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Hepatic encephalopathy (HE) is a severe clinical condition with limited therapeutic options.
Silybin, a principal bioactive constituent of milk thistle, is a natural compound known for its
protective effects against various liver diseases and neurodegenerative disorders. Silibinin
meglumine (SM), the meglumine salt of silybin, is widely used in the management of hepatic
disorders. However, the therapeutic potential and mechanistic basis of SM in HE remain in-
completely elucidated. In this study, SM reduced serum ammonia levels and improved hepat-
ic function markers, including alanine transaminase, aspartate transaminase, and total biliru-
bin (TBil), in thioacetamide (TAA)-induced HE mice. SM also attenuated inflammatory cy-
tokines such as tumor necrosis factor (TNF) and interleukin-6 (IL-6) in both plasma and brain
tissue, reduced the oxidative stress marker malondialdehyde, and increased glutathione
levels. Furthermore, molecular docking, cellular thermal shift assay (CETSA), drug affinity re-
sponsive target stability (DARTS) assay, and microscale thermophoresis (MST) assay collect-
ively indicated that uncoupling protein 2 (UCP2) may serve as a direct molecular target of SM
in mitigating HE. Notably, SM downregulated UCP2 expression in liver tissue and alleviated
oxidative stress and mitochondrial dysfunction through modulation of the UCP2/PINK1/
Drp1/mitofusin-2 (MFN2)/LC3B pathway. Additionally, co-administration of a UCP2 inhibit-
or partially attenuated the antioxidant effects of SM; however, no statistically significant re-
duction was observed in alanine aminotransferase (ALT) and aspartate aminotransferase
(AST). In summary, this study demonstrates that SM-mediated targeting of UCP2 enhances
hepatic mitochondrial function and suppresses excessive mitophagy, thereby ameliorating
TBil in TAA-induced HE. These findings suggest that SM may represent a promising thera-
peutic strategy for TAA-induced HE.

1. Introduction

ances, and oxidative stress °. A widely accepted mechanism is im-

paired ammonia metabolism due to compromised hepatic func-

Hepatic encephalopathy (HE) is a central nervous system
dysfunction resulting from acute or chronic severe liver injury .
The primary clinical manifestations include disturbances in con-
sciousness, behavioral abnormalities, and, in severe cases, coma.
These symptoms substantially impair quality of life and antioxid-
ant response element (ARE) associated with increased mortality.
Studies indicate that up to 40% of patients with cirrhosis develop
HE within five years. However, specific and effective therapeutic
options remain limited °. Therefore, identifying potential pharma-
cological agents that may ameliorate HE is critically important.

The pathogenesis of HE is multifactorial, involving toxin ac-
cumulation, metabolic disturbances, neurotransmitter imbal-
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tion, leading to systemic hyperammonemia and subsequent neur-
otoxicity. In HE, oxidative stress serves as a key pathway through
which neurotoxins such as ammonia induce neuronal damage.
The severity of HE correlates positively with elevated oxidative
stress markers in patients with liver disease, suggesting that tar-
geting oxidative stress may represent a pivotal therapeutic
strategy .

Uncoupling protein 2 (UCP2), a mitochondrial inner mem-
brane protein, modulates oxidative stress by regulating mito-
chondrial membrane potential and calcium ion homeostasis °. By
reducing mitochondrial reactive oxygen species (ROS) produc-
tion, UCP2 protects hepatocytes from oxidative injury, poten-
tially mitigating the progression of liver disease. In alcoholic hep-
atitis, UCP2 is closely linked to disease progression, and evidence
indicates that the UCP2 pathway attenuates oxidative stress,
thereby exerting protective effects in alcohol-induced liver inj-
ury °. Additionally, UCP2 influences the development of alcoholic

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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hepatitis through the regulation of fatty acid metabolism and in-
sulin secretion. In non-alcoholic fatty liver disease (NAFLD),
UCP2 expression may be altered by lipid accumulation, poten-
tially modulating hepatic inflammation ’. UCP2 also plays a signi-
ficant role in regulating hepatocyte autophagy; studies suggest
that UCP2 contributes to the pathogenesis of liver injury by mod-
ulating autophagic processes, particularly in the context of fatty
acid-induced hepatocyte damage. These findings indicate that
UCP2 not only mitigates oxidative stress but may also influence
liver disease progression through autophagy regulation. Thus,
targeting UCP2 represents a promising approach for alleviating
liver injury across multiple etiologies. A deeper understanding of
UCP2 function may therefore yield novel therapeutic strategies
for HE °,

Several natural compounds have demonstrated pharmacolo-
gical potential in treating liver diseases. Silybin, a flavonolignan
derived from milk thistle, exhibits significant therapeutic poten-
tial due to its antioxidant, anti-inflammatory, and anti-fibrotic
properties °. However, silybin has low oral bioavailability, which
limits its clinical utility. In contrast, its water-soluble derivative,
silibinin meglumine (SM), is suitable for intravenous administra-
tion and has shown efficacy in improving liver function in murine
models of liver fibrosis . Nevertheless, definitive evidence re-
garding the potential of SM to ameliorate HE is currently lacking.
Therefore, this study aims to investigate whether SM improves
HE by targeting UCP2-mediated oxidative stress and mitochon-
drial dysfunction, thereby evaluating its therapeutic potential.

