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Gypensapogenin I (GI) is a new dammarane type triterpenoid saponin extracted from Gyn-
ostemma pentaphyllum. This study explored the therapeutic potential and mechanism of GI on
liver fibrosis (LF). LF is a key pathological stage of chronic liver disease, and the current treat-
ment is limited. In the mouse LF model induced by carbon tetrachloride (CCl) and the LX-2
hepatic stellate cell model activated by transforming growth factor-f1 (TGF-B1), GI showed
significant antifibrotic effects in vitro and in vivo, and could reduce liver injury, inflammation,
collagen deposition and cell activation. Mechanistic studies have shown that GI exerts its ef-
fect by directly targeting MST1 protein. The direct and specific interaction between GI and
MST1 was confirmed by surface plasmon resonance (SPR), drug affinity reaction target stabil-
ity (DARTS) and cell thermal transition analysis (CETSA). Site directed mutagenesis further
identified Arg181 as a key residue necessary for the stable binding of GI to MST1. This bind-
ing activated the Hippo signaling pathway, promoted the phosphorylation of MST1, LATS1/2
and YAP, resulting in the retention and inactivation of YAP in the cytoplasm. More import-
antly, after knockdown of STK4 gene encoding Mst1 by siRNA, the antifibrotic effect of GI was
completely abolished, thus establishing MST1 as its essential functional target. In summary,
this study found that GI is a novel MST1 agonist, which alleviates LF by targeting Arg181
residue, restoring Hippo/YAP pathway homeostasis and inhibiting hepatic stellate cell activa-

tion, which makes GI a promising candidate drug in the treatment of LF.

1. Introduction

Liver fibrosis (LF) is a key pathological stage in the progres-
sion of a variety of chronic liver diseases, such as sclerosing
cholangitis, viral hepatitis and nonalcoholic fatty liver disease
(NAFLD) . According to statistics, the number of patients with
liver fibrosis caused by these diseases in the world has exceeded
1 billion °. These liver diseases have a common feature: the liver
is in the process of repeated damage and repair for a long time.
This continuous cycle of damage and repair will eventually lead
to excessive accumulation of extracellular matrix (ECM) and ab-
normal proliferation of connective tissue in the liver. Over time,
these pathological changes will gradually replace the normal liv-
er tissue structure, causing impaired liver function and structur-
al disorder, and eventually developing into LF °.

Hepatic stellate cells (HSCs) are the main source of myofibro-
blasts (MFBs) in the liver. Their activation, proliferation and sub-
sequent differentiation into myofibroblasts play a central role in
promoting the fibrosis process *. After the liver is damaged, HSCs
will be activated. This transformation is manifested in the loss of
the characteristic star morphology of cells, a decrease in lipid
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droplets and vitamin A reserves, and a significant increase in the
synthesis of extracellular matrix components. These extracellular
matrix proteins include type I, type Il and type IV collagen, fib-
rin, layered adhesion protein and a variety of proteoglycans. At
the same time, activated hepatic astrocytes will also release a
large number of pro-inflammatory factors. This phenotyping is
also manifested in the upregulation of a-smooth muscle actin
(a-SMA) expression, thus promoting the transition of cells from
a resting fat storage-like state to a fibrotic and inflammatory
state > °. Chronic inflammation is a key driver of LF and activa-
tion of HSCs. When liver cells are damaged, the surrounding hep-
atocytes and Kupffer cells will release a series of cytokines and
inflammatory mediators. These signals not only directly activate
HSCs, but also promote more inflammatory cells to infiltrate the
damaged liver tissue. The recruited cells then secrete more in-
flammatory factors, thus forming a continuous inflammatory mi-
croenvironment, further aggravating and strengthening the fibro-
sis reaction '. Therefore, inhibiting the activation of HSCs may be
an effective way to delay or even prevent the progression of LF.
The Hippo/YAP signaling pathway is the core pathway for
regulating cell proliferation, apoptosis and organ size. It has been
confirmed in recent years that it is closely related to the activa-
tion of HSCs and the progress of LF °, Under physiological condi-
tions, the Hippo pathway kinase cascade (MST1/2-LATS1/2) in-
hibits its nuclear translocation and the expression of profibrotic
target genes (CTGF, ANKRDI1)by phosphorylating the down-

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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stream effector molecule YAP/TAZ °. However, in the process of
LF, inactivation of Hippo pathway leads to dephosphorylation of
YAP and abnormal nuclear entry, which in turn drives HSC activa-
tion and excessive deposition of ECM. In addition, recent studies
have shown that Yap accumulates significantly in the nucleus at
the initial stage of HSC activation; Pharmacological inhibition of
YAP has been demonstrated to inhibit HSC activation in vitro and
slow fibrosis progression in vivo .

In recent years, natural products have become a hotspot for
antifibrotic drug development due to their multi-target regulat-
ory propertie ''. Gynostemma pentaphyllum (Thunb.) Makino is
the rhizome or the whole grass of Cucurbitaceae plant gyn-
ostemma, which contains saponins, flavonoids, polysaccharides,
amino acids, trace elements and other components, and the main
active ingredient is gynostemma saponin, whose glycosidic por-
tion is basically dammarane-type tetracyclic triterpenoids
Modern pharmacological studies have demonstrated their broad
efficacy, including hepatoprotective and potential antifibrotic
activities. However, the specific mechanisms of its monomeric
components remain largely unexplored ' '*. Our previous struc-
ture-activity relationship studies indicated that the aglycone or
lower glycosides of gypenosides often exhibit enhanced bioactiv-
ity compared to their highly glycosylated precursors. To obtain
such core active structures, we optimized an acid hydrolysis pro-
cess for total gypenosides. This process efficiently yielded a ma-
jor hydrolysate, gypensapogenin I (GI), which is a characteristic
dammarane-type aglycone with a high production yield °. Given
its structural features and efficient preparation, GI presents itself
as an ideal candidate for in-depth pharmacological investigation.
Therefore, Our study validated for the first time the antifibrotic
effect of GI on human stellate cell line LX-2 and carbon tetrachlor-
ide-induced hepatic fibrosis model, and explored the potential
mechanism of GI activity. The results showed that GI inhibited
HSC activation and ameliorated LF by targeting activation of
MST1 to regulate the Hippo/YAP pathway. This study indicates
that GI might be a promising therapeutic candidate for the treat-
ment of LF.

