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Introduction: Liver fibrosis is a significant global health burden that lacks effective
therapies. It can progress to cirrhosis and hepatocellular carcinoma (HCC).
Aberrant hedgehog pathway activation is a key driver of fibrogenesis and
cancer, making hedgehog inhibitors potential antifibrotic and anticancer agents.

Methods:We evaluated simvastatin and STA-9090, alone and combined, in rats fed
a high-fat diet (HFD) and exposed to diethylnitrosamine and thioacetamide (DENA/
TAA). Simvastatin inhibits HMG-CoA reductase, depleting cellular cholesterol
required for Sonic hedgehog (Shh) modification and signaling. STA-9090
directly inhibits HSP90 chaperone interactions essential for Shh function. We
hypothesized combining these drugs may provide liver protective effects
through complementary targeting of the hedgehog pathway. Endpoints
assessed included liver function tests, oxidative stress markers, histopathology,
extracellular matrix proteins, inflammatory cytokines, and hedgehog signaling
components.

Results:HFD and DENA/TAA caused aberrant hedgehog activation, contributing to
fibrotic alterations with elevated liver enzymes, oxidative stress, dyslipidemia,
inflammation, and collagen deposition. Monotherapies with simvastatin or STA-
9090 improved these parameters, while the combination treatment provided
further enhancements, including improved survival, near-normal liver histology,
and compelling hedgehog pathway suppression.

Discussion: Our findings demonstrate the enhanced protective potential of
combined HMG CoA reductase and HSP90 inhibition in rats fed a HFD and
exposed to DENA and TAA. This preclinical study could help translate
hedgehog-targeted therapies to clinical evaluation for treating this major unmet
need.

KEYWORDS

STA-9090, HSP90, HMG-CoA reductase, hedgehog pathway, inflammation/fibrosis,
dyslipideamia

1 Introduction

Liver fibrosis stands out as a critical finding with substantial
implications for both morbidity and mortality among patients.
Various liver conditions, including fatty liver diseases, sustain
continuous hepatocellular damage, ultimately resulting in the
development of fibrosis (Berumen et al., 2021). Significantly,
fibrosis emerges as the primary histopathological feature with the
most profound impact on mortality (Stål, 2015). This progression
inevitably leads to cirrhosis, accompanied by complications such as
hepatocellular carcinoma (HCC) and liver failure (Abd El-Fattah
et al., 2022). As a complication of cirrhosis, HCC claims the lives of
approximately one million people globally each year, contributing to
its status as the 16th most common cause of death (Nasr et al., 2023;
Saber et al., 2023a; Saber et al., 2023b). Given this, the early diagnosis
and suppression of liver fibrosis becomes paramount (Asrani et al.,
2019). There are limited treatment options for advanced fibrosis.
Liver transplantation stands as the exclusive viable therapeutic
option for addressing the complications arising from liver fibrosis
and cirrhosis. So, there is an urgent need for novel anti-fibrotic drugs
to halt progression and complications.

A key driver of fibrogenesis is the activation of hepatic stellate
cells (HSCs) into collagen-producing myofibroblasts, mediated by
oxidative stress, inflammation, and profibrogenic cytokines
(Friedman, 2003; Tsuchida and Friedman, 2017; Mohammed
et al., 2023b; Elmorsy et al., 2024).

The Hedgehog (Hh) signaling pathway plays a crucial role in
embryonic development and tissue homeostasis, and its
dysregulation has been implicated in various pathological
conditions, including liver fibrosis and HCC (Omenetti et al.,
2011). The canonical Hh pathway is initiated when Hh ligands
bind to the transmembrane receptor Patched (PTCH), relieving its
inhibition on Smoothened (SMO). Activated SMO then triggers a
signaling cascade that culminates in the activation of Gli
transcription factors, which regulate the expression of Hh target
genes (Briscoe and Thérond, 2013). In the context of liver disease,
aberrant Hh signaling contributes to the activation of hepatic stellate
cells, promoting fibrogenesis and disease progression (Syn et al.,
2009). When activated in stromal cells of injured tissues, the
Hedgehog pathway plays a crucial role in normal wound healing
responses, influencing inflammation, vascular remodeling, and
fibrogenesis. In the liver, sustained Hh signaling in stromal cells
significantly contributes to the pathogenesis of cirrhosis (Dutta
et al., 2023).

Our study focuses on two compounds that modulate the Hh
pathway through distinct mechanisms. STA-9090 is a potent
inhibitor of heat shock protein 90 (HSP90), a molecular
chaperone essential for the stability and function of numerous
oncoproteins, including components of the Hh pathway (Taipale
et al., 2010). By disrupting HSP90 function, STA-9090 indirectly
suppresses Hh signaling, potentially attenuating fibrogenic
responses in the liver. Conversely, simvastatin (SMVT), an
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HMG-CoA reductase inhibitor primarily used for cholesterol
reduction, has been shown to modulate Hh signaling by
depleting cellular cholesterol, which is necessary for SMO
activation (Lauth et al., 2010; Talreja et al., 2024). By targeting
the Hh pathway through these complementary mechanisms, we
hypothesize that combining STA-9090 and SMVT may offer
enhanced therapeutic efficacy in mitigating liver fibrosis and
associated pathologies.

In our current investigation, we employed diethylnitrosamine
(DENA) and thioacetamide (TAA) within our rat model. Both
substances are potent hepatotoxins that undergo metabolic
activation, leading to the formation of toxic reactive metabolites.
This process subsequently induces hepatocellular necrosis and the
recruitment of inflammatory cells. The resulting necro-
inflammatory response initiates the production of reactive oxygen
species (ROS) and the release of proinflammatory cytokines,
including tumor necrosis factor alpha (TNF-α) (Mehendale and
Chilakapati, 2010; Hajovsky et al., 2012). These processes ultimately
activate HSCs. These cells are the primary producers of collagen,
contributing to progressive liver fibrosis that closely resembles the
pathology observed in human diseases (Yanguas et al., 2016). Fat
changes are observed in the liver tissue in the presence of a high-fat
diet (HFD), which serves as an additional insult to the liver. We
selected this model with the intention of closely replicating the actual
hepatic environment of fatty changes, fibrosis, and early dysplastic
alterations.

2 Methods

2.1 In Vitro analyses for evaluation of the
synergistic activity in TGF-β-treated
HepG2 cells

The HepG2 cell line from the American Type Culture Collection
was cultured in Dulbecco’s modified Eagle’s medium with 10% fetal
bovine serum (FBS), 100 μg/mL streptomycin, 100 IU/mL penicillin,
and 2 mM glutamine. Regular passaging occurred and exponential
growth phase cells were seeded into 96-well plates at 2 × 104 cells/well in
100 μL BSA-free medium. Controlled conditions of temperature (37°C)
and gas composition (21%O2, 74%N2, and 5%CO2)weremaintained.
After 24 h, during which the cells were starved, the cells were treated
with transforming growth factor beta (TGF-β) (Abcam) (5 ng/mL)
(Stopa et al., 2000; Liu et al., 2015) for 6 h. Then the medium was
replaced with fresh 2% BSA containing-medium with 0, 2, 4, 8, or
16 µM SMVT or 0, 0.002, 0.004, 0.008, or 0.016 µM STA-9090 or
combination (concentrations as per the dose-response matrix).
Following 24-h incubation, an MTT assay assessed growth
inhibition by measuring optical density at 490 nm using a Biotek
plate reader (Vermont, United States of America) after formazan
crystals complete dissolution in DMSO (Mourad et al., 2021).
SynergyFinder 3.0 software was used to calculate combination
synergy scores and to generate 2D/3D synergy maps based on
interactions across concentrations (Ianevski et al., 2022). The extent
of synergy or antagonism in drug combinations is measured by
evaluating the observed response in terms of growth inhibition rate
and comparing it to the anticipated response determined through the
Zero Interaction Potency (ZIP) synergy model.

