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Inhibitory effects of umbelliferone on carbon tetrachloride-
induced hepatic fibrosis in rats through the
TGF-f1-Smad signaling pathway
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Abstract. Hepatic fibrosis (HF) is a critical marker of
advanced-stage chronic liver disease and involves pivotal
contributions from hepatic stellate cells (HSCs). Currently,
there are no effective treatments for HF. Umbelliferone
(7-hydroxycoumarin; UMB) is a natural compound with
significant anti-inflammatory, antioxidant and anti-tumor
activities. However, its potential efficacy in treating HF has not
been studied. The present study explored the protective effects
of UMB against HF, targeting the TGF-f1-Smad signaling
pathway to explore the underlying mechanisms of UMB.
Carbon tetrachloride (CCl,) was injected intraperitoneally
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to induce HF in rats and primary HSCs were treated in vitro
with UMB to investigate the improvement effect of UMB
on HF. The levels of fibrosis markers, inflammation, oxida-
tive stress and TGF-B1-Smad signaling pathway in the rat
liver tissue and HSCs were detected using hematoxylin and
eosin staining, enzyme-linked immunosorbent assay, reverse
transcription-quantitative PCR, Cell Counting Kit-8 and
western blotting. The improvement in liver histopathology,
liver function indexes and fibrosis markers demonstrated that
UMB markedly inhibited the CCl,-induced HF and inflam-
mation in the rats. Additionally, UMB prominently reduced
the pro-inflammatory factors and oxidative stress levels.
In vitro, UMB markedly inhibited primary HSC activation and
decreased alpha-smooth muscle actin and collagen I expres-
sion. The mechanism experiment proved that UMB inhibited
the TGF-31-Smad signaling pathway and ameliorated HF. The
present study was the first to demonstrate, to the best of the
authors' knowledge, that UMB might be a promising natural
active compound for treating HF. Its therapeutic effect is
associated with its modulation of the TGF-f1-Smad signaling
pathway.

Introduction

A substantial number of patients worldwide have chronic liver
disease, with some patients eventually progressing to cirrhosis
and even liver cancer. The enormous medical costs and loss of
labor force among liver disease patients impose a significant
burden on socio-economic development (1). Hepatic fibrosis
(HF) is a common pathological stage of a number of chronic
liver diseases. HF is induced by viral hepatitis, steatohepatitis,
metabolic disorders, autoimmune conditions and drug- or
toxin-related hepatitis and is a crucial influence on liver
disease outcomes (2). HF is a reparative response of the body to
chronic liver injury. It is primarily characterized by an imbal-
ance between extracellular matrix (ECM) proliferation and
degradation in the liver, leading to abnormal fibrous connec-
tive tissue deposition within the liver and liver structure and
function disruption (3). Increasing evidence has suggested that
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HF is dynamic and reversible (4). However, there are no mark-
edly effective treatment options for HF. Clinically, the main
approaches to improving symptoms include lifestyle interven-
tions, liver protection, lipid-lowering therapies and modulating
the gut microbiota (5). To date, definitive anti-fibrotic drugs in
clinical practice are lacking.

Hepatic stellate cell (HSC) activation is central in the HF
process (6) and is a prerequisite for ECM production and a key
step in HF formation (7). Quiescent HSCs are responsible for
liver regeneration, immune regulation, maintaining sinusoidal
circulation and storing vitamin A, providing structural and
functional support to the liver, with minimal ECM secretion (8).
Continuous stimulation of the liver by chronic inflammation
damages Kupffer, bile duct epithelial cells and vascular endo-
thelial cells, which release large amounts of inflammatory
factors such as transforming growth factor beta 1 (TGF-p1),
tumor necrosis factor alpha (TNF-a), platelet-derived growth
factor and connective tissue growth factor, which enter the
space of Disse and activate HSCs (9). The activated HSCs
transform into myofibroblasts, continuously proliferating and
secreting large amounts of ECM components such as collagen
I/IIT and alpha smooth muscle actin (a-SMA), which promote
fibrous connective tissue proliferation in the liver and lead to
early HF onset (10).