2. Materials and methods

2.1. Materials

GI (Fig. 1A) was isolated from Gynostemma pentaphyllum
(Thunb.) Makino by our laboratory. Saponins from G. pentaphyl-
lum (more than 80% content) purchased from Hunan Jiuhui Mod-
ern Chinese Medicine Co., Ltd. were hydrolysed using a 3:2 ratio
of aqueous hydrochloric acid. The hydrolysate was purified via
silica gel column chromatography with a CH,Cl,/MeOH gradient
(100:0 to 0:100, V/V), followed by further isolation using high-
performance liquid chromatography (HPLC). This procedure yiel-
ded GI as a white amorphous solid with a purity exceeding 98.5%
and a recovery rate of approximately 0.8%, confirmingits ad-
equacy for further experimental use. Carbon tetrachloride (CCl,
> 98.0%, M,: 153.82; Catalog No.: C805332) was purchased from
Macklin Biochemical Company (Shanghai, China). Recombinant
human TGF-B1 (Product No.: 100-21) was obtained from Pepro-
Tech (Rocky Hill, USA). Silibinin (Sil, > 98% purity, M,: 482.44;
Catalog No.: S]-MN5167) was sourced from SparkJade Company
(Jinan, China).

2.2. Animal model of hepatic fibrosis

Male C57BL/6] mice weighing 20-25g were obtained from
Liaoning Changsheng Biotechnology Co. Hepatic fibrosis was in-
duced in six-week-old mice via intraperitoneal injection of a 15%
CCl, solution in olive oil (2 mL-kg™, three times weekly for 6
weeks; n =8 mice/group). Mice in the blank control group re-

1238

Chinese Journal of Natural Medicines 24 (2026) 1237-1250

ceived an equivalent volume of olive oil only. From the beginning
of the fourth week, animals in the treatment groups were admin-
istered GI (30 or 60 mL-kg™) or silibinin (10 mg-kg™) once daily
by oral gavage for a duration of three weeks. Equal amounts of
0.1% CMC-Na solution were given to the blank and CCl,-treated
groups, respectively. At the end of 6 weeks, mice were executed
and their livers and sera were collected for subsequent experi-
ments.

All animal procedures conducted in this study were carried
outin compliance with the ARRIVE guidelines and received ap-
proval from the Animal Use and Care Committee of Shenyang
Pharmaceutical University, Shenyang, China (Approval No. SYXK
(Liao) 2021-0009).

2.3. Serum ALT/AST

The ALT/AST activity in mouse serum was determined using
the assay kits (Product No. S03030, S03040) from Shenzhen Ra-
diometer Life Technology Co.

2.4. Biochemical analysis of liver tissue

Liver tissue samples were homogenized with a tissue
grinder. Following homogenization, the samples were centri-
fuged at 2000 r-min~" for a duration of 20 min, after which the su-
pernatant was collected. Concentrations of interleukin-6 (IL-6),
interleukin-1p (IL-1p), and tumour necrosis factor-a (TNF-a) in
the liver tissue were quantified using an ELISA assay kit (Wuhan
Servicebio Technology Co., Ltd., Wuhan, China).

2.5. Histopathological analysis and immunohistochemistry

Fresh liver tissue samples were isolated and fixed with 4%
paraformaldehyde for 24 h. Following fixation, the tissue samples
were embedded in paraffin and sectioned at a thickness of 5 um.
These sections were stained using hematoxylin-eosin (HE), Siri-
us red (SR) and Masson staining kits in order to observe histopa-
thological changes, especially inflammatory infiltration, structur-
al alterations and collagen deposition under a light microscope.

In addition, paraffin embedded sections were subjected to
immunohistochemical staining using specific antibodies against
type I collagen and a-SMA. Stained sections were observed under
a fluorescence microscope (TE 2000, Nikon, Japan) and images
were acquired for subsequent evaluation. Quantitative analysis of
positive staining areas was done using Image] software.

2.6. Hepatic hydroxyproline assay

Hepatic hydroxyproline (HYP) content was measured using a
commercially available assay kit (Solarbio, Beijing, China; Cat#
BC0250) according to the manufacturer’s instructions.

2.7. Cell culture and processing

Human hepatic stellate cells LX-2 cells were purchased from
CyberKnife (Shanghai) Biotechnology Co. Cell lines were
routinely tested for mycoplasma. LX-2 cells were maintained in
DMEM growth medium supplemented with 10% fetal bovine ser-
um (V/V) and 1% penicillin-streptomycin. These cells were cul-
tured at 37 °C in an air environment with 5% CO,. For cellular ex-
periments, GI was dissolved in DMSO at a stock concentration of
100 mmol-L™. LX-2 cells were first pretreated with GI (5, 10, 20,
40, 60, 80, 100 umol~L'1) for 24 h and then collected. LX-2 cells
were first serum-starved for 24 h. Subsequently, the cells were
stimulated with 5 ng-mL™ TGF-B1 and either 1-40 pmol-L™" GI or
2.5 umol-L™" silibinin, and then cultured for another 24 h. The ap-
propriate GI concentration for use in subsequent experiments
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Fig. 1 Gl ameliorates CCl,-induced liver injury. (A) Schematic representation of the chemical structure of GI. (B) Schematic representation of the mouse LF model and treat-
ment with GI or Silibinin. (C) Liver index measurement. Liver weight to body weight ratio was calculated after weighing the mice and their livers (n = 8). (D) Serum ALT and
AST levels in mice (n = 6). (E) Gross morphology of liver tissues from each group under identical imaging conditions. (F) Histopathological features of mouse livers detected
by HE staining. Magnification: x 5, x 20 (scale bar = 50/200 pm). (G) Levels of TNF -, IL-1B, and IL-6 inflammatory factors in mouse livers (n = 6). Data are mean * SD, ana-
lyzed by one-way ANOVA with Tukey’s test. “**P < 0.05, control vs model; ‘P < 0.05, P < 0.01, ""P < 0.001, treatment vs model; ns, not significant.