2.2 Rational for using TGF-β-treated
HepG2 cells

Treating HepG2 cells with TGF-β can mimic the fibrogenic
environment in the liver and induce epithelial-to-mesenchymal
transition (EMT). A study found that TGF-β1 induced EMT in
HepG2 cells, leading to morphological changes and a shift from an
epithelial to a fibroblast-like morphology, along with changes in
the expression of EMT markers (Liu et al., 2015). Additionally, as
a transformed liver cell type, HepG2 mimics some characteristics
of normal hepatocytes (Müsch, 2014) and allows evaluation of the
direct toxicity of tested drugs towards liver cells. Hence, we
employed TGF-β-treated HepG2 cells to evaluate the
synergistic cytotoxic effect of STA-9090 and SMVT
combined therapy.

2.3 Animal model and experimental groups

Male adult Sprague Dawley rats received 25 mg/kg
intraperitoneal DENA, Sigma-Aldrich, St Louis, MO) at 14 days
old, followed by 300 mg/L oral TAA in drinking water from
4–16 weeks old. Treatment groups received 30 mg/kg/day oral
SMVT (MSD, Egypt) dispersed in 0.5% CMC solution and/or
10 mg/kg intraperitoneal STA-9090 (SelleckChem, Houston, TX,
United States of America) dissolved in a DRD solution (10%DMSO,
18% Cremophor RH 40, 3.6% dextrose, and 68.4% water) every
other day. The initiation of drug administration involving STA-9090
and/or SMVT took place in parallel with TAA therapy. Rats also
received HFD in parallel with TAA therapy (at week 4). All control
animal cohorts were subjected to identical dosing schedules and
administered the vehicle.

The rats were randomly assigned to seven groups as illustrated
in Figure 1: the CTRL group (n = 6) served as the normal control;
the SMVT group (n = 6) acted as the control group for SMVT; the
STA group (n = 6) functioned as the control group for STA-9090.
The normal control and both drug control groups received a
standard rodent chow diet. The DENA/TAA group (n = 14)
was exposed to DENA/TAA and received a HFD. The DENA/
TAA/SMVT group (n = 14) received DENA/TAA and the HFD
along with SMVT. The DENA/TAA/STA group (n = 14) received
DENA/TAA, the HFD, and STA-9090. The DENA/TAA/SMVT/
STA group (n = 14) received DENA/TAA and the HFD along with
a combined therapy of SMVT and STA. Upon completion of the
study, rats were euthanized by decapitation after anesthesia
induction using a mixture of 12.5 mg/kg Xylazine and
87.5 mg/kg Ketamine. After euthanasia, blood was collected by
cardiac puncture, and livers were excised. All procedures were
ethically approved by the ethical committee of DU, Egypt, and
conducted in strict compliance with relevant laws and regulations
(Approval No: 16/2022,6).

2.3.1 Diet composition
The standard rodent chow diet was formulated with 20% of its

energy originating from protein, 67% from carbohydrates, and 13%
from fat. In contrast, the HFD was designed with 20% of its energy
sourced from protein, 35% from carbohydrates, and 45% from fat
(Lomba et al., 2010; Yeung, 2015; Keshk et al., 2020).

Frontiers in Pharmacology frontiersin.org03

Abdelhamid et al. 10.3389/fphar.2024.1454829

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1454829


2.3.2 Rational of drug dosing
The animal model used in our study was previously reported

by Henderson et al. (2018) where DENA was intraperitoneally
administered at a dosage of 25 mg/kg body weight at 14 days of
age. Upon reaching 4 weeks of age, the animal group received
TAA at a concentration of 300 mg/L in their drinking water,
while another was provided with a HFD. In this study, the
authors aimed to study the pathological changes induced by
DENA/TAA/HFD and found that the severity of hepatic
damage was greater after multiple liver insults.
Pathophysiologically, the animal model described induces
significant liver damage, leading to chronic liver injury
characterized by steatosis, fibrosis, and inflammation. The
model culminated in a pro-tumorigenic environment in the
context of chronic liver inflammatory disease with the
intention of closely replicating the actual hepatic environment
of fatty changes, fibrosis, and early dysplastic alterations.

STA-9090 was solubilized in a DRD solution, following
established protocols (Scutigliani et al., 2022), and administered
based on the dosing regimen outlined in a prior study (Mohammed
et al., 2023a). SMVT, in previous research, was administered to rats
at varying doses between 10 and 50 mg/kg/day (Sironi et al., 2003;
Baytan et al., 2008; Kalonia et al., 2011; Mohamadin et al., 2011;
Yildiz et al., 2014; Shalaby et al., 2017).

2.4 Blood and tissue sampling

After inducing anesthesia, blood samples were obtained via
cardiac puncture, and the serum was promptly isolated for
immediate biochemical analysis. Concurrently, the livers were
meticulously harvested, rinsed to remove blood traces, and
weighed. Subsequently, the livers underwent various processing
methods: some samples were sectioned and preserved in 10%
formalin for subsequent histopathological examination, while
others were stored in RNA later for qRT-PCR analysis.
Additionally, certain liver samples underwent immediate
biochemical assessments, while others were snap-frozen and
stored at −80°C for subsequent analyses.

2.5 Histological examination and
immunohistochemistry evaluation

Histological examination and histopathological scoring of liver
tissues were conducted systematically, incorporating both
hematoxylin and eosin (H&E) staining for morphological
assessment and Sirius Red staining to visualize collagen fibers,
indicative of fibrosis. Following fixation in 10% formalin, the
tissue samples were embedded in paraffin and sectioned into

FIGURE 1
In the experimental protocol, rats were randomly assigned to seven groups: CTRL as the normal control, SMVT as the SMVT control, and STA as the
STA-9090 control, all of which received a SRD. The DENA/TAA group was given DENA/TAA and HFD. The DENA/TAA/SMVT group received DENA/TAA,
HFD, and SMVT, while the DENA/TAA/STA group received DENA/TAA, HFD, and STA-9090. The DENA/TAA/SMVT/STA group was treated with DENA/
TAA, HFD, and a combination of SMVT and STA. After the study, rats were euthanized by decapitation following anesthesia, and bloodwas collected,
and livers were excised.
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5-μm slices (Youssef et al., 2022). A histopathologist blindly
examined samples using a light microscope (Olympus CX23,
Tokyo, Japan). The fibrosis area was computed using ImageJ
software. The histopathological findings and the histopathological
score followed the criteria established by Ishak et al. (1995). To
assess hepatic stellate cell activation and the presence of
myofibroblasts, immunohistochemistry targeting alpha-smooth
muscle actin (α-SMA) was conducted. Antibodies for α-SMA
were sourced from Thermo Fisher Scientific (Rockford, IL,
United States of America). The expression of α-SMA was
quantified by determining the percentage of the positive area in
relation to the total area. This quantification was performed using
ImageJ 1.53f software, precisely analyzing the extent of α-SMA
expression in the examined tissue samples.

