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ABSTRACT: Nonalcoholic fatty liver disease (NAFLD) is a clinicopathological
condition characterized by intrahepatic ectopic steatosis. Due to the increase in
high-calorie diets and sedentary lifestyles, NAFLD has surpassed viral hepatitis
and become the most prevalent chronic liver disease globally. Silibinin, a natural
compound, has shown promising therapeutic potential for the treatment of liver
diseases. Nevertheless, the ameliorative effects of silibinin on NAFLD have not
been completely understood, and the underlying mechanism is elusive. Therefore,
in this study, we used high-fat diet (HFD)-induced mice and free fatty acid
(FFA)-stimulated HepG2 cells to investigate the efficacy of silibinin for the
treatment of NAFLD and elucidate the underlying mechanisms. In vivo, silibinin
showed significant efficacy in inhibiting adiposity, improving lipid profile levels,
ameliorating hepatic histological aberrations, healing the intestinal epithelium, and
restoring gut microbiota compositions. Furthermore, in vitro, silibinin effectively
inhibited FFA-induced lipid accumulation in HepG2 cells. Mechanistically, we reveal that silibinin possesses the ability to ameliorate
hepatic lipotoxicity by suppressing the heat shock protein 90 (Hsp90)/peroxisome proliferator-activated receptor-γ (PPARγ)
pathway and alleviating gut dysfunction by inhibiting the Hsp90/NOD-like receptor pyrin domain-containing 3 (NLRP3) pathway.
Altogether, our findings provide evidence that silibinin is a promising candidate for alleviating the “multiple-hit” in the progression of
NAFLD.
KEYWORDS: NAFLD, silibinin, hepatic lipotoxicity, Hsp90/PPARγ pathway, Hsp90/NLRP3 pathway, gut barrier function

1. INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) is a clinicopatho-
logical condition characterized by the excessive accumulation
of fat in the liver (more than 5% of liver weight), which is not
related to alcohol consumption or other liver-damaging factors,
including medications, viral infections, or autoimmune
disorders.1 The prevalence of NAFLD has increased
considerably due to the rise in obesity among the population.
NAFLD affects approximately 3−18% of adolescents, 25−30%
of the general population, and 70−90% of individuals with
obesity or diabetes globally.1 NAFLD includes a spectrum of
liver conditions, such as nonalcoholic fatty liver (NAFL) and
nonalcoholic steatohepatitis (NASH). If left untreated,
NAFLD can progress to liver fibrosis, cirrhosis, or even
hepatocellular carcinoma.2 Furthermore, NAFLD is linked
with an increased risk of type II diabetes, cardiovascular disease
(CVD), heart disease, and chronic kidney disease, further
increasing the mortality rate due to CVD by 64%.3 Never-
theless, presently only one drug, namely resmetirom, has been

approved by the U.S. FDA for the treatment of NASH, while
its benefits still need to be supported by long-term and large-
scale clinical evidence. Proverbially recommended approaches
for managing NAFLD, such as lifestyle alterations including
calorie restriction and increased physical activity, are usually
not regularly followed by patients.4 NAFLD has emerged as a
considerable global public health concern due to its high
prevalence, the large number of affected individuals, and its
potential severity. Therefore, safe and effective therapeutic
drugs for the treatment of NAFLD are urgently required.
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NAFLD is a multifactorial disorder with a complex
pathogenesis. The “multiple-hit” hypothesis indicates that
NAFLD stems from hepatic lipotoxicity due to dysregulated
lipid metabolism, causing oxidative stress, inflammation, and
compromised gut barrier, which further contributes to its
progression.5,6 The suppression of lipogenesis and promotion
of lipolysis are potential therapeutic strategies for the treatment
of NAFLD. Furthermore, peroxisome proliferator-activated
receptor-γ (PPARγ) has emerged as a major regulator of lipid
metabolism and insulin sensitivity.7 In mouse models, the
hepatic expression of PPARγ is upregulated in steatosis due to
obesity, and the modulation of PPARγ is important for
managing steatosis.7,8 For instance, PPARγ activation can
trigger de novo lipogenesis, increase triglyceride (TG)
accumulation, and induce insulin sensitivity and lipotoxicity.9

Heat shock protein 90 (Hsp90) is a molecular chaperone
involved in PPARγ regulation, and inhibitors of Hsp90 can
block PPARγ activity.10,11 Furthermore, NAFLD is also
characterized by gut dysbiosis and increased permeability,
where the activation of the NOD-like receptor pyrin domain-
containing 3 (NLRP3) inflammasome and gut inflammation
plays a crucial role.12−14 Hsp90/NLRP3 interaction plays an
important role in NAFLD progression. Hence, Hsp90
inhibition can be a potential strategy to inhibit NLRP3
inflammasome activity.15,16 Therefore, targeting Hsp90 can be
a novel strategy for NAFLD treatment, restoring hepatic
metabolic dysregulation and gut barrier dysfunction.

Silybum marianum (S. marianum), also known as milk thistle,
is an herbaceous plant belonging to the Asteraceae family.17