2. Material and methods

2.1. Drugs and reagents

Thioacetamide (TAA) was purchased from Sigma (Missouri,
USA) and dissolved in sterile water. SM (= 98% purity) was ob-
tained from Nanjing Chenxiang Biotechnology Co., Ltd. (Nanjing,
China) and dispersed in sterile water to prepare SM solutions at
concentrations of 0.5 mg-mL™, 0.25 mg-mL™", and 0.125 mg-mL™".
Ornithine aspartate (OA) was purchased from Merz Pharmaceut-
icals GmbH (Frankfurt, Germany) and dispersed in sterile water
to yield a 0.13 mg-mL™" OA solution. Polyene phosphatidylcholine
(PPC) was obtained from Chengdu Tiantaishan Pharmaceutical
(Chengdu, China) and dispersed in sterile water to produce a
6.045 mg-mL™" PPC solution. Genipin (GEN) was acquired from
MCE (New Jersey, USA) and dispersed in sterile water to obtain a
0.5 mg~mL’1 GEN solution. Antibodies against PINK1, phos-
phorylated Drpl (p-Drpl) (Ser616), Drpl, and mitofusin-2
(MFN2) were purchased from CST (1 : 1000, Boston, MA, USA);
anti-UCP2, anti-Ibal, and anti-GFAP antibodies were obtained
from Abcam (1 : 1000, Cambridge, UK); LC3B antibody was
sourced from Proteintech (1 : 500, Wuhan, China). Goat anti-
mouse IgG H&L (HRP) and goat anti-rabbit IgG H&L (HRP) were
purchased from Nanjing Bioworld Biotechnology Co., Ltd. (1 :
10000, Nanjing, China). All antibodies were diluted according to
the manufacturer’ instructions. Mouse tumor necrosis factor a
(TNF-a) and interleukin-1f (IL-18) enzyme-linked immunosorb-
ent assay (ELISA) kits were obtained from Nanjing Jin Yibai Biolo-
gical Science and Technology Co., Ltd. (Nanjing, China). Alanine
aminotransferase (ALT), aspartate aminotransferase (AST), total
bilirubin (TBil), ammonia, glutathione (GSH), and malondialde-
hyde (MDA) activity assay kits were purchased from Nanjing Ji-
ancheng Bioengineering Institute (Nanjing, China). Fluorescent
probes DCFH-DA for ROS detection and Rhod-2 AM for mitochon-
drial calcium ions were acquired from Beyotime Biotechnology
(Shanghai, China). UCP2 recombinant protein was obtained from
Wuhan USCN Business Co., Ltd. (Wuhan, China). Monolith™ RED-
NHS second-generation protein labeling kit was provided by Nan-
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oTemper Technologies (Munich, Germany).
2.2. Animals

All animal care and experimental procedures were conduc-
ted in accordance with the guidelines of the China National Insti-
tutes of Health and approved by the Animal Care and Use Com-
mittee of China Pharmaceutical University (approval number:
2024-11-145). Male C57BL/6] mice (22 + 2 g) were supplied by
Jiangsu Huachuang Sino Phar-maTech Co., Ltd. (Taizhou, Jiangsu,
China, NO.A202401150332). Mice were housed under con-
trolled conditions of temperature (23 + 2 °C), humidity (50% =+
10%), and a 12-hour light/dark cycle, with free access to stand-
ard chow and water.

2.3. Animals and Treatments

2.3.1. Animal experiment 1: SM/0A/PPC treatment on TAA model

Mice were randomly assigned to seven groups (n = 8 per
group): control group (normal saline), TAA group (200 mg-kg™),
TAA + SM groups (SM at 1.25 mg-kg™, 2.5 mg-kg™, or 5 mg-kg™),
TAA + OA group (1.3 mg-kg™), and TAA + PPC group (60.45
mg-kg™"). Doses were determined based on conversion from hu-
man clinical dosages. HE was induced by intraperitoneal injec-
tion of TAA for two consecutive days. On the second day, SM was
administered intravenously at the same time as TAA, once daily
for three consecutive days, based on prior studies '""°. The posit-
ive control groups received OA or PPC via tail vein injection,
while the remaining groups received an equivalent volume of sa-
line. One hour after the final administration, behavioral tests
were performed, followed by euthanasia. Blood, liver, and brain
tissues were collected immediately. After centrifugation, super-
natants were stored at -80 °C along with tissue samples.

2.3.2. Animal experiment 2: SM/ + GEN treatment experiment

Male C57BL/6] mice (22 + 2 g) were randomly divided into
five groups (n = 8 per group): control group, TAA group (200
mg-kg™), TAA + SM group (5 mg-kg™), TAA + GEN group (GEN, 2.5
mg-kg™), and TAA + SM + GEN group (5 mg-kg™ + 2.5 mg-kg™).
The experimental protocol followed the same TAA-induced mod-
el procedure as in experiment 1. Serum and liver samples were
collected at the end of the treatment for further analysis. The

dosage of GEN was selected based on a previous study ™.