2.6 Assessment of liver function enzymes,
albumin, total cholesterol (TC), and
triglycerides (TG)

Serum levels of alanine aminotransferase (ALT), aspartate
aminotransferase (AST), and alkaline phosphatase (ALP) were
evaluated using kits obtained from Biodiagnostic (Giza, Egypt)
while gamma-glutamyl transferase (γ-GT) was evaluated using a
kit obtained from Sigma-Aldrich (St Louis, MO). Additionally, the
determination of albumin, total cholesterol (TC), and triglycerides
(TG) in serum samples was carried out using commercially available
kits from Spectrum Diagnostics (Cairo, Egypt). The processing of
serum samples followed the manufacturer’s instructions for each
specific assay.

2.7 Evaluation of oxidative stress and
antioxidant status

Fresh liver tissue samples were collected, weighed, and
homogenized on ice in the isotonic buffer (50 mM potassium
phosphate buffer, pH 7.5). Following centrifugation (1,600 × g
for 15 min), the resulting supernatant was utilized to evaluate
oxidative stress by measuring malondialdehyde (MDA) levels
using the method by Mihara and Uchiyama (1978). Briefly, the
supernatant was mixed with trichloroacetic acid (El-Nasr Chemical
Co., Cairo, Egypt) and thiobarbituric acid (Sigma-Aldrich) and
heated, before adding n-butanol and measuring absorbance at
535 nm. Results were expressed as µmol MDA per Gram tissue.

To assess antioxidant status, reduced glutathione (GSH) levels
were determined based on the reduction of 5,5′-dithiobis (2-
nitrobenzoic acid) and measuring absorbance at 405 nm using a
kit provided by Biodiagnostic (Giza, Egypt). Glutathione peroxidase
(GPx) activity was evaluated by measuring NADPH consumption in
enzyme-coupled reactions at 340 nm. GPx units were calculated
using a standard curve. Superoxide dismutase (SOD) activity was
determined after erythrocyte elimination and tissue
homogenization. Samples were incubated with reagents and
absorbance was measured at 450 nm. All spectrophotometric
assays for parameters of oxidative stress and antioxidant status
were performed in duplicate using standard protocols and
commercial reagents.

Myeloperoxidase (MPO) as an indicator of inflammation and
neutrophil infiltration was assayed in liver tissue homogenate in ice-
cold PBS (0.01M, pH = 7.4) using a glass homogenizer on ice
followed by centrifugation for 5 min at 5,000 × g to retrieve the
supernatant. Samples assayed as per the instructions given by
Biovision (CA, United States of America).

2.8 Assessment of hepatic hydroxyproline

The hydroxyproline content in liver tissues was quantified as
an indicator of collagen deposition using the previously described
method (Reddy and Enwemeka, 1996). Briefly, liver homogenate
aliquots underwent acid hydrolysis at 120°C for 30 min in sodium
hydroxide. After adding chloramine T solution and incubating at
room temperature to allow oxidation, Ehrlich’s reagent was
added and heated to develop a colored complex. Following
cooling, the absorbance was measured spectrophotometrically
at 550 nm. The resulting hydroxyproline levels were expressed as
micrograms per Gram of liver tissue. All assays were performed
in duplicate using standard protocols. The hydroxyproline
measurement quantitatively represents collagen accumulation
as a marker of fibrosis progression in the experimental
liver tissues.

2.9 Analysis of gene expression by
quantitative PCR (qRT-PCR)

Total RNA was extracted from rat liver samples using the
Qiagen RNeasy Mini Kit. cDNA was synthesized, and
quantitative real-time PCR was performed using the QuantiTect
SYBR Green PCR Kit per the manufacturer’s instructions. The
comparative Ct method was used to determine relative mRNA
levels of target genes, with β-actin as the internal control. The
fold change in the expression of each target gene was calculated
using the formula for relative quantification (RQ): RQ = 2(−ΔΔCt).
Primer sequences were: β-actin forward 5′-TCACCCACACTGTGC
CCATCTATGA-3′, reverse 5′-CATCGGAACCGCTCATTGCCG
ATAG-3′; collagen type I alpha 1 (Col1a1) forward 5′-GACATG
TTCAGCTTTGTGGACCC-3′, reverse 5′-AGGGACCCTTAG
GCCATTGTGTA-3′; transforming growth factor β1 (TGF-β1)
forward 5′-CTTCTCCACCAACTACTGCTTC-3′, reverse 5′-
GGGTCCCAGGCAGAAGTT-3′; GLI1 forward 5′-CAGGGA
AGAGAGCAGACTGA-3′, reverse 5′-CAGGAGGATTGTGCT
CCA-3′; smoothened (SMO) forward 5′-GCCTGGTGCTTATTG
TGG-3′, reverse 5′-GGTGGTTGCTCTTGATGG-3′; GLI2 forward
5′-ATAAGCGGAGCAAGGTCAAG-3′, reverse 5′-CAGTGGCAG
TTGGTCTCGTA-3′. Triplicate reactions, including no-template
controls, were performed.

2.10 Analysis of TNF-α, PDGF-BB, TIMP-1,
TGF-β, shh, SMO, GLI1, GLI2, HSP90,
and HSP70

Liver tissue samples were rinsed in cold PBS and
homogenized. After centrifugation, the resulting supernatants
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were used to quantify levels of proteins by ELISA as per the
manufacturer’s protocols for tumor necrosis factor-alpha (TNF-
α; CUSABIO, Wuhan, China), platelet-derived growth factor-BB
(PDGF-BB; Wuhan Fine Biotech Corp), tissue inhibitor of
metalloproteinase-1 (TIMP-1; RayBiotech, GA, United States
of America), transforming growth factor-beta (TGF-β;
MyBioSource), Shh (Novus Biologicals, CA, United States of
America), SMO (MyBioSource, CA, United States of America),
GLI1 (Fine Test, Wuhan Fine Biotech Corp., Wuhan, China),
GLI2 (Cloud-Clone Corp.), HSP90 (Novus Biologicals), and
HSP70 (MyBioSource). Total protein was quantified by
bicinchoninic acid (BCA; Thermo Fisher Scientific Inc.,
Rockford, United States of America) assay for normalization.
All assays were performed in duplicates.

2.11 Statistical analysis

GraphPad Prism software (version 9.5.1, GraphPad Software,
CA, United States of America) was utilized for statistical analyses
to determine differences between experimental groups.
Parametric data was analyzed by one-way ANOVA followed
by Tukey’s post hoc tests, while non-parametric data was
assessed by Kruskal–Wallis followed by Dunn’s post hoc tests.
Results were expressed as mean ± standard deviation or median ±
interquartile range (IQR) for parametric and non-parametric
data respectively. Significance was considered at p ≤ 0.05.
Kaplan-Meier survival plots graphically depicted cumulative
survival over time, contrasting treatment groups to untreated
control. Mantel-Cox log-rank tests compared survival
between groups.