Multiple signaling pathways and cytokines regulate HF
pathogenesis, among which the TGF-f1-Smad signaling
pathway is a crucial intracellular pathway (11). The
TGF-p1-Smad signaling pathway is closely related to HF
occurrence and development, including HSC activation and
proliferation, ECM deposition, oxidative stress in hepatocytes
and autophagy (12). As the pathway is significant in HF forma-
tion and progression, blocking it can slow or even reverse
HF and effectively reduce liver cancer incidence, thereby
decreasing patients' fibrogenesis and carcinogenesis rates (13).

Traditional Chinese medicine (TCM) acts on multiple path-
ways and targets, which confers a comprehensive advantage for
treating diseases with complex pathological mechanisms (14).
TCM was recently demonstrated to have good efficacy and
promising prospects in HF treatment (15). Umbelliferone
(UMB; 7-hydroxycoumarin) is a natural product found in
plants of the Rutaceae and Apiaceae families. UMB exhibits
various biological and pharmacological activities, including
strong antioxidant, anti-inflammatory, anti-diabetic and
anti-tumor effects (16). These effects are primarily mediated
through the inhibition of oxidative stress and inflammation.
Kassim et al (17) demonstrated the antioxidant properties of
UMB through 1,1-diphenyl-2-picrylhydrazyl radical scav-
enging. The authors also reported that UMB exhibited effective
anti-inflammatory activity in an ovalbumin-induced allergic
airway inflammation mouse model.

Reactive oxygen species and oxidative stress can induce
hepatocyte damage and death, directly or indirectly leading
to HF (18). Notably, UMB inhibited the proliferation of
various tumor cells and induced their apoptosis with no
significant toxicity to normal cells (19). Therefore, exploiting
the anti-inflammatory and antioxidant properties of UMB
holds significant potential and hope for effective HF treat-
ment or reducing fibrosis-induced damage. However, there
are few reports on the therapeutic effects of UMB on HF and
the underlying molecular mechanisms remain undetermined.

The present study established a rat model of HF using carbon
tetrachloride (CCl,) and UMB interventions were admin-
istered in vivo and in vitro. It investigated the improvement
and reversal of HF by UMB through fibrotic factors, oxidative
stress and the TGF-1-Smad signaling pathway and the effects
of UMB on HSC proliferation to provide comprehensive infor-
mation for improved HF treatment.

Materials and methods

Chemicals and reagents. UMB was from Huahe Medical
(purity according to HPLC, 99%). CCl, was from Shanghai
Aladdin Biochemical Technology Co., Ltd. The enzyme-linked
immunosorbent assay (ELISA) kits for TNF-a and IL-6 were
from Beijing Solarbio Science & Technology Co., Ltd. The
biochemical assay kits for aspartate aminotransferase (AST),
alanine aminotransferase (ALT), hydroxyproline, total bile
acids (TBA), total bilirubin (TBIL) and hydroxyproline (Hyp)
were from Shanghai Enzyme-linked Biotechnology Co.,
Ltd. The kits for malondialdehyde (MDA), catalase (CAT),
glutathione (GSH) and superoxide dismutase (SOD) activity
were from Beijing Solarbio Science & Technology Co., Ltd.
The Masson and hematoxylin and eosin (H&E) staining
kits were from Beijing Solarbio Science & Technology
Co., Ltd. TRIzol® and the reverse transcription kit were
from Thermo Fisher Scientific, Inc. SYBR Green reagents
were from Thermo Fisher Scientific, Inc. The primers were
synthesized by Beijing Qingke Biotechnology Co., Ltd. The
Cell Counting Kit-8 (CCK-8) kit was from Thermo Fisher
Scientific, Inc. The radioimmunoprecipitation assay (RIPA)
buffer was from Beijing Solarbio Science & Technology
Co., Ltd. The bicinchoninic acid (BCA) assay kit was from
Thermo Fisher Scientific, Inc. The primary antibodies against
TGF-B1, a-SMA, phosphorylated (p)-Smad2/3, Smad2/3 and
B-actin and the horseradish peroxidase (HRP)-conjugated
rabbit anti-mouse IgG secondary antibodies were from Cell
Signaling Technology, Inc. The ECL chemiluminescence kit
was from Beyotime Institute of Biotechnology.