The dried mature fruits of S. marianum have been widely used
in traditional medicines in European and East Asian countries
as a dietary additive or hepatoprotective agent.17 Silibinin, a
bioactive component of S. marianum, has been widely used for
the treatment and experimental studies of liver disorders, such
as NAFLD, showing favorable outcomes.18,19 Nevertheless, the
efficacy of silibinin for treating NAFLD lacks evidence, and its
underlying mechanisms are not completely elucidated. Silibinin
is a potent C-terminal Hsp90 inhibitor, with promising
potential in treating Hsp90-associated diseases.20 Researchers
have found that silibinin can considerably ameliorate the
effects of high-fat diet (HFD)-induced NASH in mice. The
effect of silibinin is mediated by inhibiting PPARγ activity,
indicating that silibinin can suppress the Hsp90/PPARγ
pathway during the progression of NAFLD.21 Moreover,
following its oral administration, the unabsorbed part of
silibinin can affect the gut microbiota and its secondary
metabolites, including short-chain fatty acids (SCFAs) and bile
acids.22 Silibinin can decrease the production of inflammatory
cytokines and maintain the integrity of the intestinal
epithelium, which is closely associated with inhibiting the
Hsp90/NLRP3 pathway in guts.23 These changes indirectly
contribute to the inhibition of NAFLD progression through
the gut−liver axis. Therefore, the gut is considered an
important target of silibinin. Based on these findings, we
hypothesize that silibinin may play a therapeutic role in
NAFLD based on the intrahepatic and extrahepatic aspects.
Silibinin can suppress the Hsp90/PPARγ pathway in livers and
the Hsp90/NLRP3 pathway in guts, thereby improving
microbiota dysbiosis. In this study, we established a mouse
model of HFD-induced NAFLD and free fatty acid (FFA)-
stimulated HepG2 cells to investigate the inhibitory effects of
silibinin. We aimed to elucidate the mechanism underlying

silibinin, with a particular focus on the hepatic Hsp90−PPARγ
and the gut-associated Hsp90/NLRP3 pathways.

2. MATERIALS AND METHODS
2.1. Chemicals and Reagents. Silibinin (Sil) with a purity

of ≥98% was laboratory made, which showed silibinin A and
silibinin B in a molar ratio of 1:1. Asiatic acid with a purity of
≥99% was purchased from MCE company (New Jersey,
USA).24 Kits for hematoxylin and eosin stain (H&E), Oil Red
O, periodic acid-schiff (PAS), interleukin-6 (IL-6), interleukin
−1β (IL-1β), and tumor necrosis factor-α (TNF-α) were
provided by Servicebio Biotechnology (Wuhan, China).
Commercial biochemical kits for measuring TG, total
cholesterol (TC), low-density lipoprotein cholesterol (LDL-
c), high-density lipoprotein cholesterol (HDL-c), alanine
aminotransferase (ALT), and aspartate aminotransferase
(AST) were obtained from Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). Dulbecco’s modified Eagle medium
(DMEM), fetal bovine serum (FBS), bovine serum albumin
(BSA), sodium oleate, and sodium palmitate were purchased
from Sigma-Aldrich (St Louis, MO, USA). Penicillin−
Streptomycin solution was procured from Thermo Fisher
Scientific (Waltham, MA, USA). Fatty acid-free BSA was
procured from Solarbio Biotechnology (Beijing, China).
Antibodies against Hsp90α, Hsp90β, apoptosis-associated
speck-like protein containing a CARD (ASC), and β-actin
were provided by Abcam (Cambridge, UK); the antibody
against PPARγ was provided by Cell Signaling Technology
(Boston, USA); antibodies against mucin 2 (MUC2), zonula
occludens-1 (ZO-1), and occludin were provided by Affinity
Biosciences (Changzhou, China); and antibodies against
NLRP3 and caspase-1 were provided by MedChemExpress
(New Jersey, USA). All other chemicals were of analytical
grade.
2.2. Animals. Male C57BL/6 mice, 6 weeks old and

weighing 20−24 g, were procured from Gempharmatech Co.,
Ltd. (Nanjing, China). The mice were kept under standard
laboratory conditions at the Jiangsu Health Vocational College
Laboratory Animal Center, with a humidity of 40−50%, a
temperature of 25 ± 1 °C, a 12 h light/dark cycle, and ab
libitum access to food and water. All experimental procedures
were performed in accordance with the European Community
guidelines. The study obtained approval from the Animal
Ethics Committee of Jiangsu Health Vocational College
(Approval No. JHVC-IACUC-2022-B007).
2.3. Animal Grouping and Treatment. After a seven-day

acclimatization period, mice were randomly assigned to four
groups (n = 6/group): normal chow diet (NCD), high-fat diet
(HFD), HFD with asiatic acid (100 mg/kg), and HFD with
silibinin (100 mg/kg). The dose of silibinin was selected
referring to its clinical dosage and previous studies.25 The
NCD group was provided a standard chow diet with 10% of
calories derived from fat, whereas the other groups were
subjected to an HFD constituting 60% of calories from fat to
induce NAFLD for 16 weeks. Starting from the fourth week,
mice in the intervention groups were orally administered the
respective drugs once daily. Mice in the NCD and HFD groups
were administered with an equivalent volume of 0.5% CMC-
Na orally as a control.
2.4. Cell Culture and Treatment. As previously

mentioned, a specific combination of sodium oleate and
sodium palmitate, forming FFA, was utilized to induce
intracellular fat accumulation.26 HepG2 cells, procured from
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the Chinese Academy of Cell Resource Center (Shanghai,
China), were cultured in DMEM supplemented with 10% FBS
and 1% penicillin−streptomycin at 37 °C in a humidified 5%
CO2 environment. For experimental interventions, HepG2
cells in a serum-free medium at approximately 70% confluency
for 12 h were subjected to treatment with either asiatic acid
(20 μM) or silibinin (20 μM) in the presence of 1 mM FFA
for 24 h. HepG2 cells grown in serum-free medium
supplemented with 5% BSA served as the blank control. The
overexpression plasmids for Hsp90α and Hsp90β were
obtained from Vigene Bioscience, Inc. (Jinan, China), and
their transfection was performed using Lipofectamine 3000
(Invitrogen, Carlsbad, CA, USA) following the manufacturer’s
protocols. Subsequently, the cells were either harvested for
Western blotting or treated with silibinin (20 μM).
2.5. Assessment of NAFLD. Weekly monitoring of body

weight and food intake was performed throughout the
experimental period. At the conclusion of the study, mice
underwent an overnight fast and were subsequently anes-
thetized with 10% pentobarbital sodium and sacrificed by CO2
inhalation. Tissues of interest were quickly excised and rinsed
using PBS. Liver weights were recorded for the calculation of
the liver index (liver weight/body weight ratio). Serum
samples, tissue homogenates, and HepG2 cell supernatants
were obtained using standard protocols. Various parameters,
such as TG, TC, LDL-c, HDL-c, ALT, AST, IL-6, IL-1β, and
TNF-α, were evaluated in these samples. Fixed liver and colon
tissues were embedded in paraffin, sectioned into 5 μm slices,
and used for pathological staining, including H&E, Oil Red O,
and PAS. Similarly, fixed HepG2 cells were also stained with
Oil Red O dye.
2.6. Immunohistochemistrical/Immunofluorescent