2.4. Cell culture and treatment

HepG?2 cells were obtained from the Chinese Academy of Sci-
ences (Shanghai, China) and cultured in DMEM (Gibco, USA) sup-
plemented with 10% fetal bovine serum (Gibco, USA) at 37 °C in a
humidified atmosphere containing 5% CO,. Cells were pretreated
with 5 pmol-L™ SM or 10 umol-L™" GEN for 30 minutes, followed
by exposure to a solution containing D-GalN (5 ymol-L™") and LPS
(1 pg'mL™) for 24 h to induce liver failure, as described in previ-
ous studies ' "%,

2.5. Open field test in mice

The open field test was conducted in a square box (50 cm x
50 cm x 45 cm) with opaque plastic walls. The floor was divided
into 25 equal sections (10 cm x 10 cm), with the 16 peripheral
sections defined as the “fringe field” and the 9 central sections as
the “center field”. Prior to testing, each mouse was placed in the
same starting position for a 5-minute acclimatization period. The
test duration was 3 minutes, during which spontaneous loco-
motor activity was recorded using a video tracking system. Total
distance traveled, distance moved in the center field, and total
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activity time were automatically analyzed. After each trial, resid-
ual odors were removed by lightly spraying the floor with 70% al-
cohol and wiping it dry.

2.6. Analysis of biochemical indexes in serum and tissue

The levels of ALT, AST, TBil, and ammonia in mouse serum,
as well as GSH and MDA contents in brain tissue homogenates,
were measured according to the manufacturer’s instructions.

2.7. Inflammatory factor detection

Serum and brain tissue levels of inflammatory cytokines
were quantified using ELISA Kkits, following the manufacturer’s
protocols.

2.8. Liver histomorphology observation

Liver tissues were fixed in 10% formaldehyde, embedded in
paraffin, and sectioned. Sections were stained with hematoxylin
and eosin (H&E) to evaluate histopathological changes under
light microscopy.

2.9. Molecular docking and molecular dynamics simulation

The three-dimensional structure of SM was retrieved from
the PubChem database and converted to MOL2 format. Protein
structures of UCP2, GRIN1, PTEN, GATM, ABAT, and PRKCD were
downloaded from the Protein Data Bank (PDB). Molecular dock-
ing was performed using AutoDockTools to predict binding sites
and calculate binding energies. Interactions between SM and
UCP2 were further visualized and analyzed using PyMOL soft-
ware to identify key amino acid residues involved in binding.

2.10. Immunohistochemistry and immunofluorescence

Paraffin-embedded sections (4 pm) were deparaffinized, re-
hydrated, subjected to antigen retrieval, and blocked prior to in-
cubation with primary antibodies against UCP2, PINK1, MFN2,
LC3B, and Ibal overnight at 4 °C. Sections were then incubated
with HRP-conjugated secondary antibodies at 37 °C for 30
minutes. After DAB staining and counterstaining with hem-
atoxylin, images were captured under a light microscope. Densit-
ometric analysis was performed using Image Pro Plus. For im-
munofluorescence, sections were permeabilized for 15 minutes,
incubated with anti-GFAP antibody at 4 °C overnight, followed by
secondary antibody incubation and DAPI staining. Fluorescence
signals were visualized using a fluorescence microscope.

2.11. Western blotting (WB)

Proteins were extracted from mouse liver tissues using RIPA
lysis buffer. Equal amounts of protein were separated by SDS-
PAGE and transferred onto PVDF membranes. Membranes were
incubated overnight at 4 °C with primary antibodies against
UCP2, PINK1, Drp1, p-Drpl (Ser616), MFN2, LC3B, Ibal, and
GFAP. After washing, membranes were incubated with appropri-
ate HRP-conjugated secondary antibodies for 1 h at room temper-
ature. Protein bands were visualized using enhanced chemilu-
minescence reagents (Biosharp Co., Ltd., China) and detected
with a ChemiDoc XRS + imaging system (Bio-Rad, USA).

2.12. Measurement of ROS and mitochondrial calcium ion level
Intracellular ROS levels were measured using the DCFH-DA

probe, and mitochondrial calcium levels were assessed using
Rhod-2 AM, according to the manufacturer’s instructions.
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2.13. Cellular thermal shift assay (CETSA)

HepGz2 cell lysates were prepared by centrifugation at 12000
g for 15 minutes at 4 °C. SM (40 umol-L™) or DMSO (vehicle con-
trol) was added to the supernatant and incubated at 4 °C. The
samples were divided into eight aliquots and heated from 37 °C
to 72 °C in 5 °C increments for 10 minutes each. After heating,
samples were immediately cooled to -20 °C. Following a second
centrifugation at 13 000 g for 15 minutes at 4 °C, the super-
natants were collected for WB analysis.

2.14. Drug affinity responsive target stability (DARTS)

HepG2 cells were harvested and incubated with varying con-
centrations of SM (40, 20, 10, 5, 2.5 umol-L’l) at 4 °C for 3 hours.
Cells were then lysed for 30 minutes and centrifuged at 12 000 g
at 4 °C. Sample buffer was added, and samples were heated at
100 °C for 10 minutes prior to WB analysis.