Apparatus. The apparatus used in this study were the PT1020
tissue processor and tissue slicer (Leica Microsystems
GmbH), Axio Scan.Z1 Slide Scanner (Zeiss GmbH), Optima
XPN-100 Ultracentrifuge (Beckman Coulter, Inc.), automatic
biochemical analyzer (Hitachi 7020; Hitachi, Ltd.), Shimadzu
UV-1800 UV-Vis Spectrophotometer (Shimadzu Corporation),
ABI StepOne Plus real-time PCR system (Applied Biosystems;
Thermo Fisher Scientific, Inc.), Tanon-5200 Chemiluminescent
Imaging System (Tanon Science and Technology Co., Ltd.),
ImageJ (Version 1.48, National Institutes of Health) and
GraphPad Prism 9.0 (Dotmatics).

Animal experiments. A total of 32 Specific pathogen-free
(SPF)-grade male Sprague-Dawley (SD) rats (age, 6 weeks;
weight, 250+30 g) were from the Inner Mongolia Medical
University Experimental Animal Center (Hohhot, China).
The animals were acclimatized for one week, at a controlled
temperature of 22+2°C and a humidity level of 50+5% in
the designated facility, allowed unrestricted access to food
and water, and acclimated to alternating 12-h light and dark
cycles. No unexpected animal deaths occurred during the
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Figure 1. Hepatoprotective effects of UMB in a CCl,-induced rat HF model. CCl,-induced rat HF models were treated with 50 or 100 mg/kg/day UMB. (A) The
rat model treatment diagram. SD rats were intraperitoneally injected with CCl, twice a week and gavaged daily with 50 or 100 mg/kg UMB from week 5
onward. All parameters were analyzed 8 weeks later. (B) H&E and (C) Masson's trichrome staining (magnification, x200). Black arrows indicate damaged
liver tissue and fiber cords. Serum levels of AST (D) ALT (E) TBIL (F) and TBA (G) Results are the mean + SD (n=8). "P<0.05 vs. control group; ‘P<0.05 vs.
CCl, group; *P<0.05 vs. L-UMB. UMB, Umbelliferone; HF, hepatic fibrosis; AST, aspartate aminotransferase; ALT, alanine aminotransferase; TBIL, total
bilirubin; TBA, total bile acids; H&E, hematoxylin and eosin; Ctrl, control group; CCl,, carbon tetrachloride-treated group (model); L-UMB, low-dose UMB

treatment (50 mg/kg); H-UMB, high-dose UMB treatment (100 mg/kg).

experiment and all animals were sacrificed in accordance
with the approved protocol at the end of the study. Cervical
dislocation was employed to ensure a rapid and painless death.
The study strictly adhered to humane endpoint criteria to
minimize animal suffering, with specific indicators including
significant weight loss (>20%), severe behavioral abnormali-
ties, or loss of autonomous feeding and drinking ability. All
animal experimental protocols adhered to international ethical
guidelines and were approved by the Inner Mongolia Medical
University Animal Experiment Ethics Committee (approval
no. YKD202201124).