Analysis. Consistent with our previous methodology,27

immunohistochemical and immunofluorescent evaluations
were performed on the aforementioned sections. Primary
antibodies targeting Hsp90α, Hsp90β, PPARγ, MUC2, ZO-1,
occludin, NLRP3, ASC, and caspase-1 were diluted 200-fold
and incubated with the slices overnight at 4 °C. Furthermore,
100 μL of secondary antibody, diluted 400-fold, was added
dropwise to each section. For the detection of Hsp90α,
Hsp90β, PPARγ, MUC2, ZO-1, occludin, NLRP3, ASC, and
caspase-1, HRP-conjugated goat antirabbit IgG (H+L) and
DAB were used. Furthermore, Alexa Fluor594-conjugated goat
antirabbit IgG (H+L), DAPI, and DAB were sequentially
applied for Hsp90α, Hsp90β, and PPARγ detection. The
images were obtained using either a Zeiss LSM 700 confocal
laser microscope (Oberkochen, Germany) or a Leica DM2500
optical microscope (Wetzlar, Germany). Last, Image-Pro Plus
6.0 software was used for data analysis (Media Cybernetics,
Maryland, USA).
2.7. RNA-Seq Analysis of Liver. Total RNA from the liver

tissues was extracted and evaluated for quality and concen-
tration using a NanoRhatometer@spectrophotometer (IM-
PLEN, CA, USA) and an Agilent Bioanalyzer 2100 system,

respectively. The sequencing library was established using an
RNA Library Prep kit, and sequencing was conducted on the
Illumina Novaseq 6000 system (San Diego, CA, USA). The
raw data obtained underwent processing, filtering, and
sequencing analysis using the Majorbio Cloud online platform
(www.majorbio.com), following a previously described meth-
od.25

2.8. Real-Time Polymerase Chain Reaction (RT-PCR).
Liver tissues and HepG2 cells underwent total RNA extraction
using an RNA extraction kit (Servicebio) and were quantified
using the Nanodrop 2000 spectrophotometer (Thermo Fisher
Scientific) according to standard protocols. Subsequently, a
reverse transcription reaction system (Servicebio) was used to
process the RNA samples. Quantitative RT-PCR was
performed using an RT-PCR system (Biorad, CA, USA),
following the methodology described in our previous
investigation.26 The primer sequences were designed by
Servicebio (Table 1). The expression of the target genes was
quantified using the 2−ΔΔCt method, and β-actin was used as
the control for normalization.
2.9. Western Blotting. Prechilled RIPA buffer containing

a protease inhibitor cocktail was used for the lysis of collected
cells and liver tissues. The total protein content was quantified
using a commercially available BCA assay kit. Immunoblot
analysis was performed according to the established proto-
cols.27 Primary antibodies against Hsp90α, Hsp90β, PPARγ,
MUC2, ZO-1, occludin, NLRP3, ASC, caspase-1, and β-actin
were used at a dilution of 1:1000. The Azure Biosystems C600
(Azure Biosystems Inc., CA, USA) and ImageJ software (NIH,
Bethesda, MD, USA) were used for visualization and
semiquantification of the bands, respectively.
2.10. 16S rRNA Sequencing. Following standard

procedures, the bacterial genome present in the colonic
contents was extracted using the E.Z.N.A. soil DNA kit
(Omega Bio-Tek, GA, USA) and identified using the
spectrophotometer mentioned earlier. PCR was performed
using previously described primers.28 Then, the MiSeq
platform (Illumina, San Diego, USA) was used for sequencing
and pair-end analysis. The resulting raw fastq file was
processed and analyzed using the Majorbio Cloud online
platform (www.majorbio.com) using our previously described
method.29

2.11. Statistical Analysis. IBM SPSS 21.0 software
(Armonk, USA) was used for data analysis. Data are presented
as the mean ± standard deviation (SD). Statistical significance
among groups was determined by performing one-way
ANOVA followed by Tukey’s posthoc test for multiple
comparisons. A p-value of <0.05 was considered statistically
significant.

3. RESULTS
3.1. Silibinin Alleviated Adiposity and Hepatic

Abnormalities in HFD-Induced NAFLD Mice. Excessive
consumption of HFD has become a feature of a modern

Table 1. Primers Used in This Study

primers (5′→3′)

gene forward reverse

M-Hsp90aa1 TGAGGAAACCCAGACCCAAGA GCTGGGAATGAGATTGATGTGC
M-Hsp90ab1 AAGGAGTTTGATGGGAAGAGCC GGAGATTGTCACCTTTTCAACCTTC
M-Pparγ GACCACTCGCATTCCTTTGACA ATCGCACTTTGGTATTCTTGGA
M-β-actin GTGACGTTGACATCCGTAAAGA GTAACAGTCCGCCTAGAAGCAC
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lifestyle and is primarily responsible for NAFLD emergence.30

In this study, asiatic acid was chosen as a positive control
owing to its impressive therapeutic potency on metabolic

syndromes, as revealed in our pilot experiments.31−33 Figure
1A−C illustrates that under model conditions, body and liver
weights and liver index significantly decreased in response to