2.15. Microscale thermophoresis (MST)

UCP2 recombinant protein was labeled using the Monolith™
RED-NHS second-generation protein labeling kit and diluted to
100 nmol-L™" in 200 pL buffer for subsequent use. Based on pre-
liminary data and expected Kd values, SM was serially diluted in
two-fold steps to generate 16 concentrations. Each drug dilution
was mixed with 10 pL of labeled protein (1 : 1 ratio) and loaded
into premium-coated capillaries. Capillaries were inserted into
the capillary tray of the Monolith™ NT.115 instrument, and fluor-
escence was measured during capillary scanning. MST measure-
ments were then initiated to assess binding affinity.

2.16. Statistical analysis

Data were analyzed using GraphPad Prism 8.0 software
(GraphPad Software, USA). Differences between two groups were
assessed using a two-tailed Student’s t-test. For multiple compar-
isons, one-way ANOVA followed by Dunnett’s post hoc test was
applied. Results are expressed as mean * SEM. A P-value < 0.05
was considered statistically significant.

3. Results

3.1. SM ameliorated TAA-induced movement disorder in mice

The drug administration protocol is illustrated in Fig. 1A. The
effects of SM on behavioral outcomes in TAA-induced HE mice
were evaluated. As shown in Fig. 1B, TAA-HE mice exhibited sig-
nificant deterioration in motor function. To further assess the ef-
fect of SM on central nervous system motor activity, an open field
test was performed. TAA-treated mice displayed slow movement,
lethargy, and depressive-like behavior, with activity restricted to
the peripheral zone. In contrast, SM treatment increased the dur-
ation spent in the central zone (Fig. 1C) and total travel distance
(Fig. 1D). These findings indicate that SM effectively ameliorated
TAA-induced movement disorders.

3.2. SM ameliorated TAA-induced liver injury in mice

The impact of SM on hepatic function was examined in TAA-
induced mice. As shown in Fig. 2, TAA-HE mice exhibited marked
impairment in liver function, with elevated levels of ALT (Fig.
2A), AST (Fig. 2B), TBil (Fig. 2C), and blood ammonia (Fig. 2D).
SM intervention significantly reduced the levels of these markers.
Additionally, ELISA quantification revealed that TNF-a (Fig. 2E)
and IL-1B (Fig. 2F) were significantly elevated in the TAA group
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Fig. 1 SM attenuated TAA-induced HE-related pathological phenotypes in mice. (A) Schematic diagram of the establishment of the TAA-induced HE mouse model and the
drug intervention schedule. (B) Representative movement trajectories in the open field test. (C) Time spent in the central zone. (D) Total travel distance (n = 4-6). Data are
shown as mean * SEM. **P < 0.01 vs normal group, P < 0.05, P < 0.01 vs Model group.

compared to controls, whereas SM treatment markedly lowered
their levels. Macroscopic examination Fig. 2G showed that con-
trol livers were reddish, soft, and smooth, whereas HE group liv-
ers were hard, rough, swollen, and congested. SM treatment re-
duced hepatic congestion and swelling, with the SM (5 mg-kg™)
group showing significantly less hemorrhage. H&E staining (Fig.
2H) demonstrated that SM reduced liver tissue necrosis, cellular
swelling, and inflammatory cell infiltration compared to the HE
group. These results indicate that SM effectively mitigated TAA-
induced liver injury.

3.3. SM ameliorated TAA-induced oxidative stress and brain inflam-
mation in mice

To evaluate the neuroprotective effects of SM in TAA-in-
duced mice, oxidative stress and inflammatory markers in brain
tissue were assessed. Biochemical analyses revealed that SM (2.5
mg-kg™', 5 mg-kg™") enhanced GSH activity (Fig. 3A) and reduced
MDA content (Fig. 3B) compared to the TAA group. Furthermore,
ELISA analysis of brain tissue showed significantly elevated levels
of TNF-a, IL-1f3, and IL-6 (Figs. 3C-3E) in the TAA group, which
were markedly reduced in the SM group. Histological examina-
tion revealed neuronal disorganization and structural disarray in
the hippocampal region of TAA mice, with evidence of degenera-
tion and nuclear pyknosis. The number of degenerated or hyper-
chromatic neurons was reduced in both SM-treated groups, with
the SM (5 mg-kg™") group showing a pronounced improvement in
hippocampal neuroinflammation and neuronal morphology re-
sembling that of the control group (Fig. 3F). Overall, SM interven-
tion reduced pro-inflammatory cytokine levels in brain tissue,
suggesting its potential role in alleviating HE.

3.4. SM inhibited TAA-induced activation of microglia in the brain
tissue of mice

Ibal is a microglia-specific marker protein. Immunohisto-
chemical staining for Ibal was used to detect changes in the num-
ber and morphology of microglia in the hippocampus and cortex,
thereby assessing microglial activation. Control mice exhibited
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minimal microglia in cortical (Fig. 4A) and hippocampal regions
(Fig. 4B), with sparse distribution. Statistical analysis revealed
that the SM group had fewer activated microglia than the TAA
group (Figs. 4C and 4D). Ibal protein levels were significantly
higher in the TAA group compared to controls (Fig. 4E). SM treat-
ment (5 mg-kg™") notably reduced Ibal levels, a finding suppor-
ted by both immunohistochemistry and immunoblotting. SM also
restored microglial morphology in the hippocampus and cortex of
HE mice, limited microglial and astrocyte activation, and reduced
the risk of brain edema.