was determined by CCK-8 assay.

take photos. The image of the scratch healing experiment is ana-

lyzed by Image] software, the scratch area is measured at differ-

2.8. Wound healing assay

ent points in time, and then the mobility is calculated according

to the following formula:

LX-2 cells were seeded in 12-well plates at a density of 2 x
10° cells per well. After 24 h, linear scratches were created on the
confluent cell monolayer using a 10 pL pipette tip, followed by
three washes with PBS. In all groups except the control, TGF-$1
was added to the culture medium together with either GI or
Silibinin, and the incubation was continued for 24 h. After that,
suck out the culture medium, wash the cells with PBS, and then
observe the cell morphology under the inverted microscope and

1239

Migration rate (%) = (A

A)/As x100%

where A, represents the initial wound area at 0 h, and 4, repres-
ents the wound area at the indicated time point.

2.9. Immunofluorescence

The tissue sections and LX-2 cells were first deparaffinized
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and rehydrated, followed by blocking with 5% goat serum for 30
min at 25 °C. They were then incubated with primary antibodies
targeting a-SMA (1::100) and p-MST1 (1:100) overnight at 4 °C.
After washing with PBS the next day, fluorophore-conjugated sec-
ondary antibodies were applied and incubated at 37 °C for 2 h.
Following another PBS wash, nuclei were counterstained with
4’ 6-diamidino-2-phenylindole (DAPI; 1:5000, Solarbio, China)
for 5 min. Finally, the sections underwent a final PBS wash and
were mounted using an anti-fade medium. Imaging was per-
formed with an Olympus inverted fluorescence microscope.

2.10. Western blot assay

Liver tissue (100 mg) stored at -80 °C was homogenized at
4 °C in RIPA lysis buffer containing protease inhibitors and grind-
ing beads, followed by centrifugation at 12 000 r-min ™" for 15 min
at 4 °C to obtain total protein. Cultured cells were similarly lysed
with RIPA buffer, and total protein was collected by centrifuga-
tion. Protein concentrations were measured using a BCA assay
kit. The samples were separated by 10% SDS-PAGE and trans-
ferred onto polyvinylidene fluoride (PVDF) membranes. The
membranes were blocked with 5% skim milk and incubated with
primary antibodies at 4 °C overnight. After five washes, the mem-
branes were incubated with secondary antibodies at room tem-
perature. Finally, the signals on the membranes were detected
using a chemiluminescence imaging analysis system (Beijing
Saizhi Chuangye Technology Co., Ltd.) and quantified with Im-
age] software.The following antibodies were used: a-SMA and
Collagen I (Abcam, Cambridge, UK); Anti-TGF- (Cohesion Bios-
ciences); Anti-Smad2 (AF6449), Anti-Smad3 (AF6367), Anti-p-
Smad2 (AF3447), Anti-p-Smad3 (AF3367), Anti-LATS1
(A11058), Anti-MST1 (DF7691), Anti-YAP (A10012), Anti-p-
LATS1 (AF8482), Anti-p-MST1 (AF2367), Anti-p-CTGF (DF7091),
Anti-p-ANKRD1 (AF0677) and Anti-p-YAP (AF3325) (Affinity
Biosciences, Cincinnati, USA); Anti-B-actin (Wuhan Servicebio
Technology Co., Ltd., Wuhan, China).

2.11. Quantitative RT-PCR

Trizol reagent and chloroform were used to extract total RNA
from liver tissue. Then, the concentration and purity of RNA were
detected by NanoDrop spectrophotometer (Thermo Fisher Sci-
entific, USA). According to the manufacturer’s instructions, the
mRNA was reverse transcribed into the first strand complement-
ary DNA (cDNA) using a commercial reverse transcription Kit
(Servicebio, G3337). The expression levels of ACTA2, COL1A1,
STK4 (the gene encoding MST1 protein), LATS1, YAP1, ANKRD1
and CTGF were detected by quantitative real-time PCR, and GAP-
DH was used as internal control. The primer sequences are listed
in Supplementary Table 1.

2.12. RNA sequencing and analysis

Total RNA was isolated from liver samples using TRIzol re-
agent. RNA integrity was assessed using a NanoDrop microspec-
trometer and agarose gel electrophoresis. Sequencing libraries
were constructed from cDNA and sequenced on an Illumina plat-
form by Shanghai Personal Biotechnology Co. Raw sequencing
data were subjected to quality control, and low-quality reads
were removed. The remaining high-quality reads were aligned to
the reference genome using HISAT2 software. Transcript abund-
ance was estimated using HTSeq and normalized as FPKM values.
Differentially expressed genes (DEGs) were identified using
DESeq2 analysis. To correct for multiple testing, adjusted P val-
ues (false discovery rate, FDR) were applied. Genes with |log,
fold change| > 1 and FDR < 0.05 were defined as significantly dif-
ferentially expressed. KEGG pathway analysis was used to per-
form functional enrichment analysis on differentially expressed
genes (DEGs). The results were visualized by volcano plots and
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heatmaps to display the expression patterns of DEGs. This analys-
is can reveal the intrinsic mechanisms of relevant molecular
mechanisms and biological processes under experimental condi-
tions.