Figure 1. Silibinin improved body weight, hepatic steatosis, lipid disorders, and liver injuries in HFD-fed mice. (A) Dynamic curve of the body
weight, (B) liver weight, and (C) liver index of mice. (D) Phenotypic presentation of livers. Representative micrographs of H&E (E) and Oil Red
O (F) stainings. (G−L) The serum levels of ALT, AST, HDL-c, LDL-c, TC, and TG. Data are presented as the mean ± SD (n = 5). **p < 0.01 vs
the NCD group, #p < 0.05 and ##p < 0.01 vs the HFD group, and &p < 0.05 and &&p < 0.01 vs the AA group. Sil, silibinin; AA, asiatic acid.
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silibinin administration. Because individuals with NAFLD
frequently exhibit pathological abnormalities in their livers,
histological analysis was conducted to determine the effects of
silibinin. Macroscopically, the livers of mice in the HFD group
were enlarged, had blurred borders, and exhibited severe
steatosis; however, oral administration of silibinin improved
these pathological changes (Figure 1D). H&E staining revealed
severe destruction of the liver’s lobular structure, steatosis, and
hepatocellular ballooning degeneration in the mice in the HFD
group. However, silibinin treatment mitigated these patho-
logical alterations, as evidenced by the relatively intact liver
lobules and smaller fat vacuoles (Figure 1E). Oil Red O
staining revealed the conspicuous presence of lipid droplets in
the HFD group; these droplets markedly decreased after
silibinin treatment (Figure 1F).
In clinical settings, biochemical markers such as liver injury-

related ALT and AST and lipid metabolism-related HDL-c,
LDL-c, TC, and TG are used to diagnose NAFLD.28

Compared with the NCD group, serum ALT, AST, LDL-c,
TC, and TG levels were significantly increased in the HFD
group; however, they were significantly decreased after silibinin
treatment (Figure 1G−L). On the other hand, HDL-c levels
were lower in the HFD group than in the NCD group;
however, these levels rapidly recovered after silibinin treat-
ment. Collectively, these findings suggest that silibinin
effectively ameliorates HFD-induced obesity, hepatic steatosis,
lipid abnormalities, and liver injury. Notably, at equivalent
doses, silibinin demonstrated higher efficacy compared with
asiatic acid.
3.2. Silibinin Targeted the Hsp90−PPARγ Pathway in

HFD-Induced NAFLD Mice. We conducted hepatic tran-
scriptome sequencing to elucidate the potential molecular
mechanism underlying the therapeutic effects of silibinin in
NAFLD. Differential expression analysis of the HFD and NCD
groups revealed 5033 upregulated differentially expressed
genes (DEGs) and 4676 downregulated DEGs. Furthermore,
compared with the HFD group, 7912 genes were upregulated

and 6482 genes were downregulated in the silibinin group. The
Venn diagram in Figure 2D reveals 8890 shared DEGs among
all groups, including Hsp90aa1 (encoding Hsp90α), Hsp90ab1
(encoding Hsp90β), and Pparγ (encoding PPARγ). Notably,
the mRNA expression of Hsp90aa1, Hsp90ab1, and Pparγ
considerably increased in the HFD group (Figure 2E). Oral
administration of silibinin appropriately restored most gene
expression changes (Figure 2F). These results suggest that
silibinin exerts its effects on NAFLD by inhibiting the Hsp90/
PPARγ pathway.
Next, we further validated the regulatory actions of silibinin

on the genes and proteins associated with the Hsp90/PPARγ
pathway. Figure 3A−C illustrates that compared with the NCD
group, Hsp90aa1, Hsp90ab1, and Pparγ were significantly
upregulated in the HFD group. However, oral administration
of silibinin effectively reversed these changes. Moreover,
protein expression analysis revealed that Hsp90α, Hsp90β,
and PPARγ levels were markedly increased in the HFD group
but were significantly decreased in the silibinin group (Figure
3D−G). These findings were consistent with the immunostain-
ing results (Figure 3H−Q), where the immunostaining
intensities (brown/fluorescence) of Hsp90α, Hsp90β, and
PPARγ were high in the HFD group, indicating the
upregulation and activation of the Hsp90/PPARγ pathway.
However, silibinin administration substantially alleviated the
changes observed in the immunohistochemical analysis. In
summary, our findings highlight the significant association
between the therapeutic effects of silibinin and the modulation
of the Hsp90/PPARγ pathway in alleviating NAFLD.
3.3. Silibinin Inhibited Fat Accumulation in FFA-

Induced HepG2 Cells via the Hsp90−PPARγ Pathway. In
general, NAFLD symptoms are stimulated in vitro by exposing
HepG2 cells to FFA.30 Therefore, we used FFA-induced
HepG2 cells to further elucidate the hepatoprotective proper-
ties and associated mechanisms of silibinin in NAFLD. Our
preliminary results indicated that when coincubated with FFA
(1 mM) at doses ≤100 μM, neither silibinin nor asiatic acid

Figure 2. Silibinin regulated liver gene expression profile in HFD-fed mice. (A) The numbers of up- and downregulated DEGs among groups.
Volcanic plot of different genes in expression of HFD vs NCD (B) and Sil vs HFD (C). (D) Venn diagram of the DEGs among groups. (E−F) The
expression profile of Hsp90aa1, Hsp90ab1, and Pparγ among groups shown as heatmaps. Sil, silibinin.
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exhibited noticeable cytotoxic effects on HepG2 cells.
Therefore, 20 μM silibinin and asiatic acid were selected to
treat FFA-induced HepG2 cells for subsequent experiments.
Oil Red O staining revealed the presence of a large number of
lipid droplets in the FFA-induced group; in contrast, this
pathological phenomenon was remarkably attenuated in the
silibinin group, which is supported by an evident decrease in
the number of lipid droplets (Figure 4A). Consistently, as
demonstrated in Figure 4B,C, the levels of neutral lipids such

as TC and TG were significantly increased in FFA-induced
HepG2 cells compared with those in control cells; the levels
markedly decreased after silibinin treatment. Notably, in this
context, the therapeutic effectiveness of silibinin surpasses that
of asiatic acid.
In line with the in vivo observations, we observed that