3.5. SM inhibited TAA-induced activation of astrocytes in the brain
tissue of mice

Given the critical role of astrocytes in neuroinflammation, the
effect of SM on astrocyte activation was investigated in the TAA-
induced HE model. Glial fibrillary acidic protein (GFAP) expres-
sion was analyzed by immunofluorescence and immunoblotting
to assess astrocyte activation. In the control group, hippocampal
astrocytes were sparse with weak GFAP fluorescence. In contrast,
the TAA group exhibited increased astrocyte numbers, enhanced
branching, and stronger GFAP fluorescence (Figs. 5A and 5B) and
protein expression (Fig. 5C). SM treatment reduced astrocyte ac-
tivation in the hippocampus, suggesting neuroprotective effects,
attenuation of neuroinflammation, and prevention of brain dys-
function.

3.6. UCP2 might be a potential target mediating the protective ef-
fects of SM against HE

A network pharmacology approach was employed to elucid-
ate the mechanism by which SM inhibits oxidative stress and im-
proves HE. Fig. 6A shows that 61 potential silibinin targets were
identified via the HERB database, and 944 HE-related targets
were retrieved from the GeneCards database. Venn diagram
analysis identified six overlapping targets: UCP2, GRIN1 ",
PTEN *>*', GATM ****, ABAT **, and PRKCD *°. Molecular docking
was performed to compare the binding affinity of silibinin (SM) to

these six proteins. The results showed the highest interaction af-



Y. Lietal

A

w

200 200

ALT(U-L™)
AST(U-L)

CcC M 125 25 5 OA PPC
SM/(mg-kg™)
D E
250 500 —
. # = #
T, 200 = -
0 i 2 400
S S
g ]
= g
K E
£
g £
E 3
<
g
&=
0-
125 25 5 OA PPC cC M
SM/(mg-kg™)
TAA +
G Control TAA 1.25 mg'kg' SM
Control TAA
H Py
m
<
=

TAA +1.25 mg'kg' SM

Fig. 2 SM mitigated TAA-induced liver injury in mice. (A-D) Serum ALT, AST,

Chinese Journal of Natural Medicines 24 (2026) 619-631

¢
25 -
—_ ##
220
E .
ERER T -
E T L
B 10
2
= 54
(=}
e
125 25 5 OA PPC C M 125 25 5 OA PPC
SM/(mg-kg™") . SM/(mg-kg ™)
100 5
$$ ES “ $$
T 80+
: 2 T T
£
3 60
5
<
e 40
=
(=%
T 20
=
[
125 25 5 OA PPC C M 125 25 5 OA PPC
SM/(mg-kg™) SM/(mg-kg ")
TAA + TAA + TAA + TAA +
2.5mg-kg ' SM 5mgkg' SM 1.3 mgkg ' OA 60.45 mg-kg ' PPC

hbBoaOB

TAA +13 g'kg”! OA TAA +60.45 mg-kg™ PPC

total bilirubin, and ammonia levels were measured by biochemical assays (n = 6). (E-F)

Plasma TNF-a and IL-1 levels were measured in mice (n = 6). (G) Gross appearance of the livers (n = 3). (H) H&E stammg of liver tissues (Scale bar = 250 pm) (n = 3). Data

are shown as mean + SEM. *’P < 0.01 vs normal group, ‘P < 0.05, P < 0.01 vs Mode

finity between silibinin and UCP2, with an average binding en-
ergy of -8.51 + 0.2 kcal'mol™ (Fig. 6B), binding to residues
TYP100, ASN190, and PHE92 (Figs. 6C and 6D). The UCP2-silibin-
in complex exhibited stable root mean square deviation (RMSD)
and root mean square fluctuation (RMSF) during molecular dy-
namics simulation (Figs. 6E and S1A). The binding affinity was
further confirmed by CETSA and DARTS. CETSA demonstrated
that SM treatment increased UCP2 protein expression under
identical temperature conditions compared to the DMSO control
(Fig. 6F). DARTS results indicated that increasing SM concentra-
tion enhanced UCP2 stability (Fig. 6G). MST analysis revealed a
dissociation constant (Kd) of 1.583 # 0.587 pmol-L™ for the
SM-UCP2 interaction (Figs. 6H and S1B-11). These results demon-
strate that SM exhibits significant binding affinity for UCP2,
providing preliminary evidence that UCP2 may be a potential
therapeutic target for SM in HE.

1 group, **P < 0.01 vs SM group (5 mg-kg ).