3 Results

3.1 STA/SMVT combination therapy resulted
in a synergistic cytotoxic effect in TGF-β-
treated HepG2 cells

In Figure 2A, the dose-response matrix illustrates the cytotoxic
response (growth inhibition rate) of TGF-β-treated HepG2 cells after
24-h incubation with varying concentrations of SMVT and STA-9090
combinations. The synergy between these drug combinations was
quantified using the ZIP synergy model, resulting in a synergy score
of 16.99. The 2D and 3D synergy maps in Figure 2B, with synergistic
regions highlighted in red, visually emphasize the synergistic effect. The
synergy score of 16.99, exceeding 10, suggests a likely synergistic
interaction between SMVT and STA-9090. This value, indicating an
average excess response due to drug interactions, corresponds to 16.99%
of the response beyond what would be expected.

3.2 STA/SMVT combination therapy
prevented body weight loss and restored
liver weight index in rats fed a HFD and
exposed to DENA and TAA

The alteration in body weight was tracked every 4 weeks. The
liver weight index, representing the ratio of liver weight to body
weight, was calculated at the end of the experimental protocol. This
index was computed by dividing the liver weight by the body weight,
providing insight into the proportional changes in liver weight
relative to the overall body weight over the course of the study.
There were no significant differences in body weight between groups

FIGURE 2
The matrix of growth inhibition rates (responses) and the 2D and 3D synergy maps. Matrix (A) illustrates the growth inhibition rates (responses)
observed in TGF-β-treated HepG2 cells after 24 h of incubation with different concentrations of SMVT and STA-9090, both administered individually and
in combination. The corresponding plot in Figure (B) represents the analysis using the ZIP synergy model, indicating a synergy score of 16.99 for the
combined therapy. This synergy is visually depicted in the 2D and 3D synergy maps.
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FIGURE 3
Effect of SMVT, STA-9090 (STA), and combination therapy on body weight (A); and liver weight index (B) in rats fed a HFD and exposed to DENA and
TAA. Data are presented as the mean ± SD. ns, non-significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. CTRL, normal control group received
the vehicle; SMVT, normal group received SMVT (30 mg/kg/day); STA, normal group received STA-9090 (10 mg/kg, i p. every other day); DENA/TAA,
DENA/TAA-induced fibrosis group received the vehicle; DENA/TAA/SMVT, DENA/TAA-induced fibrosis group treated with SMVT (30 mg/kg/day);
DENA/TAA/STA, DENA/TAA-induced fibrosis group treated with STA-9090 (10 mg/kg, i p. every other day); DENA/TAA/STA/SMVT, DENA/TAA-induced
fibrosis group treated with SMVT (30 mg/kg/day) and STA-9090 (10 mg/kg, i p. every other day). The CTRL group and the drug control groups were
provided with standard rodent chow whereas the diseased groups received AD.

FIGURE 4
Effect of SMVT (A), STA-9090 (STA) (B), and combination therapy (C) on survival analysis in rats fed a HFD and exposed to DENA and TAA. DENA/TAA,
DENA/TAA-induced fibrosis group received the vehicle; DENA/TAA/SMVT, DENA/TAA-induced fibrosis group treated with SMVT (30mg/kg/day); DENA/
TAA/STA, DENA/TAA-induced fibrosis group treated with STA-9090 (10 mg/kg, i.p. every other day); DENA/TAA/STA/SMVT, DENA/TAA-induced fibrosis
group treatedwith SMVT (30mg/kg/day) and STA-9090 (10mg/kg, i.p. every other day). The CTRL group and the drug control groupswere provided
with standard rodent chow whereas the diseased groups received AD.
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at baseline or after 4 weeks. However, starting at 8 weeks, the DENA/
TAA group displayed significantly decreased body weight compared
to CTRL, which continued through weeks 12 and 16. Treatment
with SMVT/STA prevented the reduction in body weight at 12 and

16 weeks versus DENA/TAA (Figure 3A). The DENA/TAA group
showed a significantly increased liver weight index compared to
CTRL. All treatments significantly lowered the liver weight index
compared to DENA/TAA. The combination therapy decreased the

FIGURE 5
Effect of SMVT, STA-9090 (STA), and combination therapy on serum ALT (A); AST (B); ALP (C); γ-GT (D); and Albumin (E) in rats fed a HFD and
exposed to DENA and TAA. Data are presented as the mean ± SD. ns, non-significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. CTRL, normal
control group received the vehicle; SMVT, normal group received SMVT (30 mg/kg/day); STA, normal group received STA-9090 (10 mg/kg, i.p. every
other day); DENA/TAA, DENA/TAA-induced fibrosis group received the vehicle; DENA/TAA/SMVT, DENA/TAA-induced fibrosis group treated with
SMVT (30mg/kg/day); DENA/TAA/STA, DENA/TAA-induced fibrosis group treated with STA-9090 (10mg/kg, i.p. every other day); DENA/TAA/STA/SMVT,
DENA/TAA-induced fibrosis group treated with SMVT (30 mg/kg/day) and STA-9090 (10 mg/kg, i.p. every other day). The CTRL group and the drug
control groups were provided with standard rodent chow whereas the diseased groups received AD.
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liver weight index to a level no longer significantly different from
CTRL, representing the most effective treatment (Figure 3B).

3.3 STA/SMVT combination therapy
enhanced cumulative survival in rats fed a
HFD and exposed to DENA and TAA

The survival analysis revealed that SMVT monotherapy
(Figure 4A) resulted in a non-significant improvement in survival
percent when compared to the DENA/TAA group. However,
treatment with STA-9090 (Figure 4B) or the SMVT/STA-
9090 combination (Figure 4C) significantly increased survival
percentage compared to DENA/TAA.

3.4 STA/SMVT combination therapy
alleviated liver function indicators in rats fed
a HFD and exposed to DENA and TAA

Compared to the CTRL group, the DENA/TAA group
showed significantly increased levels of ALT (Figure 5A), AST

(Figure 5B), ALP (Figure 5C), and γGT (Figure 5D), as well as
decreased levels of albumin (Figure 5E), indicating impaired
liver function. SMVT, STA, or their combined administration
resulted in a significant reduction in ALT, AST, ALP, and γGT
levels in comparison to the DENA/TAA group. The combined
treatment demonstrated the most potent effect among them.
Furthermore, solely the combination therapy displayed a
substantial elevation in serum albumin levels compared to the
DENA/TAA group.

3.5 SMVT corrected dyslipidemia induced by
multiple liver insults

The DENA/TAA group (a rat group that received AD) displayed
significantly elevated TC (Figure 6A) and TG (Figure 6B) versus
CTRL. SMVT treatment significantly lowered both TC and TG
versus DENA/TAA. STA-9090 did not significantly alter TC or TG.
The combination therapy significantly reduced TC and TG
compared to DENA/TAA and showed greater decreases in these
lipids than STA-9090 alone. An effect that is attributed to the
SMVT treatment.