Hsp90α, Hsp90β, and PPARγ expression was significantly
increased in FFA-induced HepG2 cells (Figure 4D−G).
However, silibinin normalized these aberrant alterations. To

Figure 3. Silibinin inhibited the Hsp90/PPARγ pathway in HFD-fed mice. (A−C) The mRNA expression of Hsp90aa1, Hsp90ab1, and Pparγ. (D)
The expressions and (E−G) semiquantitative analysis of Hsp90α, Hsp90β, and PPARγ. (H) Representative immunohistochemical images and (I−
K) quantitative analysis of the staining intensity of Hsp90α, Hsp90β, and PPARγ in the liver sections. (L−M) Representative fluorescent images
and (O−Q) quantitative analysis of the fluorescence intensity of Hsp90α, Hsp90β, and PPARγ in liver sections. Data are presented as the mean ±
SD (n = 3). **p < 0.01 vs the NCD group and #p < 0.05 and ##p < 0.01 vs the HFD group. Sil, silibinin.
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further determine the expression distribution of Hsp90α,
Hsp90β, and PPARγ, immunofluorescence analysis was
performed. The fluorescence intensities of Hsp90α and
Hsp90β were noticeably enhanced in the FFA group compared
with the control group. Furthermore, PPARγ nuclear trans-
location substantially increased in FFA-induced HepG2 cells,
which was dramatically reversed after silibinin treatment
(Figure 4H). Collectively, these findings suggest that silibinin
protects hepatocytes from FFA-induced damage by inhibiting
the Hsp90−PPARγ pathway.
Next, to validate that the mitigatory effects of silibinin in

FFA-induced HepG2 cells were achieved by inhibiting the
Hsp90−PPARγ pathway, Hsp90 was transiently overexpressed
in HepG2 cells by cotransfecting Hsp90α and Hsp90β
overexpression plasmids. In Hsp90-overexpressing cells, the

protein levels and fluorescence intensity of Hsp90α, Hsp90β,
and PPARγ increased (Figure 5A−E). Furthermore, lipid
accumulation and TC and TG levels were increased, In
addition, Hsp90 overexpression counteracted the regulatory
effects of silibinin on the Hsp90/PPARγ pathway as well as its
ameliorative effects on lipotoxicity (Figure 5F−H). Collec-
tively, our findings emphasize that silibinin protects against
hepatic lipotoxicity by inhibiting the Hsp90/PPARγ pathway.
3.4. Silibinin Ameliorated Gut Microbiota Dysbiosis

in HFD-Induced NAFLD Mice. The gut microbiota
comprises mucosal flora and luminal microbiota and adheres
to the intestinal mucosal layer; it helps establish a multilayered
gut microbial barrier. In this context, alpha diversity, an
ecological measure that quantifies species richness and
evenness within each sample, plays an essential role. As

Figure 4. Silibinin alleviated lipotoxicity and suppressed the Hsp90/PPARγ pathway in FFA-induced HepG2 cells. (A) Representative micrographs
of Oil Red O of HepG2 cells. (B,C) The levels of TC and TG in HepG2 cells. (D) The expressions and (E−G) semiquantitative analysis of
Hsp90α, Hsp90β, and PPARγ. (H) Representative fluorescent photographs of Hsp90α, Hsp90β, and PPARγ. Data are presented as the mean ± SD
(n = 3). **p < 0.01 vs the control group, ##p < 0.01 vs the FFA group, and p < 0.05 vs the AA group. Sil, silibinin; AA, asiatic acid.
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demonstrated in Figure 6A,B, alpha diversity was significantly
lower in the HFD group compared with the NCD group, as
indicated by the Sobs and Chao indexes. In contrast, the alpha
diversity markedly increased in the silibinin group. Beta
diversity, on the other hand, is a measure for characterizing the
composition and differences between microbial communities.
To assess the beta diversity of the groups, hierarchical
clustering analysis (HCA) and principal component analysis
(PCA) were performed. Figure 6C,D illustrates the HCA and
PCA plots. Distinct clustering was observed between the NCD

and HFD groups; this suggests that HFD significantly affects
the community structures of the gut microbiota. However,
silibinin administration considerably altered the affected
community structures, favoring a shift toward the NCD
group. Figure 6E,F illustrates the relative abundance of the
major bacteria at the phylum and genus levels. Variations in
gut microbiota composition were observed among the groups.
Figure 6G−P illustrates that the ratio of Firmicutes to
Bacteroidota and the abundance of Dubosiella, unclassified_-
f__Lachnospiraceae, norank_f__Lachnospiraceae, Bacteroides,

Figure 5. Silibinin exhibited hepatocyte protective efficacy by targeting the Hsp90/PPARγ pathway in FFA-induced HepG2 cells. (A) The
expressions and (B−D) semiquantitative analysis of Hsp90α, Hsp90β, and PPARγ without or with Hsp90 overexpression (Hsp90-Oe). (E)
Representative fluorescent photographs of Hsp90α, Hsp90β, and PPARγ without or with Hsp90-Oe. (F) Representative micrographs of Oil Red O
of HepG2 cells without or with Hsp90-Oe. (G,H) The levels of TC and TG in HepG2 cells without or with Hsp90-Oe. Data are presented as the
mean ± SD (n = 3). *p < 0.05 and **p < 0.01 vs the FFA group, @p < 0.05 and @@p < 0.01 vs the Sil group, #p < 0.05, and ##p < 0.01 vs the FFA
with Hsp90-Oe group. Sil, silibinin.
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and Ruminococcus_torques_group were increased in the HFD
group compared with the NCD group. In contrast, the
abundance of Actinobacteriota, Ileibacterium, Coriobacteria-
ceae_UCG-002, and Bifidobacterium was decreased in the HFD
group. However, silibinin administration corrected these
perturbed alterations. Overall, these findings suggest that
silibinin can reinstate gut barrier function by modulating gut
microbiota composition.
3.5. Silibinin Maintained Gut Barrier Function by