2.13. Cell transfection

MST1 is a protein kinase encoded by the STK4 gene. STK4 is
used to represent gene-level research including mRNA expres-
sion analysis and gene silencing experiments. According to the
manufacturer's instructions, using siRNA-Mate plus or GP-trans-
fect-Mate transfection reagent (Genepharma, Shanghai, China,
Cat. No. G04026/G04008), 75 pM siRNA or 3 pg DNA was trans-
fected into LX-2 cells for 24 h; subsequently, the medium was re-
placed with medium containing 40 pmol-L™" GI (with or without
TGF-B1 at a concentration of 5 ng'mL™), and the cells were fur-
ther cultured for 24 h. STK4-specific siRNA (forward sequence: 5'-
cuuggugcuacacaacagatt-3'; reverse sequence: 5'-ucuguguguagcac-
caagtt-3") was synthesized by GenePharma (Shanghai, China).

2.14. Molecular docking

The two-dimensional structure of the small molecule com-
pound GI was drawn using ChemDraw software and sub-
sequently converted into its three-dimensional structure for mo-
lecular docking. The 3D structural data of MST1 were obtained
from the PDB database (https://www.rcsb.org/) and docked with
GI using Autodock software. The docking results were visualized
with PyMOL to illustrate the spatial orientation of the ligand
within the protein binding pocket. To gain detailed insight into
the protein-ligand interactions, the best docking complex was
submitted to the online PLIP platform for systematic analysis of
key interaction forces ', including hydrogen bonds, hydrophobic
interactions, and halogen bonds.

2.15. Surface plasmon resonance (SPR)

Protein immobilization was performed via amine coupling,
with MST1 protein fixed on both flow channels of the sensor chip
at 10 pL-min~". Ligand proteins (50 pg-mL™" in pH 4.0 sodium
acetate) were used for coupling, after which ethanolamine was
injected to block residual sites. GI was then prepared in a series
of concentrations in running buffer and injected over the chip
from low to high concentration at 30 pL-min™" for 60 s per cycle.
The chip was regenerated with 10 mmol-L™ glycine-HCl (pH 2.0)
between concentrations. Binding and dissociation constants were
derived by globally fitting the data to a 1:1 Langmuir model us-
ing Biacore Insight evaluation software.

2.16. Site-directed mutagenesis and plasmid construction

The full-length human STK4 (gene encoding MST1) cDNA was
cloned into the mammalian expression vector pEX-3 (pGCMV/
MCS/Neo). Using this wild-type construct (pEX-3-MST1-WT) as a
template, specific arginine-to-alanine substitutions were intro-
duced to generate the mutant constructs: pEX-3-MST1-R148A
and pEX-3-MST1-R181A. All constructs, including the empty vec-
tor control (pEX-3), were synthesized and sequence-verified by
GenePharma Co., Ltd. (Suzhou, China). Wild-type and mutant
plasmids were transfected under identical experimental condi-
tions using the same vector backbone and promoter to minimize
variability in expression. MST1 protein expression was assessed
by Western blot analysis.

2.17. Drug affinity responsive target stability (DARTS) assay

Cell lysates were incubated with GI (20 and 40 pmol-L™") or
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equal volume DMSO at room temperature for 2 h. Then, Strepto-
myces protease was added in the ratio of 1:800 and incubated at
37 °C for 30 min. Add an appropriate amount of sample loading
buffer and boil in boiling water bath for 10 min to terminate the
reaction. Finally, the proteins were isolated by SDS-PAGE and
analyzed by Western blotting.

Prior to the formal experiments, the pronase concentration
was optimized. Cell lysates were incubated with GI (40 umol-L™)
or DMSO, followed by digestion with pronase at serial dilutions
(1:200, 1:400, 1:00, 1:1600, and 1:3200). The residual MST1
levels were detected by Western blot. A 1:800 dilution of pro-
nase was selected as it yielded the most significant difference
between GI and DMSO groups, indicating optimal protection
by GI.

2.18. Cellular thermal shift assay (CETSA)

After treating LX-2 cells with GI (40 umol-L™") for 24 h, the
cells were digested and collected into PCR tubes, approximately
200 pL of medium per group, then placed in a PCR instrument to
denature at different temperatures for 5 min, centrifuged, the su-
pernatant was discarded, and washed twice with PBS, then the
lysate was added to carry out the routine extraction of proteins,
and the binding of drugs to the proteins was observed using
Western Blot. Western Blot was used to observe the binding of
drugs and proteins.

2.19. Statistical analysis

GraphPad Prism 8.0 software is used for data analysis, and
the experimental results are expressed as mean * standard devi-
ation. Student’s t test is used for the difference comparison
between the two groups, the one-way analysis of variance (AN-
OVA) is used for the comparison between multiple groups, and
the Dunnett’s post hoc test is used for the two-to-two comparis-
on. The significance marks are as follows: P < 0.05 "P <001,
"'P<0.001; *P<0.05,""P<0.01,""P < 0.001.