FIGURE 6
Effect of SMVT, STA-9090 (STA), and combination therapy on total cholesterol (A); and triglyceride (B) in rats fed a HFD and exposed to DENA and
TAA. Data are presented as the mean ± SD. ns, non-significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. CTRL, normal control group received
the vehicle; SMVT, normal group received SMVT (30 mg/kg/day); STA, normal group received STA-9090 (10 mg/kg, i.p. every other day); DENA/TAA,
DENA/TAA-induced fibrosis group received the vehicle; DENA/TAA/SMVT, DENA/TAA-induced fibrosis group treated with SMVT (30 mg/kg/day);
DENA/TAA/STA, DENA/TAA-induced fibrosis group treated with STA-9090 (10 mg/kg, i.p. every other day); DENA/TAA/STA/SMVT, DENA/TAA-induced
fibrosis group treated with SMVT (30 mg/kg/day) and STA-9090 (10 mg/kg, i.p. every other day). The CTRL group and the drug control groups were
provided with standard rodent chow whereas the diseased groups received AD.
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3.6 STA/SMVT combination therapy
mitigated disturbances in liver histology
induced by DENA/TAA and HFD in the
rat liver

Photomicrographs of H&E-stained liver sections are shown
in Figure 7. The CTRL (A), SMVT (B), and STA (C) groups
displayed normal hepatic structure. In contrast, the DENA/TAA
group (D) showed disturbed hepatic architecture showing fat
droplet accumulation and hepatocyte ballooning (short arrow),
fibrotic tissue deposition (long arrow), inflammatory cell
infiltration (arrowhead), and cellular atypia (early dysplastic
alterations). Treatment with SMVT (E) resulted in improved
hepatic structure and attenuated fibrotic tissue deposition and
fat droplet accumulation. However, a moderate level of
inflammatory cell infiltration still exists (arrow). Treatment
with STA-9090 (F) resulted in improved hepatic structure and
attenuated fibrotic tissue deposition (arrowhead) and
inflammatory cell infiltration. Nevertheless, fat droplet
accumulation still exists (arrow). The combined treatment of
SMVT/STA-9090 (G) exhibited enhanced hepatic structure,
characterized by a predominantly absence of fibrotic tissue
deposition and a mild degree of inflammatory cell infiltration
(arrow), along with reduced fat droplet accumulation. The scale
bar = 50 µm. Evaluation of necro-inflammatory scores (H)
confirmed higher scores in the DENA/TAA group compared
to CTRL. Treatments involving SMVT, STA-9090, and SMVT/
STA-9090 significantly decreased necro-inflammatory scores
compared to the DENA/TAA group. Notably, the
combination therapy yielded the lowest necro-inflammatory
score, aligning with observed histological improvements.

3.7 STA/SMVT combination therapy
mitigated fibrotic tissue deposition induced
by multiple insults in the rat liver

Figure 8 displays photomicrographs of Sirius red-stained liver
sections. The CTRL (A), SMVT (B), and STA (C) groups
exhibited normal collagen deposition. In contrast, the DENA/
TAA group (D) displayed increased fibrotic tissue deposition
(arrow). Treatment with SMVT (E) and STA-9090 (F) resulted in
reduced fibrotic tissue deposition (arrow). The combined
treatment with SMVT/STA-9090 (G) led to a further
reduction in fibrotic tissue deposition, resembling a pattern
more or less similar to normal (arrow). The scale bar =
50 µm. Evaluation of fibrosis area % (H) verified higher % in
the DENA/TAA group compared to CTRL. Treatments involving
SMVT, STA-9090, and SMVT/STA-9090 significantly decreased
fibrosis area in comparison to DENA/TAA, with the combination
therapy yielding the lowest fibrosis area %.

3.8 STA/SMVT combination therapy
decreased tissue expression of α-SMA

In Figure 9, photomicrographs of α-SMA-immunostained liver
sections are presented. The CTRL (A), SMVT (B), and STA (C)
groups demonstrated normal tissue expression. Conversely, the
DENA/TAA group (D) exhibited heightened tissue expression
(indicated by the arrow). Treatment with SMVT (E) and STA-
9090 (F) resulted in a reduction of tissue expression (arrow). The
combined treatment with SMVT/STA-9090 (G) further decreased
tissue expression, resembling a pattern more or less similar to

FIGURE 7
Effect of SMVT, STA-9090 (STA), and combination therapy on histopathological characteristics and inflammation score in rats fed a HFD and
exposed to DENA and TAA. The figure presents photomicrographs of H&E-stained liver sections depicting hepatic architecture in various experimental
groups. The CTRL (A), SMVT (B), and STA (C) groups exhibit normal hepatic structure, while the DENA/TAA group (D) displays disrupted architecture with
fat droplet accumulation, hepatocyte ballooning (short arrow), fibrotic tissue deposition (long arrow), inflammatory cell infiltration (arrowhead), and
cellular atypia. Treatment with SMVT (E) improves hepatic structure, attenuating fibrosis and fat accumulation with a residual inflammatory response
(arrow). STA-9090 treatment (F) also improves hepatic structure, reducing fibrosis (arrowhead) and inflammation, but fat droplets persist (arrow).
Combined SMVT/STA-9090 treatment (G) enhances hepatic structure, minimizing fibrosis and inflammation (arrow), and reducing fat droplets. Necro-
inflammatory scores (H) confirm decreased inflammation with SMVT, STA, and SMVT/STA compared to DENA/TAA, with the combination therapy
showing the lowest score, aligning with histological improvements. The scale bar represents 50 µm.
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FIGURE 8
Effect of SMVT, STA-9090 (STA), and combination therapy on the degree of fibrotic tissue deposition in rats fed a HFD and exposed to DENA and
TAA. In this figure, representative photomicrographs of Sirius red-stained liver sections are presented. The CTRL (A), SMVT (B), and STA (C) groups exhibit
typical collagen deposition patterns, indicative of normal liver histology. Conversely, the DENA/TAA group (D) displays an evident increase in fibrotic
tissue deposition (arrow). Treatment with SMVT (E) and STA (F) individually results in a noticeable reduction in fibrotic tissue deposition (arrows).
Remarkably, the combined treatmentwith SMVT/STA (G) leads to a further reduction in fibrotic tissue deposition, resembling a patternmore or less similar
to the normal group (arrow). The scale bar is set at 50 µm for reference. Fibrosis scores (H) confirm higher scores in the DENA/TAA group compared to
CTRL, while treatments involving SMVT, STA-9090, and SMVT/STA-9090 significantly decrease fibrosis scores in comparison to DENA/TAA. Notably, the
combination therapy yields the lowest fibrosis score among the treatments, underscoring its efficacy in mitigating liver fibrosis.