3.7.SM improved TAA-induced HE via the UCP2/PINK1/Drpl/
MFN2/LC3B pathway in mice

The protective effects of SM against TAA-induced liver injury
and neurological damage have been established, prompting fur-
ther investigation into the underlying mechanisms. Oxidative
stress is a key pathological mechanism in HE, capable of inducing
mitochondrial dysfunction and triggering mitophagy. WB analys-
is showed that, compared to the TAA group, SM treatment re-
duced protein expression of UCP2 (Fig. 7A), PINK1 (Fig. 7B), p-
Drpl (Fig. 7C), and LC3B (Fig. 7E). Concurrently, MFN2 expres-
sion was upregulated (Fig. 7D). Immunohistochemical analysis of
UCP2, PINK1, MFN2, and LC3B (Figs. 7F-7]) corroborated the
WB findings. Collectively, these results indicate that SM inhibits
mitophagy through the UCP2/PINK1/Drp1/MFN2/LC3B path-
way, thereby alleviating TAA-induced HE.
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3.8. The UCP2 inhibitor partially attenuated the antioxidant effects and downregulated UCP2 (Fig. 8G), PINK1 (Fig. 8H), p-Drp1 (Fig.
of SM in TAA-induced mice 81), and LC3B (Fig. 8K), while upregulating MFN2 (Fig. 8]). Com-
pared to the SM group, co-administration of SM and GEN reduced

To further investigate whether SM exerts its effects via UCP2, the increase in GSH content from 50.19% to 17.29% and in SOD
GEN, a UCP2 inhibitor, was employed. As shown, both GEN and content from 24.28% to 5.76%. The inhibition of MDA content de-
SM reduced ALT (Fig. 8A), AST (Fig. 8B), and blood ammonia creased from 37.12% to 29.90%, and blood ammonia inhibition
levels (Fig. 8F), improved oxidative stress markers (Figs. 8C-8E), declined from 54.18% to 38.61%. These findings indicate that
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GEN was particularly sensitive to changes in oxidative stress
markers, further supporting a functional link between UCP2 and
oxidative stress. Immunohistochemistry results (Figs. 8L-8P)
corroborated the WB data, demonstrating that SM inhibits mito-
phagy by downregulating UCP2, thereby mitigating TAA-induced
HE.

3.9. The UCP2 inhibitor partially attenuated the mitochondrial pro-
tective effects of SM in vitro

To further examine the role of UCP2 in mitochondrial dys-
function and the protective effects of SM, UCP2 inhibitors were
used to suppress UCP2 expression in HepG2 cells in vitro. Com-
pared to the D-galactosamine/lipopolysaccharide (DGalN/LPS)
group, both SM and the inhibitor group reduced ALT (Fig. 9A)
and AST (Fig. 9B) levels; however, the inhibitory effect of SM on
these markers was diminished in the inhibitor group. Immuno-
fluorescence analysis of ROS levels (Fig. 9C) revealed that SM re-
duced ROS, but this effect was partially reversed in the UCP2 in-
hibition group (Fig. 9D). Similarly, SM suppressed mitochondrial
calcium release, but this effect was partially reversed upon UCP2
inhibition (Fig. 9E). WB analysis showed that UCP2 expression in-
creased following DGalN/LPS stimulation but decreased after SM
treatment. The UCP2 inhibitor also reduced UCP2 levels, and in
this context, SM’s suppressive effect on UCP2 was partially dimin-
ished (Fig. 9F). SM inhibited the upregulation of p-Drpl under
DGalN/LPS stimulation, but this inhibition was partially attenu-
ated by the UCP2 inhibitor (Fig. 9G). These results suggest that
the UCP2 inhibitor counteracts SM-induced reductions in ROS
and mitochondrial calcium, as well as p-Drpl downregulation,
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thereby reversing SM’s protective effects against mitochondrial
dysfunction. This further supports a role for SM in mitigating mi-
tochondrial dysfunction, potentially mediated through UCP2.

4. Discussion

The liver plays a crucial role in metabolic production and
detoxification, which are vital for maintaining systemic health.
Hepatic dysfunction can lead to both systemic and liver-specific
diseases, contributing significantly to the global burden of dis-
ease “*”’. Numerous herbal medicines have demonstrated effic-
acy in liver protection, with high safety profiles and minimal side
effects *°. Silybin, a natural polyphenol, exhibits diverse biologic-
al and pharmacological activities and is widely used globally as a
hepatoprotective agent due to its anti-inflammatory, anti-lipid
peroxidative, and anti-fibrotic properties *’. However, the role of
silybin in HE has not been previously reported. This study aimed
to investigate the therapeutic effects and underlying mechanisms
of SM, a meglumine salt of silybin with enhanced solubility and
minimal cytotoxicity, in HE. We found that SM significantly ameli-
orates HE in both in vivo and in vitro models, particularly through
modulation of UCP2, as well as its anti-oxidative and mitochon-
drial protective effects.