3. Results

3.1. Gl ameliorates CCl-induced liver injury

In order to study the effect of GI on the development of LF,
this study established a mouse model through CCl, induction (Fig.
1B). First, C57BL/6] mice were injected with CCl, (2 mL-kg™,
3 times a week, lasting 6 weeks, 8 per group). From the 4th week,
the treatment group was given GI (30 or 60 mg-kg™) or silibinin
(10 mg-kg™) every day for 3 weeks. Serum and liver samples
were collected 24 h after the last GI treatment. As shown in Fig.
1C, the liver index of the CCl, group was significantly increased
compared with the control group, indicating that CCl, induced
liver hypertrophy. The liver index of the GI group and the Sil
group showed a partial recovery, while the liver index of the GI-H
group (60 mg-kg™) almost recovered to a level comparable to
that of the control group. Figs. 1D and 1E show that the serum
ALT and AST levels were significantly increased in the CCl, group,
while these markers were significantly reduced in the GI group
and the Sil group. Histopathological examination showed obvi-
ous structural damage in the livers of CCl,-treated mice, includ-
ing a significant increase in degenerated hepatocytes and infilt-
rating inflammatory cells. However, GI treatment alleviated liver
injury in a dose-dependent manner (Figs. 1F and 1G).

To further verify the effect of GI in ameliorating liver injury,
we also measured the levels of inflammatory cytokines in mouse
serum. The results showed that the protein expression of IL-6, IL-
1B and TNF-a was significantly increased in the model group
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compared with the control group, and significantly down-regu-
lated by the administration of GI (30 and 60 mg-kg™) and Sil (10
mg-kg™). Among them, the therapeutic effect of GI (60 mg-kg™)
was superior (Figs. 1H-1]). The above results indicated that GI
could inhibit the secretion of inflammatory factors in the livers of
mice with CCl,-induced hepatic fibrosis and attenuate the hepatic
inflammatory response.

3.2. Gl reduces LF in CCl-induced mouse models

In order to evaluate the therapeutic potential of GI for liver
fibrosis, Masson’s trichrome and Sirius red staining were used to
observe collagen deposition. The results showed that compared
with the control group, CCl, treatment significantly increased col-
lagen deposition, while GI treatment significantly reduced the de-
position of fibrosis matrix in the liver of mice (Fig. 2A). The res-
ults of immunohistochemistry and Western blot analysis were
consistent with the above findings (Figs. 2B-2E). In addition, the
liver hydroxyproline content in the model group was signific-
antly increased and significantly decreased after GI treatment
(Fig. 2F). These results suggest that GI can effectively improve liv-
er fibrosis in vivo.

3.3. GI Inhibits TGF-f1-Induced Activation of Human HSC Line LX-2

The activation and differentiation of HSC is a key link in
fibrosis reaction, so we explore whether GI can inhibit HSC activ-
ation. TGF-B1 is a classic activator of HSC and a key medium in
the progression of LF '/, so we use TGF-B1 to induce LX-2 cell ac-
tivation, and then give different concentrations of GI for treat-
ment. By detecting cell vitality by CCK-8 method, it was found
that GI did not show obvious cytotoxicity in the concentration
range of 20-40 pmol-L™, but cytotoxicity was observed at 50
umol-L™" (Fig. 3Aa). It is determined that 20 and 40 pmol-L™" are
the safe and effective concentration ranges for subsequent in
vitro experiments. Based on this in vitro safety range, the in vivo
dose of GI is set to 30 and 60 mg-kg™" according to the body sur-
face area. During the three-week administration, there was no
significant weight loss, abnormal behavior or death in the mice in
the GI treatment group, indicating good safety at these two doses.
Then, we evaluated the effect of GI up to 40 pmol-L™* on the pro-
liferation of LX-2 cells induced by TGF-B1. As shown in Fig. 3Ab,
TGF-B1 enhances the activation state of LX-2 cells, which is mani-
fested as accelerated cell proliferation; GI treatment can inhibit
this effect, and significant inhibition can be observed at 40
umol-L™". Accordingly, 20 and 40 pmol-L™" GI are selected for fol-
low-up mechanism experiments.

As shown in Fig. 3B, TGF-f1 stimulation induced obvious cell
body enlargement and rapid proliferation of LX-2 cells. On the
contrary, GI treatment restored normal cell morphology and sig-
nificantly reduced the proliferation rate. Since the migration abil-
ity reflects the degree of cell activation, we evaluated the effect of
GI on the migration of TGF-f1-activated LX-2 cells. The results of
wound healing experiment showed that compared with the con-
trol group, the number of migrated cells in TGF-B1 group was sig-
nificantly increased, and high-dose GI significantly reduced the
migration ability of TGF- 31 activated cells (Figs. 3C and 3D).

a-SMA is considered a marker of hepatic stellate cell (HSC)
activation. We evaluated the expression level of a-SMA in LX-2
cells by immunofluorescence staining. The results showed that
TGF- B1 treatment enhanced the expression of a -SMA, but the
expression was significantly attenuated after GI administration
(Fig. 3E). The same results were obtained in Western blot and qP-
CR analysis (Figs. 4A-4C).

Smad Protein is a key mediator of TGF-f signaling pathway,
which coordinates downstream reactions through receptor-medi-
ated phosphorylation and nuclear translocation. This mechanism
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Fig. 2 Gl alleviates CCl,-induced LF in a mouse model. (A) Representative Masson’s trichrome and Sirius red staining images of mouse liver tissues in each group. Magnifica-
tion: x 10; Scale bar: 100 pm. (B) Representative IHC staining of type I collagen and a-SMA in liver tissues of each group. Magnification: x 5; Scale bar: 200 pm. (C) Quantitat-
ive analysis of positive staining area using Image] software. (D, E) Western blot analysis of type I collagen and a-SMA expression in mouse liver tissues, with B-actin as in-
ternal control. (F) HYP content in mouse liver tissues (n = 3). Data are mean * SD, analyzed by one-way ANOVA with Tukey’s test. **P < 0.05, control vs model; ‘P < 0.05, 'P <

0.01, 7P < 0.001, treatment vs model; ns, not significant.

can be used as a potential target for anti fibrosis therapy '*. To ex-
plore the molecular mechanism of GI inhibiting HSC activation,
we examined its effect on TGF-f/Smad signaling pathway. West-
ern blot analysis showed that TGF-B 1 stimulation significantly
increased TGF-f protein expression and Smad2/3 phosphoryla-
tion, while GI treatment decreased TGF-B expression and
Smad2/3 phosphorylation (Figs. 4D and 4E). In conclusion, GI can
inhibit the activation of 1x-2 cells induced by TGF-f1.