FIGURE 9
Effect of SMVT, STA-9090 (STA), and combination therapy on the tissue expression of α-SMA in rats fed a HFD and exposed to DENA and TAA. In this
figure, α-SMA-immunostained liver sections are depicted, revealing distinctive tissue expression patterns. The CTRL (A), SMVT (B), and STA (C) groups
display a normal level of tissue expression. Conversely, the DENA/TAA group (D) exhibits heightened tissue expression (arrow). Treatment with SMVT (E)
and STA (F) individually results in a reduction of tissue expression (arrow). Impressively, the combined treatment with SMVT/STA (G) further
diminishes tissue expression, resembling a patternmore or less similar to the normal group (arrow). The scale bar is set at 50 µm for reference. The α-SMA
expression index (H) verifies a higher level in the DENA/TAA group compared to CTRL. In contrast, treatments involving SMVT, STA-9090, and SMVT/STA-
9090 significantly decrease the expression indices compared to DENA/TAA. Notably, the combination therapy achieves the lowest expression index,
underscoring its effectiveness in mitigating α-SMA-associated liver pathology.
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normal (arrow). The scale bar is 50 µm. Evaluation of the α-SMA
expression index (H) confirmed higher indices in the DENA/TAA
group compared to CTRL. Treatments involving SMVT, STA-9090,

and SMVT/STA-9090 significantly decreased indices compared to
DENA/TAA, with the combination therapy achieving the lowest
expression index.

FIGURE 10
Effect SMVT, STA-9090 (STA), and combination therapy onMDA (A); GSH (B); GPx (C); SOD (D); TNF-α (E), andMPO (F) in rats fed aHFD and exposed
to DENA and TAA. Data are presented as the mean ± SD. ns, non-significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. CTRL, normal control
group received the vehicle; SMVT, normal group received SMVT (30 mg/kg/day); STA, normal group received STA-9090 (10 mg/kg, i.p. every other day);
DENA/TAA, DENA/TAA-induced fibrosis group received the vehicle; DENA/TAA/SMVT, DENA/TAA-induced fibrosis group treated with SMVT
(30 mg/kg/day); DENA/TAA/STA, DENA/TAA-induced fibrosis group treated with STA-9090 (10 mg/kg, i.p. every other day); DENA/TAA/STA/SMVT,
DENA/TAA-induced fibrosis group treated with SMVT (30 mg/kg/day) and STA-9090 (10 mg/kg, i.p. every other day). The CTRL group and the drug
control groups were provided with standard rodent chow whereas the diseased groups received AD.
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3.9 STA/SMVT combination decreased TNF-
α and MPO activity and did not enhance
oxidative stress reduction beyond what is
achieved by SMVT alone

Compared to CTRL, the DENA/TAA group showed
significantly increased MDA (Figure 10A) and decreased GSH
(Figure 10B), GPx (Figure 10C), and SOD (Figure 10D),

indicating heightened oxidative stress. Both SMVT and STA-9090
significantly improved MDA, GSH, GPx, and SOD compared to
DENA/TAA. The combination therapy significantly decreased
MDA and increased GSH, GPx, and SOD compared to DENA/
TAA, and demonstrated greater antioxidant effects than STA; while
showing no significant difference when compared to SMVT.
Additionally, compared to CTRL, the DENA/TAA group showed
elevated TNF-α and MPO (Figures 10E, F, respectively) indicating

FIGURE 11
Effect of SMVT, STA-9090 (STA), and combination therapy on TGF-βmRNA (A); TGF-β protein (B); Col1a1 mRNA (C); Hydroxyproline (D); PDGF-BB
(E); and TIMP-1 (F) in rats fed a HFD and exposed to DENA and TAA. Data are presented as themean ± SD. ns, non-significant, *P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001. CTRL, normal control group received the vehicle; SMVT, normal group received SMVT (30 mg/kg/day); STA, normal group
received STA-9090 (10 mg/kg, i.p. every other day); DENA/TAA, DENA/TAA-induced fibrosis group received the vehicle; DENA/TAA/SMVT, DENA/
TAA-induced fibrosis group treatedwith SMVT (30mg/kg/day); DENA/TAA/STA, DENA/TAA-induced fibrosis group treated with STA-9090 (10mg/kg, i.p.
every other day); DENA/TAA/STA/SMVT, DENA/TAA-induced fibrosis group treated with SMVT (30 mg/kg/day) and STA-9090 (10 mg/kg, i.p. every other
day). The CTRL group and the drug control groups were provided with standard rodent chow whereas the diseased groups received AD.
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heightened inflammation and neutrophil infiltration. Both SMVT
and STA-9090 significantly lowered TNF-α and MPO compared to
DENA/TAA. The combination therapy exhibited a greater
reduction in TNF-α levels compared to either of the
monotherapies indicating reduced inflammation and neutrophil
infiltration in hepatic tissue.

3.10 Effect on fibrosis markers

The DENA/TAA group displayed marked increases in the levels
of TGF-β mRNA and protein (Figures 11A, B, respectively),
Col1a1 mRNA (Figure 11C), hydroxyproline (Figure 11D),
PDGF-BB (Figure 11E) and TIMP-1 (Figure 11F) compared to
CTRL, suggestive of developed tissue fibrosis. Both SMVT and STA-
9090 monotherapies significantly reduced all these markers versus
DENA/TAA. The combination treatment decreased these fibrosis
markers to a greater extent than either monotherapy. STA-9090
resulted in a significantly decreased TGF-β (mRNA and protein)
and Col1a1 mRNA when compared to SMVT.

3.11 Effect on hedgehog signaling pathway

The DENA/TAA group resulted in significantly increased Shh
(Figure 12A), SMO (Figure 12B), GLI1 mRNA/protein (Figures
13A, B), and GLI2 mRNA/protein (Figures 13C, D) versus CTRL,
suggestive of Hedgehog pathway activation. STA-9090 significantly

reduced Shh, SMO, GLI1 mRNA/protein, and GLI2 mRNA/protein
compared to DENA/TAA. SMVT significantly lowered Shh,
GLI1 mRNA/protein, and GLI2 mRNA but not GLI2 protein
(however a considerable reduction is observed). The combination
therapy decreased Shh, SMO, GLI1 mRNA/protein, and
GLI2 mRNA/protein greater than either monotherapy.

3.12 Effect on heat shock proteins

Compared to CTRL, the DENA/TAA group showed elevated
HSP90 (Figure 14A) and HSP70 (Figure 14B). SMVT did not
significantly alter HSP90 but increased HSP70. Both STA-9090
and SMVT/STA-9090 combined therapy significantly decreased
HSP90 and increased HSP70 versus DENA/TAA.

4 Discussion

Liver fibrosis is a common consequence of chronic liver injury,
progressing to cirrhosis and associated complications such as HCC
(Lotersztajn et al., 2005). Early liver fibrosis has been suggested to be
reversible. However, effective treatments are currently lacking (Tan
et al., 2021). Consequently, the development of anti-fibrosis drugs
remains a top research priority. Various strategies have emerged as
crucial means to inhibit the occurrence and progression of liver
fibrosis and associated dysplasia in recent years. In this study, we
evaluated the individual and combined effects of SMVT and the

FIGURE 12
Effect of SMVT, STA-9090 (STA), and combination therapy on Shh (A); and SMO (B) in rats fed a HFD and exposed to DENA and TAA. Data are
presented as the mean ± SD. ns, non-significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. CTRL, normal control group received the vehicle;
SMVT, normal group received SMVT (30 mg/kg/day); STA, normal group received STA-9090 (10 mg/kg, i.p. every other day); DENA/TAA, DENA/TAA-
induced fibrosis group received the vehicle; DENA/TAA/SMVT, DENA/TAA-induced fibrosis group treated with SMVT (30 mg/kg/day); DENA/TAA/
STA, DENA/TAA-induced fibrosis group treatedwith STA-9090 (10mg/kg, i.p. every other day); DENA/TAA/STA/SMVT, DENA/TAA-induced fibrosis group
treated with SMVT (30 mg/kg/day) and STA-9090 (10 mg/kg, i.p. every other day). The CTRL group and the drug control groups were provided with
standard rodent chow whereas the diseased groups received AD.
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HSP90 inhibitor, STA-9090, in a DENA/TAA rat model fed a HFD.
This model was found to recapitulate key features of human liver
fibrosis pathology in the settings of fatty and early dysplastic changes
(Henderson et al., 2018). The current investigation provides
evidence that the co-inhibition of HMG CoA reductase and
HSP90 produces enhanced antifibrotic activity. Our findings

suggest that the observed hepatoprotective role is linked to the
inhibition of aberrant hedgehog signaling.