Previous studies have shown that silybin activates Nrf2 by
promoting its nuclear translocation and binding to the ARE,
thereby upregulating antioxidant gene expression and reducing
hepatic oxidative stress *’. Recent evidence indicates that silybin
reduces ROS, mitigates oxidative stress-induced cell damage, and
attenuates liver fibrosis progression *". These findings highlight
silybin as a potent antioxidant with multi-level protective mech-
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anisms, particularly in oxidative stress-related liver diseases **.
Despite its broad therapeutic potential, silybin’s clinical utility in
severe conditions is limited by its low bioavailability **. SM par-
tially overcomes this limitation through improved solubility. TAA
is a well-characterized model for HE research, as it is metabol-
ized into toxic intermediates, TAA sulphoxide and sulphone, in-
ducing liver injury, impairing ammonia metabolism, and leading
to hyperammonemia, oxidative stress, neurotoxicity, and meta-
bolic disturbances **** **°, In this study, wee valuated the thera-
peutic effects of SM in the TAA-induced HE model and elucidated
its mechanisms of action. Spontaneous locomotor activity and ex-
ploratory behavior in mice demonstrated that SM effectively mit-
igates behavioral abnormalities associated with HE (Figs.
1B-1D). Moreover, SM treatment improved liver function com-
pared to the TAA model (Figs. 2A-2C), significantly reduced
blood ammonia levels (Fig. 2D), and alleviated hepatic patholo-
gical damage (Figs. 2G and 2H). Given that oxidative stress inhibi-
tion is critical in HE amelioration *’, we assessed oxidative stress
markers and found that SM restored levels of MDA, SOD, and GSH
in liver tissue (Figs. 3A and 3B). Additionally, SM reduced pro-in-
flammatory cytokines such as TNF-a and IL-18 in both liver (Figs.
2E and 2F) and brain tissues (Figs. 3C and 3D). Histological exam-
ination revealed a marked increase in astrocytes and cellular de-
generation in the hippocampus of TAA-treated mice (Fig. 3F),
which was significantly reversed by SM treatment. Concurrently,
SM reduced GFAP protein expression in brain tissue (Fig. 5C),
suggesting that it inhibits astrocyte activation and cytotoxic
swelling (Fig. 5A) by lowering blood ammonia and suppressing
neuroinflammation. These findings indicate that SM improves HE
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primarily by enhancing liver function, reducing circulating am-
monia and other toxins, and attenuating peripheral inflammation,
thereby diminishing neuroinflammation (Figs. 4A-4E). Collect-
ively, SM ameliorates liver and brain pathology, oxidative stress,
and inflammation, supporting its potential as a therapeutic agent
for HE. Further validation in bile-duct ligation (BDL)-induced HE
models could strengthen these findings.

Recent studies have established oxidative stress as a key con-
tributor to HE, and its reduction has been shown to improve out-
comes in various liver disorders "', suggesting that targeting
oxidative stress may be a viable therapeutic strategy. Using net-
work pharmacology, we identified six potential protein targets of
SM in HE (Figs. 6A and 6B). Among these, GRIN1 is associated
with autophagy, PTEN regulates this process, GATM modulates
oxidative stress and ferroptosis, ABAT is linked to neurological
disorders, and PRCKD influences mitophagy. Notably, UCP2 has
recently been proposed as a potential therapeutic target in HE.
Therefore, we focused on elucidating the role of UCP2 in SM-me-
diated protection against TAA-induced HE, particularly through
suppression of oxidative stress and mitochondrial dysfunction.
UCP2, located in the inner mitochondrial membrane **, regulates
intracellular energy metabolism and oxidative stress **. By redu-
cing mitochondrial ROS production, UCP2 helps mitigate oxidat-
ive damage, making it a promising target in HE. Thus, we invest-
igated whether SM exerts its protective effects via UCP2 modula-
tion. Our results showed that SM treatment reduced MDA levels
and enhanced GSH activity in TAA-HE mouse tissues, indicating
significant alleviation of oxidative stress. Molecular docking and
molecular dynamics simulations confirmed a high binding affin-



Y. Lietal

A 1500 - B 500 =
;T,
21000 -
2
5
< 500 - -
B
0 =
Control Model SM  GEN S+G Control Model
D E
200 q
‘Eo Lé 150 4
5 &
=]
g g ]
£ 5 100
< 3
% 2 50
() -l
Control Model SM  GEN S+G Control Model
G H

Control Model SM GEN S + G p-Drpl (Ser616) [ e w82 kDa

I

e [N O W W0 kpa  PiNK | [T ] 0 kDa
GAPDH [ﬁl% kDa GAPDH 36 kDa GAPDH [ RS M S ] 36 kDa GAPDH 36 kDa

4 4
823 ETs
] &=
< 8 < 3
oo? (G
S ° - ©
g2 £31
2E =&

Control Model SM GEN S + G Control Model SM GEN S + G
L
Control
o
Ay
19}
=}
K
<
Control ModelSM  GEN S+ G Z
LC3B 19kDa
GAPDH 36kDa
4 P
~ &
SIER =
as
<8
S 2
2% m
22 2
(SN S
s

ControlModel SM GEN S + G

Z

g
o

wn

o
n

PINKI staining intensity
=1

0

0
ControlModel SM' GENS + G ControlModel SM' GENS + G

p-Drpl (Ser616)/Drpl/GAPDH

Chinese Journal of Natural Medicines 24 (2026) 619-631

C 404

GSH/(umol-L™)
[ (%)
=] (=]

1 1

=)
1

0 —
SM GEN S+G Control Model SM  GEN S +G
F
250 -
—_ ##
7y 200 1 e
E T
= 1509 -
£ 1004 T
=]
ER
<
0 e
SM GEN S+G Control Model SM  GEN S+G