Regulating the Hsp90/NLRP3 Pathway in HFD-Fed
Mice. The activation of NLRP3, an Hsp90 client protein,
induces inflammation, resulting in increased intestinal
epithelial permeability and dysfunction.13 Furthermore, in-
testinal microbiota dysbiosis additionally activates NLRP3,
perpetuating a relentless cycle of inflammatory responses,
exacerbating the adverse implications of gut barrier function.14

In the present study, we investigated the effect of silibinin on
the gut barrier by determining intestinal epithelial structure
integrity. Figure 7A demonstrates that HFD intervention
resulted in atrophy and shortening and fracturing of the colon
villi; silibinin effectively attenuated these phenomena. More-

over, PAS staining revealed that goblet cells were significantly
depleted, and mucus secretion was decreased in the HFD
group; nevertheless, they were restored after silibinin treatment
(Figure 7B). Mucins (e.g., MUC2), secreted by goblet cells,
and water, form a mucus layer that attaches to the intestinal
epithelium; this layer plays a vital role in maintaining gut
function. Tight junction (TJ) proteins (e.g., ZO-1, occludin,
claudin-1) maintain the integrity and selective permeability of
intestinal epithelial cells. As demonstrated in Figure 7C−F, the
protein levels of MUC2, ZO-1, and occludin were significantly
decreased in the HFD group compared with the NCD group;
however, silibinin administration effectively reversed these
changes. Consistently, immunohistochemical analysis con-
firmed the low-staining intensity (brown) for MUC2, ZO-1,
and occludin in the HFD group; silibinin treatment
substantially restored the altered levels (Figure 7G−J).
Taken together, these findings suggest that silibinin exerts a
beneficial effect on HFD-induced gut barrier function
dysfunction.
Next, we measured the levels of Hsp90α, Hsp90β, and

NLRP3 inflammasome-related proteins (e.g., NLRP3, ASC,

Figure 6. Silibinin normalized the general composition and abundance of the gut microbiota in HFD-fed mice. Alpha diversity of gut microbiota
including Sobs index (A) and Chao index (B). Beta diversity of the gut microbiota as measured by HCA analysis (C) and PCA analysis (D).
Relative abundance of species at the phylum level (E) and genus level (F) including (G−P) Firmicutes to Bacteroidota, Actinobacteriota,
Dubosiella, Ileibacterium, unclassified_f__Lachnospiraceae, norank_f__Lachnospiraceae, Coriobacteriaceae_UCG-002, Bifidobacterium, Bacteroides, and
Ruminococcus_torques_group. Data are presented as the mean ± SD (n = 5). *p < 0.05 and **p < 0.01 vs the NCD group and ##p < 0.01 vs the
HFD group. Sil, silibinin.
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caspase-1). Figure 8A−F demonstrates that the protein levels
of Hsp90α, Hsp90β, NLRP3, ASC, and caspase-1 were
significantly increased in the HFD group compared with the
NCD group; however, silibinin strikingly reversed these

alterations. Consistent with the above-mentioned findings,
immunological analysis further substantiated the robust
immunostaining intensity (brown/fluorescence) of Hsp90α,
Hsp90β, NLRP3, ASC, and caspase-1 in the HFD group,

Figure 7. Silibinin ameliorated gut barrier function dysfunction in HFD-fed mice. Representative micrographs of H&E (A) and PAS (B) stainings.
(C) Expression levels and (D−F) semiquantitative analysis of MUC2, ZO-1, and occludin. (G) Representative immunohistochemical images and
(H−J) quantitative analysis of the staining intensity of MUC2, ZO-1, and occludin in colon sections. Data were denoted as the mean ± SD (n = 3).
**p < 0.01 vs the NCD group and #p < 0.05 and ##p < 0.01 vs the HFD group. Sil, silibinin.
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indicating the increased levels of these proteins (Figure 8G−
O). However, silibinin notably mitigated the increased staining
intensities of these proteins, corroborating the inhibitory effect
of silibinin on the Hsp90−NLRP3 pathway in the gut.
Importantly, Figure 8P−R illustrates a marked increase in IL-
6, IL-1β, and TNF-α levels in the colon of HFD-fed mice
compared with that of NCD-fed mice; this indicates an
NLRP3 inflammasome-induced inflammatory response in the
colon. However, these changes were distinctly reversed after

silibinin treatment. Taken together, our findings suggest that
the inhibition of the Hsp90/NLRP3 pathway may mediate the
benefits of silibinin on HFD-induced gut barrier dysfunction.

4. DISCUSSION
Owing to its continuously growing incidence and severe
adverse outcomes, NAFLD considerably affects the quality of
life of patients. Accordingly, researchers have focused on
identifying effective medications to combat NAFLD, and

Figure 8. Silibinin blunted the Hsp90/NLRP3 pathway-mediated inflammation in HFD-fed mice. (A) Expression levels and (B−F)
semiquantitative analysis of Hsp90α, Hsp90β, NLRP3, ASC, and caspase-1. (G) Representative immunohistochemical images and (H−K)
quantitative analysis of the intensity of Hsp90α, Hsp90β, NLRP3, and caspase-1 in colon sections. (L−M) Representative fluorescent images and
(N−O) quantitative analysis of the fluorescence intensity of Hsp90α and ASC in colon sections. (P−R) colonic levels of IL-6, IL-1β, and TNF-α.
Data were denoted as the mean ± SD (n = 3). **p < 0.01 vs the NCD group and #p < 0.05 and ##p < 0.01 vs the HFD group. Sil, silibinin.
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herbal and/or natural compounds, such as asiatic acid, exhibit
outstanding potential to target multiple aberrant path-
ways.31−33 Clinical studies on silibinin, a flavonoid with
hepatoprotective properties, are ongoing to investigate its
efficacy against NAFLD.34 However, the limited understanding
of its mechanisms of action and insufficient therapeutic
evidence hamper its utilization for patients with NAFLD.
Herein, we provided holistic preclinical evidence to support
the use of silibinin against NAFLD, thereby shedding more
light on latent mechanisms from the intrahepatic and
extrahepatic perspectives. Silibinin effectively mitigated HFD-
induced obesity, hepatic steatosis, lipid disorder, and liver
damage and reduced FFA-evoked lipid accumulation by
inhibiting Hsp90/PPARγ-mediated hepatic lipotoxicity and
Hsp90/NLRP3-mediated gut dysfunction and modulating
intestinal microbiota. These remarkable results indicate that
silibinin holds great promise as a candidate drug for treating
NAFLD.
The overconsumption of an HFD has been progressively

prevalent in modern society, which markedly contributes to
NAFLD development.30 Thus, to establish NAFLD animal
models that can well mirror symptoms observed in patients
with NAFLD, an HFD is routinely fed to the animals.27,28,30