Administration of DENA/TAA/HFD significantly decreased the
animals’ body weight by week 8 and continued to decrease till the end of
week 16 when compared to control. The gradual body weight loss
reflects declining nutritional status and cachexia associated with

FIGURE 13
Effect of SMVT, STA-9090 (STA), and combination therapy on GLI-1 mRNA (A); GLI-1 protein (B); GLI-2 mRNA (C); and GLI-2 protein (D) in rats fed a
HFD and exposed to DENA and TAA. Data are presented as the mean ± SD. ns, non-significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. CTRL,
normal control group received the vehicle; SMVT, normal group received SMVT (30 mg/kg/day); STA, normal group received STA-9090 (10 mg/kg, i.p.
every other day); DENA/TAA, DENA/TAA-induced fibrosis group received the vehicle; DENA/TAA/SMVT, DENA/TAA-induced fibrosis group treated
with SMVT (30 mg/kg/day); DENA/TAA/STA, DENA/TAA-induced fibrosis group treated with STA-9090 (10 mg/kg, i.p. every other day); DENA/TAA/STA/
SMVT, DENA/TAA-induced fibrosis group treated with SMVT (30mg/kg/day) and STA-9090 (10mg/kg, i.p. every other day). The CTRL group and the drug
control groups were provided with standard rodent chow whereas the diseased groups received AD.
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advanced liver disease (Stirnimann and Stirnimann, 2019; Wu et al.,
2023). The ability of combination therapy (SMVT/STA) to attenuate
this weight loss may indicate a maintenance of overall health. Also, the
significant increase in the liver index may indicate hepatomegaly in
DENA/TAA rats which aligns with chronic hepatic injury, while
treatment groups show reduction towards normal liver weight.
Additionally, the present investigation revealed a decreased survival
proportion in the diseased group. The observed decline in the survival of
rats subjected to DENA/TAA/HFD is indicative of the systemic
complications associated with liver failure arising from chronic
injury. Notably, the survival proportion witnessed a significant
improvement with the administration of STA. Moreover, the
combination treatment exhibited a prolonged lifespan, underscoring
its effectiveness in slowing the progression of fibrosis. This outcome
highlights the potential therapeutic benefits of the STA-9090 and the
combination treatment (SMVT/STA) in mitigating the adverse effects
on survival linked to chronic liver injury and fibrosis progression.

Administration of DENA/TAA and HFD in rats exhibited marked
elevations in serum ALT, AST, ALP, and γ-GT signifying extensive
hepatocellular damage. Reduction of these enzymes by treatments
signifies attenuation of liver injury. In addition, decreased albumin
relates to synthetic dysfunction, corrected only by combination therapy.
Overall, monotherapies improved liver function, further enhanced by
combination treatment. On the other hand, the buildup of lipids within
hepatocytes is a known precursor to liver damage, instigating a cascade
of events including inflammation, fibrosis, and cirrhosis. Beyond the
presence of fatty acids and triglycerides, studies indicate an augmented

accumulation of free cholesterol in the liver, exerting toxic effects and
further contributing to hepatic injury (Malhotra et al., 2020). The
accumulation of lipids in hepatocytes, stemming from conditions like
dyslipidemia, results in liver damage and initiates a complex response
leading to hepatic inflammation and fibrosis (Chatrath et al., 2012).
Dyslipidemia is common in chronic liver disease due to impaired lipid
metabolism (Beaven and Tontonoz, 2006). In the current study, an
abnormal increase was found in serum TC and TG in response to
DENA/TAA/AD. SMVT corrected the abnormally elevated TC and TG
by inhibiting cholesterol synthesis. STA-9090 did not provide
improvement, consistent with its lack of lipid-lowering effects.

Our observations suggest a complex interplay rather than a
simple cause-effect relationship. The accumulation of lipids appears
to be an early event in our model, preceding the development of
significant fibrosis. This is evidenced by the onset of elevated serum
TC and TG levels, which aligns with previous studies indicating that
lipid accumulation can initiate a cascade of hepatocellular injury
(Malhotra et al., 2020), and lipotoxicity may be an initiating factor in
liver injury (Wiering et al., 2023). However, as fibrosis progresses, it
likely exacerbates lipid dysregulation through impaired hepatic
function, creating a feed-forward loop (Horn and Tacke, 2024).
This bidirectional relationship between dyslipidemia and liver
damage underscores the complexity of the pathogenic process
and highlights the importance of early intervention strategies
targeting both lipid metabolism and fibrogenic pathways.

The efficacy of SMVT in correcting dyslipidemia, coupled with
the antifibrotic effects of both SMVT and STA-9090, supports a

FIGURE 14
Effect of SMVT, STA-9090 (STA), and combination therapy on HSP90 (A); and HSP70 (B) in rats fed a HFD and exposed to DENA and TAA. Data are
presented as the mean ± SD. ns, non-significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. CTRL, normal control group received the vehicle;
SMVT, normal group received SMVT (30 mg/kg/day); STA, normal group received STA-9090 (10 mg/kg, i.p. every other day); DENA/TAA, DENA/TAA-
induced fibrosis group received the vehicle; DENA/TAA/SMVT, DENA/TAA-induced fibrosis group treated with SMVT (30 mg/kg/day); DENA/TAA/
STA, DENA/TAA-induced fibrosis group treatedwith STA-9090 (10mg/kg, i.p. every other day); DENA/TAA/STA/SMVT, DENA/TAA-induced fibrosis group
treated with SMVT (30 mg/kg/day) and STA-9090 (10 mg/kg, i.p. every other day). The CTRL group and the drug control groups were provided with
standard rodent chow whereas the diseased groups received AD.
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therapeutic approach that addresses both the initiating factors (lipid
accumulation) and the consequent pathological processes (fibrosis) in
liver disease. This multitarget approach aligns with recent findings
demonstrating that interventions targeting lipid metabolism can
attenuate fibrosis progression in experimental models (Summer
and Mora, 2019; Chen et al., 2022; Zhao et al., 2022).