J
Control Model SM GEN S + G

Control Model SM GEN S + G

Drp] [ W W e www[s2 kDa MFN2[ e #9888 % % |53 Da

w

1.5
g x5
£2 E210
g 33
3 g3
! £5°°
& =&
0
Control Model SM GEN S + G Control Model SM GEN S + G
TAA TAA + SM TAA + GEN TAA + SM + GEN

o) P
>
Z1s g‘
2 g
=]
510 =
g » £
E = . g
s 2 =
705 " - 8
- m
£ 0 3]
= 2

ControlModel SM' GENS + G

ControlModel SM' GENS + G
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are shown as mean + SEM. “P <0.05, P <0.01 vs normal group, ‘P < 0.05, “P < 0.01 vs Model group.

ity between SM and UCP2 (Figs. 6C-6E). CETSA and DARTS as-
says (Figs. 6F and 6G) further validated the stability of this inter-
action, while MST analysis yielded a Kd value of 1.583 + 0.587
umol-L™", confirming direct binding (Fig. 6H). These findings sug-
gest that SM directly targets UCP2 to suppress oxidative stress.
Further mechanistic studies, including the use of UCP2 knockout
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models, are warranted to fully elucidate this pathway. While this
study focused on UCP2 due to its established role in redox regula-
tion and mitophagy, additional targets may contribute to SM'’s
therapeutic effects and merit future investigation.

Accumulating evidence indicates that ammonia induces ROS
formation and elevates oxidative stress **. In turn, mild oxidative
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stress can trigger mitophagy in a mitochondrial fission-depend-
ent manner *°.LC3B is a key marker of autophagosome forma-
tion and maturation *°, and its interaction with Drp1 may facilit-
ate autophagosome assembly, enhancing cellular stress
sponses. Drp1, a GTPase, is the primary mediator of mitochondri-
al fission, with phosphorylation at Ser616 promoting its activa-
tion and fission activity. PINK1 acts as a sensor of mitochondrial
damage, recruiting Drpl to dysfunctional mitochondria to initi-
ate fission and subsequent mitophagy *. In contrast, MEN2 pro-
motes mitochondrial fusion, and the balance between Drpl and
MFN2 is essential for maintaining mitochondrial dynamics. In this
study, TAA-treated mice exhibited upregulated expression of
LC3B, PINK1, and p-Drp1 (Figs. 7A-7C and 7E), while MFN2 ex-
pression was downregulated (Fig. 7D), consistent with prior re-
ports **. SM treatment reversed these alterations. Immunohisto-
chemical analysis further confirmed changes in PINK1, MFN2,
and LC3B expression (Figs. 7F-7]), indicating that SM suppresses
autophagy activation in HE. Additionally, we found that the UCP2
inhibitor GEN enhanced the antioxidant effects of SM (Figs.
8C-8E). SM treatment significantly reduced UCP2 expression
(Fig. 8G), but the combination of SM and GEN did not further re-
duce UCP2 levels, suggesting that both agents act through a
shared pathway. Mitochondrial dysfunction involves impaired
bioenergetics, elevated ROS, calcium dysregulation, and disrup-
ted dynamics *_Therefore, we assessed ROS, mitochondrial calci-
um levels, and p-Drpl in HepGz2 cells. In vitro, SM reduced ROS
and mitochondrial calcium levels compared to the DGalN/LPS
group. However, UCP2 inhibition partially reversed SM’s sup-
pressive effects on ROS and calcium release (Figs. 9C-9E). Simil-

re-
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arly, DGalN/LPS stimulation increased UCP2 expression, which
was reduced by SM; this effect was attenuated in the presence of
the UCP2 inhibitor. The inhibitory effects of SM on UCP2 and p-
Drpl were also partially reversed (Figs. 9F and 9G). These res-
ults strongly suggest that UCP2 is a direct target of SM and that
SM exerts neuroprotective and hepatoprotective effects by inhib-
iting oxidative stress-mediated mitophagy and mitochondrial
dysfunction.

5. Conclusions

In conclusion, the results suggest that SM exerts hepatopro-
tective effects by alleviating oxidative stress and mitochondrial
dysfunction. The underlying mechanism may involve suppres-
sion of mitophagy through inhibition of UCP2 protein expression,
which appears linked to the UCP2/PINK1/Drp1/MFN2/LC3B sig-
naling pathway (Figs. 10). Importantly, these findings indicate
that SM could serve as a potential therapeutic agent for HE.
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Fig. 10 SM alleviated HE by inhibiting UCP2 expression, thereby reducing oxidative stress-induced mitophagy in mice. In TAA-induced HE mice, SM improved liver func-
tion and reduced serum ammonia levels. It also decreased the levels of inflammatory cytokines, including TNF-a and IL-6, in both plasma and brain tissue, lowered the oxid-
ative stress marker MDA, and increased GSH levels. Furthermore, SM downregulated UCP2 expression in liver tissue, thereby alleviating oxidative stress and mitochondrial
dysfunction through the UCP2/PINK1/Drp1/MFN2/LC3B pathway, highlighting its potential as a therapeutic agent for HE.
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