Oleic and palmitic acids, the two main fatty acids driving the
TG buildup, are a hallmark of NAFLD.35 The exogenous
supplementation of these acids can simulate NAFLD
pathology in hepatocytes in vitro.30 Herein, HFD-fed mice
and FFA-stimulated HepG2 cells were selected to investigate
the effects of silibinin on NAFLD. Consistent with previous
results, a 16-week HFD-feeding regimen in the present study
induced severe obesity, hepatic steatosis, lipid abnormality, and
liver injury. Additionally, the FFA-stimulated HepG2 cells
exhibited noticeable lipid accumulation that was accompanied
by increased intracellular TC and TG levels. Moreover, these
aberrant alterations were almost entirely mitigated by silibinin,
indicating its robust efficacy against NAFLD.
The multiple-hit hypothesis showed that hepatic steatosis

initiated the subsequent cascade of intrahepatic detrimental
events.5 Hsp90, a pivotal molecular chaperone protein, exhibits
indispensable functions in lipid and glucose metabolism
regulation, especially in hepatocytes.7,10 Clinical studies have
revealed increased Hsp90α and Hsp90β levels in the serum of
patients with NAFLD, which were positively correlated with
the severity of hepatic steatosis.36,37 Furthermore, the Hsp90
N-terminal inhibitor 17-AAG enhances hepatic albumosomal
accumulation in mice, thereby inhibiting NAFLD progres-
sion.38

PPARγ plays a dual role in the livers to facilitate the uptake
and synthesis of both the fatty acids and prevent their
catabolism, leading to lipid accumulation. Additionally, PPARγ
promotes adipogenesis and regulates adipocyte apoptosis and
inflammation, indicating its potential in treating NAFLD and
NASH.39 PPARγ antagonists help effectively manage obesity
and diabetes by preventing fat accumulation in adipocytes and
enhancing insulin sensitivity.40 Compounds such as tanshinone
IIA, ginsenoside Rg3, maslinic acid, and licochalcone A protect
animals from NAFLD by repressing PPARγ activity, which is
evidenced by improved cell differentiation, reduced 3T3-L1
adipocyte lipogenesis, and decreased hepatic steatosis in HFD-
induced mice.41 An interaction between Hsp90 and PPARγ has
helped elucidate the role of Hsp90 in enhancing PPARγ
stability and functionality, thereby highlighting its regulatory
effect on lipid metabolism.10,11 Compared with conventional

N-terminal inhibitors, the C-terminal Hsp90 inhibitor silibinin
exhibits a superior safety profile.20,41 Herein, the liver
transcriptome analysis showed that silibinin exerted negative
regulatory effects on the Hsp90/PPARγ pathway. Increased
Hsp90aa1, Hsp90ab1, and Pparγ mRNA levels and Hsp90α,
Hsp90β, and PPARγ protein levels were observed in HFD- and
FFA-induced NAFLD models, which indicated Hsp90/PPARγ
pathway activation in NAFLD. However, silibinin intervention
effectively reversed the aforementioned increased levels.
Moreover, Hsp90 overexpression in HepG2 cells further
confirmed that the favorable effects of silibinin on hepatic
steatosis were Hsp90/PPARγ-pathway-dependent.
In NAFLD pathogenesis, the gut is the principal hub for

extrahepatic detrimental factors. Additionally, perturbations of
the gut barrier function, encompassing structural alterations in
the intestinal epithelial cell layer, mucosal mucus layer
impairment, and gut microbiota dysbiosis, are evident in
patients with NAFLD and HFD-fed experimental animals.42

An intact gut barrier comprises the epithelium consisting of
absorptive enterocytes, mucus-producing goblet cells, anti-
microbial peptide-producing Paneth cells, and hormone-
producing enteroendocrine cells.29 Moreover, the disruption
of the physical barrier increases the permeability of the
intestine and enables the translocation of detrimental
substances in food and undesirable bacterial metabolites into
the systemic circulation.29 TJ proteins and mucins are
necessary for epithelial integrity and selective paracellular
permeability. Despite the inherent limited bioavailability of
some natural products, they have exhibited efficacy in
combating NAFLD when administered orally.42 These
favorable outcomes are because of the unabsorbed fraction
of these compounds that exert therapeutic effects on the liver
via the complex gut−liver axis.30,42 For instance, the effect of
arjunolic acid on NAFLD was partly mediated by its
unabsorbed fraction, which restored the structure of intestinal
epithelial cells and improved the gut barrier function.30

Furthermore, a Ganoderma meroterpene derivative without a
direct effect on hepatocytes ameliorated the intrahepatic
inflammatory response by upregulating claudin-1 and ZO-1
expression and modulating gut microbiota compositions.43