ROS and products of lipid peroxidation play demonstrable roles
in key events of hepatic fibrogenesis, such as the activation and effects
of stellate cells, as well as the expression of specific inhibitors of
metalloproteinases. Reactive oxidant species are likely contributors to
both the onset and progression of fibrosis. Oxidative stress and
inflammation are key drivers of fibrogenesis (Kisseleva and
Brenner, 2021). Both SMVT and STA-9090 attenuated these
pathways based on reduced TNF-α and improved antioxidant
status as well as decreased neutrophil infiltration as evidenced by
lower activity of MPO. Combination therapy had superior effects,
likely contributing to its enhanced antifibrotic action. Furthermore,
histological analysis confirmed combination therapy produced near-
normal liver histology with minimal fibrosis. Microscopic evidence of
liver injury and collagen deposition in DENA/TAA rats fed an HFD
was mitigated by treatments, confirming their hepatoprotective and
anti-fibrotic effects on tissue level. Combination therapy produced
near-normal histology, consistent with optimal antifibrotic activity.

Elimination ofmyeloid TGF-β through genetic deletion or inhibition
of TGF-β through pharmacological means has been documented to
alleviate liver fibrosis in murine models. In contrast, the induction of
fibrosis in targeted tissues and organs, including the liver, occurs
spontaneously with genetic overexpression of TGF-β. This
underscores the critical role of TGF-β as a central mediator in the
fibrotic process (Seki et al., 2007; Krenkel and Tacke, 2017). A significant
upregulation of TGF-β, Col1a1, hydroxyproline, PDGF, and TIMP-1
observed in DENA/TAA/AD-treated rats signifies activation of
fibrogenic pathways. Treatments suppressed these markers,
corroborating their antifibrotic effects. Combination therapy decreased
fibrosis markers further than individual drugs, underpinning its efficacy.

The hedgehog pathway is vital for regulating tissue polarity and
stem cell populations. A key signal transducer in this pathway is the
seven-transmembrane protein SMO, whose activity is controlled by the
transmembrane protein Patched 1. When an active hedgehog ligand as
Shh binds to the Patched one receptor, it relieves the inhibition on SMO,
enabling downstream signaling events that culminate in the activation
of GLI transcription factors. The GLI proteins act as transcription
factors that can bind to specific gene promoter regions and thereby
regulate the expression of target genes (Sasaki et al., 1997; Hu et al.,
2015). HSP90, a molecular chaperone, plays a pivotal role in the
activation of numerous signaling proteins within eukaryotic cells,
among them the Shh pathway (Pearl and Prodromou, 2006).
Increased Shh, SMO, GLI1, and GLI2, as well as, HSPs expression
was found in DENA/TAA rats fed an HFD indicating aberrant
hedgehog activation in the present investigation. Hedgehog signaling
must be precisely controlled in adult liver cells to maintain liver health.
Aberrant activation of hedgehog signaling has been implicated in
various human diseases, including cancer and fibrosis. Excessive
hedgehog pathway activity has been identified in these pathological
conditions, contributing to disease progression (Yauch et al., 2009; Hu
et al., 2015; Kramann, 2016). Therefore, targeting the hedgehog cascade
may represent a therapeutic strategy for diseases involving abnormal
stimulation of this important regulatory pathway.

STA-9090 significantly inhibited Shh, SMO, GLI1, GLI2, and
HSP90 and elevated HSP70. Inhibition of HSP90 by STA-9090
results in the accumulation of unfolded or misfolded proteins within
cells. This activates the heat shock response pathway, leading to
upregulated expression of HSP70. HSP70 plays a vital role in
refolding or degrading the misfolded proteins that arise due to
impaired HSP90 function. There is evident collaboration between
HSP90 and HSP70, and inhibiting HSP90 places a greater workload
on HSP70 to handle protein folding and prevent aggregation
(Taniguchi et al., 2014; Tsai et al., 2016). To compensate for the
loss of HSP90 activity, the cell boosts HSP70 levels. Therefore,
increased HSP70 expression serves as a marker of effective
HSP90 inhibition (Li et al., 2020).

The elevated hedgehog signaling components (Shh, SMO, GLI1,
and GLI2) observed in this study were significantly reduced by
treatment with SMVT. This can be attributed to SMVT’s ability to
inhibit cholesterol synthesis. Cholesterol can influence hedgehog
signaling by modifying the conformation of the Patched one
receptor. Additionally, cholesterol biosynthesis is necessary for the
activity of the SMO protein in the hedgehog cascade (Gordon et al.,
2018). Furthermore, the binding of cholesterol to the extracellular
domain of SMO enables it to modulate interactions with Patched
receptors (Hu and Song, 2019). When cholesterol levels are very low,
inadequate membrane cholesterol may prevent Hedgehog from
eliciting full signaling (Brown, 2007). The signaling capacity of Shh
depends on its cholesterol modification at the N-terminus by the
enzyme Hedgehog acyltransferase (Tuladhar et al., 2019). By
inhibiting HMG-CoA reductase and lowering cellular cholesterol,
SMVT indirectly blocks this cholesterol modification of Shh by
Hedgehog acyltransferase. This results in impaired Shh signaling.

The current study offers several strengths that contribute to its
significance in the field of hepatoprotective research. Firstly, our
utilization of the DENA/TAA rat model fed a HFD provides a
robust platform for investigating liver fibrosis in the context of fatty
liver and early dysplastic changes. Secondly, our comprehensive
approach, encompassing biochemical, histological, and molecular
analyses, offers a multifaceted view of the hepatoprotective effects of
SMVT and STA-9090, both individually and in combination. The
demonstration of enhanced efficacy with combination therapy
highlights the potential of multi-target approaches in managing
complex liver pathologies. However, it is important to acknowledge
certain limitations of our study. The use of a single animal model, while
relevant, may not fully capture the heterogeneity of human liver
diseases. Future studies incorporating additional models or human
liver organoids could further validate our findings. Additionally, while
our study provides insights into the mechanisms of action, particularly
regarding the Hedgehog pathway, a more in-depth exploration of other
potential pathways affected by the combination therapy could yield
additional valuable insights. A useful future approach would be to use a
downstream enhancer of the pathway in combination with the different
treatments to better elucidate the specific role of the pathway.

5 Conclusion

In conclusion, this study demonstrates the therapeutic potential of
targeting aberrant hedgehog signaling using SMVT and the
HSP90 inhibitor STA-9090, alone and in combination, for the
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management of liver fibrosis. The DENA/TAA rat model fed an HFD
effectively recapitulates key features of human fibrosis pathology,
including elevated hedgehog pathway activity. SMVT suppressed
hedgehog signaling by reducing cholesterol biosynthesis required for
Hedgehog ligand function. In parallel, STA-9090 directly inhibited the
HSP90 chaperone essential for Hedgehog pathway activity. Using these
drugs with complementary mechanisms allowed dual targeting of the
hedgehog cascade. Monotherapies with SMVT or STA-9090 alleviated
liver injury, inflammation, oxidative stress, tissue damage, and hedgehog
marker expression. Combination therapy provided further significant
improvements in these parameters, including near-normal liver
histology. Furthermore, our in vitro experiments unveiled a
synergistic cytotoxic impact on TGF-β-treated HepG2 cells. These
cells were found to exhibit EMT characteristics and display a
fibroblast-like morphology. Collectively, SMVT and STA-9090
exhibited complementary antifibrotic mechanisms targeting
cholesterol and HSP90 activity, respectively. Their combined use
produces enhanced therapeutic effects in livers exposed to multiple
insults, supporting further investigation of this promising approach.
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