3.4. Transcriptome analysis of GI key targets

In order to explore the mechanism of GI on LF, RNA sequen-
cing was performed on liver tissues of the experimental group.
After the data were normalized by gene expression, the differen-
tial genes were detected by deseq tool, and the volcano map was
drawn in R language. Compared with the control group, 994
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genes were up-regulated and 410 genes were down regulated in
the model group; Compared with the model group, 320 were up-
regulated and 122 were down regulated in the GI-H group (Fig.
5A). A Venn diagram was constructed based on the analysis of
variance results to show the common and unique differentially
expressed genes (DEGs) among the groups, and 119 common DE-
Gs were identified between the control and model, and between
the model and GI-H (Fig. 5B). Cluster analysis further compared
the expression patterns of these 119 overlapping genes in the
three groups (Fig. 5C). Among them, literature review showed
that among the top 20 key genes, STK4 (encoding Mst1 protein)
was closely related to the activation of hepatic stellate cells and
the progression of liver fibrosis '°. KEGG pathway analysis
showed that GI may play a role through Cell entry, Hippo, MAPK
signaling pathway, ubiquitin mediated protein degradation and
oxidative phosphorylation (Fig. 5D).
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3.5. Gl alleviates LF through the Hippo signaling pathway

Accumulating evidence indicates that the Hippo signaling
pathway is critically involved in the progression of liver fibro-
sis **?', MST1/2, LATS1 /2 and YAP are key effector molecules of
this signaling pathway *“.To investigate the effect of GI on the
Hippo pathway, we first analyzed the expression of MST1, LATS1,
and YAP1 in a mouse model of LF. Quantitative PCR analysis re-
vealed that GI treatment significantly increased the expression of
Stk4 and Lats1, while decreasing the expression of Yap1 (Fig. 6A).
Western blot results demonstrated that GI administration
markedly elevated the levels of phosphorylated LATS1/2 and
phosphorylated MST1/2, which act as upstream negative regulat-
ors of YAP. Notably, GI treatment also enhanced the phosphoryla-
tion of YAP at Serine 397 (Ser-397). Phosphorylation at Ser-397
has been reported to be associated with reduced YAP stability
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P < 0.001, treatment vs

and activity ** (Figs. 6B and 6C).

Subsequently, we detected the effect of GI on Hippo signaling
pathway in LX-2 cells induced by TGF-B1, and the results were
consistent with the experiments in vivo (Figs. 6D and 6E). In con-
clusion, GI can activate MSY-LATS-YAP phosphorylation cascade,
reduce YAP protein level and inhibit its activity.

3.6. Gl and MST1 are stably bound

To further clarify the role of MST1 in GI mediated inhibition
of HSC activation, we first used immunofluorescence to detect the
expression of phosphorylated MST1 in mouse liver tissue. As
shown in Fig. 7A, GI promoted the phosphorylation of MST1. Sub-
sequently, we performed molecular docking analysis to investig-
ate the interaction between GI and MST1, indicating the binding
mode of GI to this key target (Fig. 7B). The stable binding config-
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uration of GI and MST1 was obtained by 3D structure analysis,
and the recorded binding energy was -10.4 kcal-mol™, indicating
a strong interaction between the two. PLIP interaction analysis
revealed that the small molecule compound GI stably binds to the
activation loop of MST1 kinase domain. This binding site over-
laps extensively with the key MST1 autophosphorylation sites
(Thr276 and Thr282), suggesting that GI may directly regulate
MST1 kinase activity by occupying and stabilizing the phos-
phorylation competent conformation of the activation loop,
thereby promoting MST1 phosphorylation. We further verified
this combination through SPR, confirming that GI can directly
bind to MST1. As shown in Fig. 7C, the equilibrium discomposi-
tion constant (K;) determined by steady-state fitting is 5.29 x
107 mol-L™". In addition, we also carried out the drug affinity re-
action target stability (DARTS) experiment, which showed that GI
treatment enhanced the stability of MST1 and reduced its sensit-
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ivity to the digestion of pronase E (Fig. 7D). Subsequently, we fur-
ther confirmed the interaction between GI and MST1 using cell
thermal transformation analysis (CETSA). Under the condition of
gradual warming, MST1 in the cells of the GI treatment group
showed higher thermal stability. It is worth mentioning that
40 pumol-L™ GI increases the melting temperature (T,,) of MST1
by 3.82 °C, indicating that GI can directly combine with MST1 and
enhance its structural stability (Figs. 7E and 7F).

3.7. The Arg181 site of MST1 is critical for GI binding

To verify the precise binding site of GI on Mst1 predicted by
molecular docking (the molecular docking analysis is based on
the PDB 8AS5] structure, in which the key arginine residues are
numbered 247 and 280 in the B chain. According to the database
correspondence, they correspond to positions 148 and 181 in the
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standard human MST1 protein sequence). We selected these two
residues based on the following criteria: (I) they exhibited the
lowest predicted binding energy (at -9.8 and -9.2 kcal-mol )
and contributed the most to hydrogen bonding and salt bridge in-
teractions; (II) Arg181 is located near the activation loop, close to
the key autophosphorylation site Thr282, while Arg148 is loc-
ated in the N-terminal regulatory region, which is involved in
maintaining the autoinhibited conformation of MST1. The re-
maining four predicted sites showed high binding energy (> -7.0
kcal-mol ) and were located on the surface far from the func-
tional domain, so they were not preferentially validated. Accord-
ing to this, we constructed two point mutants MST1-R148A and
MST1-R181A, targeting arginine residues that form a key salt
bridge with phosphorylated threonine. We confirmed that the ex-
pression levels of the two mutant proteins in transfected cells
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were comparable to wild-type (WT) MST1, indicating that these
mutations did not affect protein stability (Fig. 8A).