Similarly, herein, the oral administration of silibinin showed
the noticeable alleviation of HFD-induced structural impair-
ment in epithelial and goblet cells and the downregulation of
MUC2, ZO-1, and occludin expression, which indicated the
reparative effects of silibinin on epithelial integrity. Previous
studies have shown notable differences in gut microbiota
compositions between patients with NAFLD and normal
individuals. Consequently, multiple studies have been
performed to investigate the therapeutic efficacy of gut
microbiota modulation for NAFLD, such as gut microbiota
transplantation.44 Herein, we found that the oral admin-
istration of silibinin reversed HFD-induced gut microbiota
dysbiosis, which was evidenced by the recovered microbial
diversity and community composition. Compared with the
HFD-fed mice, remarkable changes in the relative abundance
of specific bacteria in the silibinin-treated mice were observed,
which were characterized by increased abundances of Actino-
bacteriota, Ileibacterium, Coriobacteriaceae_UCG-002, and
Bif idobacterium and decreased abundances of the Firmicutes-
to-Bacteroidota ratio, Dubosiella, unclassified_f__Lachnospira-
ceae, norank_f__Lachnospiraceae, Bacteroides, and p. Actino-
bacteriota produces SCFAs that permeate the impaired
intestinal epithelium and affect various physiological and
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pathological processes associated with NAFLD.45 Additionally,
alterations in Bifidobacterium and Bacteroides abundances in
patients with NAFLD have been reported.46 Bifidobacterium, a
recognized probiotic, modifies the gut microbiota, improves
the gut barrier function, and decreases intestinal inflamma-
tion.47 Moreover, Bifidobacterium and metabolites produced by
specific Bacteroides species affect lipid metabolism, insulin
resistance, and liver inflammation, all of which are crucial for
NAFLD development.46,47 Patients with NAFLD often show a
higher ratio of Firmicutes/Bacteroidota, which was attributed
to increased energy extraction from the diet, compromised gut
barrier functions, and improved intestinal permeability.48,49

Herein, we observed a normalization of the relative
abundances of these bacteria in the silibinin-treated group.
Overall, the results indicate that silibinin can effectively
ameliorate HFD-induced gut barrier injury and gut dysbiosis.
Intestinal inflammation directly affects intestinal epithelial

cells, resulting in cell damage, apoptosis, altered metabolic
activity, and TJ breakdown, thereby compromising the gut
barrier function.13,14 The presence of intestinal mucosal
inflammation contributed to the impaired gut barrier function
in patients with NAFLD and animal models.50 The NLRP3
inflammasome is pivotal in activating intestinal immune cells
and inducing intestinal inflammation/injuries and is often
activated by prolonged HFD induction, harmful bacteria, and
toxins.48,51 Once subjected to an adverse stimulus for an
extended period, the activated NLRP3 inflammasome in the
intestine initially interacts with ASC, which promotes pro-
caspase-1 recruitment to assemble the NLRP3 inflammasome,
eventually activating caspase-1 and initiating a cascade of
inflammatory responses in the intestine.48 NLRP3 is highly
expressed in the colon of HFD-fed rats, and Astragalus
mongholicus polysaccharides alleviate intestinal inflammation
and NAFLD by lowering NLRP3 levels in the colon.48 NLRP3
is a client protein of Hsp90, and the stability of the Hsp90/
NLRP3 complex is crucial for NLRP3 to form the
inflammasome.52 Hsp90 inhibition may mediate NLRP3
inflammasome inactivation and mitigate Parkinson’s disease
by exerting anti-inflammatory effects.53 Silibinin, a specific
inhibitor of Hsp90, can exert reparative effects on inflamma-
tion-induced intestinal epithelial damage by blocking the
Hsp90/NLRP3 pathway. Herein, markedly increased Hsp90α,
Hsp90β, NLRP3, ASC, caspase-1, IL-6, IL-1β, and TNF-α
levels in the colons of NAFLD mice indicated the occurrence
of Hsp90/NLRP3 pathway-mediated intestinal inflammation.
Silibinin intervention remarkably attenuated these alterations,
suggesting that the drug effectively mitigated the degradation
of the gut inflammation-mediated barrier by suppressing the
Hsp90/NLRP3 pathway.

5. CONCLUSIONS
In conclusion, the present study showed that silibinin exerted
multiple therapeutic effects on NAFLD, including improve-
ments in adiposity, hepatic steatosis, lipid disorders, liver
injury, gut barrier disruption, and gut microbiota dysbiosis.
These favorable effects were closely related to the inhibition of
Hsp90/PPARγ-mediated hepatic lipotoxicity and depression of
Hsp90/NLRP3-evoked gut inflammation. The present results
highlight silibinin as a multifaceted therapeutic agent for
NAFLD. We are the first to elucidate its potential mechanisms
of action from multiple-hit perspectives (i.e., intrahepatic and
extrahepatic).
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■ ABBREVIATIONS
NAFLD, nonalcoholic fatty liver disease; NAFL, nonalcoholic
fatty liver; NASH, nonalcoholic steatohepatitis; CVD,
cardiovascular disease; PPARγ, peroxisome proliferator-acti-
vated receptor-γ; TG, triglyceride; Hsp90, heat shock protein
90; NLRP3, NOD-like receptor pyrin domain-containing 3; S.
marianum, Silybum marianum; HFD, high-fat diet; SCFAs,
short-chain fatty acids; FFA, free fatty acid; Sil, silibinin; H&E,
hematoxylin and eosin stain; PAS, periodic acid-schiff; IL-6,
interleukin-6; IL-1β, interleukin-1β; TNF-α, tumor necrosis
factor-α; TC, total cholesterol; LDL-c, low-density lipoprotein
cholesterol; HDL-c, high-density lipoprotein cholesterol; ALT,
alanine aminotransferase; AST, aspartate aminotransferase;
DMEM, Dulbecco’s modified Eagle medium; FBS, fetal bovine
serum; BSA, bovine serum albumin; ASC, apoptosis-associated
speck-like protein containing a CARD; MUC2, mucin 2; ZO-1,
zonula occludens-1; NCD, normal chow diet; RT-PCR, real-
time polymerase chain reaction; SD, standard deviation;
DEGs, differentially expressed genes; HCA, hierarchical
clustering analysis; PCA, principal component analysis; TJ,
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