met), key drivers of PI3K/AKT dysregulation in HCC.

This targeted inhibition of PI3Ka subsequently suppresses AKT phosphorylation at Ser473 (a critical site for AKT
kinase activation), mediating GT’s anti-tumor effects through two well-defined downstream signaling axes: (1) For
apoptosis induction, reduced p-AKT relieves the inhibitory phosphorylation of the pro-apoptotic protein Bad, enabling
Bad to sequester anti-apoptotic Bcl-2/Bcl-xL and shifting the Bax/Bcl-2 ratio toward pro-apoptosis, thereby triggering
caspase-dependent intrinsic apoptosis (consistent with flow cytometry data in Figure 1A); (2) For cell cycle arrest,
decreased p-AKT inhibits mTORCI1 activity, which in turn reduces Cyclin E expression and promotes nuclear transloca-
tion of the CDK inhibitor p27”Kip1”—this nuclear accumulation of p27”Kip1* directly blocks Cyclin E/CDK2 complex
function, leading to G1-phase arrest (Figure 1B), a key checkpoint governing HCC cell proliferation.

Notably, GT exhibits tumor cell-specific regulation of the PI3K/AKT pathway, with no significant effects on PI3Ka or
AKT phosphorylation in normal human hepatocytes (L02 cells). This specificity, coupled with GT’s structural features
(eg, sulfonyl, phenolic hydroxyl groups), suggests it may interact with PI3Ko via a binding mode analogous to its
interaction with FASN (Figure 9), potentially involving hydrogen bonding or hydrophobic interactions with key residues
in the enzyme’s active pocket. Furthermore, GT exerts potent growth-inhibitory effects in patient-derived HCC organoids
—an in vitro model that retains the tissue architecture and molecular heterogeneity of primary tumors, conferring high
pathophysiological relevance’>—which provides a solid preclinical foundation for subsequent clinical translation.
Collectively, these findings clarify how GT specifically modulates the PI3K/AKT pathway’s upstream and downstream
molecules to regulate HCC cell proliferation, apoptosis, and cell cycle progression, strongly supporting GT’s potential as
a multitargeted therapeutic agent for HCC.

The core finding of this study lies in revealing the specific regulatory effect of GT on the HCC immune micro-
environment. SCRNA-seq analysis clearly showed that the proportion of Tregs in the TIME significantly decreased after
GT treatment, while other immune cell subsets showed no obvious changes, indicating that Tregs are the specific immune
target of GT. Tregs construct an immunosuppressive microenvironment by secreting cytokines such as IL-10 and TGF-,
and abnormalities in their quantity and function are closely related to HCC progression and treatment resistance.”* We
further confirmed through in vitro co-culture experiments that GT can effectively inhibit Tregs differentiation, which is
significantly different from the mechanism of action of previously reported immunomodulators: traditional drugs such as
PD-1 inhibitors function by reversing T cell exhaustion, while GT directly targets the differentiation process of Tregs,
providing a novel strategy for reversing immunosuppression.

Mechanistically, GT suppressed the immunosuppressive function of Tregs by inhibiting FASN, a key enzyme
governing de novo fatty acid synthesis. Pseudotime trajectory analysis of scRNA-seq data showed that GT reshapes
the differentiation state of Tregs, shifting the dominant population from a pro-suppressive state (state 1) to a quiescent
state (state 5), and this process is accompanied by a significant downregulation of FASN. Western blot experiments
further confirmed that GT can reverse the upregulation of FASN and other lipid metabolic enzymes (ACSL3, ACSL4) in
Tregs induced by IL-2. These findings are consistent with recent studies showing that FASN inhibition depletes lipid
reserves in Tregs and impairs their ability to suppress anti-tumor immunity.® Lipid metabolomics data further strengthen
this association, showing that GT disrupts multiple lipid metabolic pathways (such as steroid synthesis and fatty acid
degradation) in Tregs, confirming that FASN-mediated metabolic reprogramming is the core mechanism of GT action.

Molecular docking simulations provide structural biological evidence for the direct interaction between GT and
FASN. GT stably binds to the binding pocket of chain A of FASN through hydrogen bonds formed by its sulfonyl group,
phenolic hydroxyl group, and amino group, as well as hydrophobic interactions with Pro1264. The favorable binding
energy suggests that the two may form a functional complex. Residues at the active site of FASN (such as Trp2060,
Ser2021) are crucial for catalyzing fatty acid synthesis,*” and the interaction between GT and these residues may directly
inhibit its enzymatic activity, a mechanism that requires further verification by subsequent enzyme kinetic experiments.
In addition, TCGA data analysis showed that FASN expression is significantly increased in HCC tissues, and patients
with high expression have poor prognosis, confirming that FASN is a key promoter of HCC progression and also
providing a potential biomarker for screening the clinical application of GT—GT may exhibit better therapeutic effects in
HCC patients with high FASN expression.
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This study also highlights the value of natural product modification in drug development. Taurine (derived from
Calculus Bovis) and gossypol (extracted from Malvaceae plants) both have certain anti-HCC activity, but after forming
the GT molecule through covalent coupling, they exhibit significant synergistic anti-tumor effects. This finding under-
scores GT’s dual mechanism of action, which aligns with the value of natural products in anticancer drug discovery: it
directly suppresses the PI3K/AKT pathway in tumor cells while concurrently disrupting the immune microenvironment
via FASN-mediated lipid metabolism. This coordinated targeting of both tumor proliferation and immune escape
effectively surpasses the limitations of single-target therapies.

Of course, this study still has certain limitations. First, although the organoid model has high physiological relevance,
it lacks in vivo animal model verification of the anti-tumor and immunomodulatory effects of GT. To address this gap,
future studies will construct HCC xenograft models (eg, patient-derived xenografts) or genetically engineered mouse
models; these in vivo systems will not only evaluate GT’s ability to inhibit tumor growth but also characterize its impact
on the TIME via techniques like flow cytometry and immunofiuorescence, verifying the conservation of GT’s mechan-
isms in living organisms. Second, it remains unclear whether FASN is the only target of GT in regulating Tregs. Future
research will use proteomics or phosphoproteomics to systematically screen GT’s downstream interacting molecules in
Tregs, and complement with experiments such as CRISPR-Cas9-mediated FASN knockout—if GT’s regulatory effects
on Tregs are abolished in FASN-deficient cells, it will confirm FASN as an essential target, clarifying GT’s target
specificity. Finally, the pharmacokinetic and toxicological characteristics of GT have not been clarified, and its distribu-
tion in normal tissues and impact on normal immune cells need further research to provide a basis for the design of
clinical administration regimens.

Conclusion

In summary, this study demonstrates that GT exerts anti-HCC effects through a dual mechanism: on one hand, it directly
inhibits tumor cell proliferation by inactivating the PI3K/AKT pathway; on the other hand, it targets FASN in Tregs,
disrupts fatty acid metabolism to reprogram Treg differentiation, and thereby reverses immunosuppressive TIME. This
finding not only reveals the potential of GT as a novel therapeutic molecule for HCC but also provides a new theoretical
basis for anti-tumor strategies targeting immune cell metabolism. In the future, by optimizing the chemical structure of
GT and clarifying the clinically applicable population, it is expected to develop a novel HCC therapeutic drug with both
efficacy and safety.
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