Subsequently, we used the darts experiment to directly eval-
uate the binding of GI to MST1. In cell lysates expressing wild-
type MST1, incubation with GI significantly protected MST1 from
pronase digestion, resulting in a stronger residual MST1 signal
compared with the control. In sharp contrast, this protective ef-
fect completely disappeared in cells expressing the MST1-R181A
mutant (Fig. 8B). The MST1-R148A mutant showed a partially re-
duced but not completely abolished protective effect, suggesting
that Arg181 plays a more dominant role in GI binding.

Finally, we investigated the functional consequences of dis-
rupting the GI-MST1 interaction. As expected, GI treatment ro-
bustly increased the phosphorylation levels of MST1 , its direct
substrate LATS1 and the downstream effector YAP1 in cells ex-
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Fig. 6 GI alleviates LF through the Hippo signaling pathway. (A) mRNA expression levels of key genes in Hippo signaling pathway (n = 3). (B, C) protein expression of key
components of Hippo signaling pathway in mouse liver. $-actin was used as internal reference (n = 3). (D, E) protein expression of key components of Hippo signaling path-
way in LX-2 cells. B-actin was used as internal reference (n = 3). Data are mean + SD, analyzed by one-way ANOVA with Tukey’s test. "**P < 0.05, control vs model; P < 0.05,

“P< 0.01, “p< 0.001, treatment vs model; ns, not significant.

pressing WT MST1. However, the ability of GI to activate this sig-
naling cascade was severely impaired in cells expressing the
MST1-R181A mutant (Figs. 8C and 8D). Consistent with the
DARTS results, the R148A mutant exhibited an intermediate
phenotype.

In summary, these data suggest that Arg181 residue of MST1
is essential for GI binding and is necessary for GI induced activa-
tion of MST1-LATS1-YAP signal axis.

3.8. Gl regulates the Hippo signaling pathway by targeting MST1 to
alleviate LF

Next, we knocked down STK4 in LX-2 cells (Figs. 9A and 9B).
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As expected, when STK4 was knocked down, Gl treatment failed
to futher enhance the phosphorylation of downstream targets
and inhibit the expression of Collagen I, a-SMA, and other fibrotic
markers (Figs. 9C and 9D). Furthermore, numerous studies have
demonstrated that CTGF, as the most well-established target gene
of YAP, is significantly upregulated in fibrotic livers and activated
hepatic stellate cells (HSCs). Furthermore, CTGF promotes the
synthesis and secretion of extracellular matrix (ECM) proteins,
particularly fibrillar collagens which constitute the primary com-
ponents of fibrous deposits **. Our data indicated that GI treat-
ment led to a reduction in the expression levels of CTGF and
ANKRD1, which are downstream target genes of YAP, in LX-2
cells. However, upon STK4 knockdown, GI no longer significantly
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suppressed the expression of these target genes (Figs. 9E-9G). In
conclusion, GI alleviates LF by targeting MST1 and modulating
the Hippo signaling pathway.

4. Discussion

This study found that GI is a novel natural compound for anti
liver fibrosis. In the body, it can alleviate liver fibrosis; In vitro, it
can inhibit TGF-B1-induced activation of LX-2 cells. The core
mechanism is that GI directly targets MST1 to reactivate the
Hippo signaling cascade, thereby inhibiting YAP dependent pro
fibrotic signaling. We confirmed that MST1 is a functional mo-
lecular target for GI to exert the aforementioned effects through
integrated transcriptomic screening, target binding experiments,
site directed mutagenesis, kinase activity assays, and functional
loss validation.

Hepatic stellate cell activation is a central cellular event in
liver fibrosis, characterized by enhanced proliferation, migration,
contractility, and extracellular matrix production *>*’. In the
present study, GI reduced collagen deposition and fibrotic mark-
er expression in CCly-induced fibrotic liver tissues and sup-
pressed a-SMA and Collagen I expression in TGF-B1-activated LX-
2 cells. These effects were accompanied by attenuation of inflam-
matory injury and inhibition of TGF-B /Smad signaling pathway,
suggesting that GI acts on both pro fibrotic and inflammatory
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components of liver fibrosis. However, the most important mech-
anism of this study is that GI does not simply exert general cyto-
protective or anti-inflammatory effects; Instead, it acts on a well-
defined kinase node MST1, which is upstream of Hippo/YAP sig-
naling and hepatic stellate cell activation.

The Hippo/YAP pathway has become an important signal ax-
is to promote fibrosis in LF *. When the Hippo signal is impaired,
YAP will accumulate in the nucleus and promote the transcrip-
tion of fibrosis-promoting genes such as CTGF and ANKRDI,
thereby enhancing HSC activation and extracellular matrix depos-
ition ***°. This study found that GI enhanced the phosphorylation
level of MST1, LATS1/2 and YAP, while lowering the expression
of YAP downstream target genes. These results show that GI
pushes the Hippo/YAP pathway to the YAP inactivation state,
thus weakening the transcription procedure required to main-
tain the continuous activation of HSC. More importantly, knock-
ing down STK4 largely eliminates the inhibitory effect of GI on the
phosphorylation and fibrosis markers of the Hippo pathway,
which supports the conclusion that MST1 is necessary for GI to
exert anti-fibrosis activity.

Although the expression of STK4 mRNA was increased in qP-
CR analysis, the total MST1 protein level did not show a corres-
ponding significant increase by Western blotting. It may be due to
post transcriptional regulation, translation regulation, protein
stability or other post-translational mechanisms. Importantly,
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MST1 activity is determined not only by the total protein abund-
ance, but also by its activation state and downstream signaling ef-
fect. Therefore, the observed biological effects may be more re-
lated to the functional activation of MST1 and the regulation of
the Hippo/YAP pathway than just a simple change in the expres-
sion level of total MST1 protein.

This study uses a variety of methods to verify that MST1 is
the target of GI. Molecular docking predicted a stable interaction
between GI and MST1, and SPR confirmed the direct combina-
tion of the two. DARTS experiments and CETSA experiments fur-
ther prove that GI can enhance the protease resistance and
thermal stability of MST1 in a cellular environment. These meth-
ods reduce the possibility that "MST1 activation is only a down-
stream result after fibrosis is reduced", indicating that GI directly
acts on MST1, thereby activating MST1-LATS1/2-YAP signal cad-
ding. Finally, the mutation experiment identified that Arg181 is a
necessary residue for GI to function, so that this target verifica-
tion is more perfect.

Molecular docking analysis shows that GI binds to the activa-
tion ring of the MST1 kinase domain, which is spatially adjacent
to the key self-phosphorylation site Thr282. In vitro kinase exper-
iments show that GI increases the V., of MST1 by about 1.8
times, while there is no obvious change in K;,,, which is the typic-
al feature of heter-configuring activation. Given that the R181A
mutation can completely eliminate the effect of GI, we speculate
that GI plays a role through a conformational mechanism: stabil-
izing the active conformation after activated ring phosphoryla-
tion, promoting the self-phosphorylation of Thr282, and thus en-
hancing the catalytic activity. This way of action is similar to that
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of natural kinase agonists (such as resveratrol and ATM)*. Al-
though the transfection efficiency of each mutant has not been
directly quantified, the differences between groups have been
minimized due to the use of the same plasmid skeleton, pro-
moter and consistent transfection conditions. Both sequencing
and Western blot results confirmed the reliability of the integrity
of MST1-R148A and MST1-R181A mutants. These controls en-
sure that the functional differences are mainly due to the point
mutation itself, not the difference in transfection efficiency or
protein expression levels.

This allosteric mechanism proposed by us has important bio-
logical significance: the activation of MST1 provides a direct up-
stream pathway to inhibit YAP driven Pro fibrotic transcription.
GI does not directly inhibit YAP itself, but activates a set of endo-
genous negative regulatory cascade, which eventually leads to
YAP phosphorylation and functional inhibition. Compared with
the direct inhibition of YAP transcription, this mechanism may be
more advantageous, because the restoration of the upstream
kinase cascade can simultaneously affect many downstream pro-
cesses involved in HSC activation, including proliferation, migra-
tion, extracellular matrix formation and inflammation amplifica-
tion. In addition, these findings also expand the pharmacological
value of MST1- although MST1 is often studied as a signal kinase,
itis rarely regarded as an anti fibrosis protein that can be dir-
ectly targeted.

There are still some limitations in this study. In terms of YAP
regulation, although GI enhanced YAP phosphorylation and re-
duced its total protein level, it was not enough to prove that GI
promoted YAP degradation. The reduction of YAP may also be
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due to transcription or translation inhibition. In the future, it
needs to be clarified by actinomycin tracing, proteasome and
lysosome inhibition, ubiquitination analysis and other experi-
ments. In terms of target verification, the conclusion that Arg181
is the direct binding site of GI still depends on indirect evidence
such as mutation, darts and enzyme activity detection. R181A
mutation may affect protein folding or local conformation rather
than specific destruction of binding. The key role of Arg181 can
be confirmed by directly comparing purified WT with mutant
protein through SPR or ITC, and combining with the complement
experiment after knocking down endogenous STK4. At the same
time, the study lacks the reverse validation of YAP agonists or
MST1 inhibitors. In the future, it is necessary to further confirm
the causal relationship of MST1-YAP axis by means of pharmaco-
logical complementation. At the model level, CCl, model can not
fully reproduce the etiological diversity of human LF, and the ef-
ficacy of GI needs to be verified in metabolic steatohepatitis, cho-
lestatic injury and other models; The discovery of LX-2 cells also
needs to be confirmed in primary hepatic stellate cells, liver like
organs or patient derived cells. Finally, although GI is well toler-
ated under the experimental conditions, its pharmacokinetics,
metabolism, toxicity and long-term safety still need to be system-
atically evaluated.

In conclusion, this study shows that GI can reduce LF by dir-
ectly targeting MST1 and reactivating Hippo/YAP signaling path-
way, inhibiting HSC activation and pro fibrosis gene expression.
The elucidation of GI-MST1-YAP regulatory axis provides a mech-
anism basis for the antifibrotic activity of GI, and highlights MST1
as a potential targeted kinase node in LF. These findings not only
support the further development of GI or GI derived compounds
as candidate antifibrotic drugs, but also suggest that the pharma-
cological activation of MST1 may represent a promising strategy
for restoring Hippo pathway homeostasis in fibrotic liver disease.

Conclusion

In conclusion, this study confirmed that GI can effectively in-
hibit LF (Supplementary Fig. 10). In vivo experiments showed
that GI could alleviate liver injury and fibrosis; In vitro experi-
ments showed that it could inhibit the activation of hepatic stel-
late cells. In mechanism, GI directly binds to Arg181 site of MST1
to activate Hippo signaling pathway, and then inhibits the activa-
tion of HSCs. Therefore, GI is expected to become a new MST1 ag-
onist and provide a potential choice for the treatment of LF.
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