After acclimation, all rats were weighed and randomly
divided into four groups (n=8): Control group, CCl,-treated
model group and low and high dose (50 and 100 mg/kg) of
UMB co-treated group. The low dose was chosen to reflect a
suboptimal therapeutic level, while the high dose was selected
to represent a potentially maximal effective dose. A rat model
of HF was established by intraperitoneal injection of CCl,

(3 ml/kg; 40% olive oil solution) twice a week for 8 weeks
(with a double dose for the first injection) in the model and
UMB treatment groups. The control rats were given olive
oil. Starting from day 1 of week 5, UMB (50 or 100 mg/kg)
dissolved in 0.5% sodium carboxymethyl cellulose was orally
administered to the rats in the UMB treatment groups once
daily. The control and model rats received equal volumes of
solvent (Fig. 1A). After the final administration, anesthesia
was induced and maintained using isoflurane inhalation.
The rats were initially anesthetized with 4-5% isoflurane
in an induction chamber and then maintained with 1.5-2%
isoflurane delivered via a nose cone. Blood samples were
collected from the abdominal aortas of each group (5 ml per
rat) and the liver tissues were harvested. A portion of the
liver tissue was fixed in 4% paraformaldehyde for 24 h at 4°C
and the remainder was stored at -80°C for further analysis.
After procedures, death was confirmed by the absence of a
heartbeat, cessation of breathing for at least 5 min and lack of
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Table I. Primer sequences used for reverse transcription-quantitative PCR.

Gene Forward (5'-3") Reverse (5'-3")

a-SMA TCCTGACCCTGAAGTATCCG TCTCCAGAGTCCAGCACAAT
Collagen I CTGCCGATGTCGCTATCC CCACAAGCGTGCTGTAGGT
TIMP-1 CCTCTGGCATCCTCTTG TTGATCTCATAACGCTGGT
MMP-1 ATGCTTAGCCTTCCTTT CACCCAAGTTGTAGTAGTTTT
B-Actin CGTTGACATCCGTAAAGACC GCTAGGAGCCAGGGCAGTA

0-SMA, alpha smooth muscle actin; TIMP-1, tissue inhibitors of metalloproteinase 1; MMP-1, matrix metalloproteinase 1.

pupillary reflexes. If necessary, sacrifice was performed via
cervical dislocation.

Primary HSC isolation and culture. The rat livers were
digested using collagenase IV and pronase E. The digested
cells were filtered through a 200-mesh cell strainer to
eliminate undigested tissue. The resulting cell suspension
was centrifuged at 40 x g for 3 min at 4°C and washed three
times until the supernatant became clear, thereby removing
hepatocytes and collecting the supernatant. The supernatant
was centrifuged at 500 x g for 10 min at 4°C to collect the
pellet, which was resuspended in Dulbecco's modified Eagle's
medium (DMEM) (Thermo Fisher Scientific, Inc.). The
resuspended cells were filtered again through a 200-mesh cell
strainer. Then, the pellet was resuspended in 5 ml 40% Percoll
solution, overlaid with an equal volume of 12% Percoll solu-
tion and topped with 1 ml DMEM. A 30-min centrifugation
at 1,150 x g at 4°C allowed the HSCs to be located between the
phosphate-buffered saline (PBS) and 12% Percoll layers. The
isolated primary HSCs were cultured for 3 days in the DMEM
to promote spontaneous activation before being used in further
experiments.

UMB intervention of HSCs. The HSCs (6x10* cells/ml) were
seeded in 96-well plates, treated with 0, 2, 5, 10, or 20 uM
UMB, dissolved in dimethyl sulfoxide (DMSO) and cultured
for 72 h. The control group was the drug-free group. After
0-, 24-, 48- and 72-h treatment, HSC proliferation was
measured using CCK-8. Subsequently, the cells from each
group were incubated with the detection reagent at 37°C for
another hour. The HSC proliferation was measured using
Shimadzu UV-1800 UV-Vis Spectrophotometer at 450 nm.
The hydroxyproline concentration was determined using a
commercial kit. At the end of the experiment, the mRNA
expression of the fibrosis-related factors TGF-f1 and
o-SMA was assessed using reverse transcription-quantita-
tive (RT-q) PCR. The relative TGF-$1, a-SMA, p-Smad2/3
and Smad?2/3 protein expression levels were measured using
western blotting.

Histopathological examination. The rat liver tissues were
fixed in 4% paraformaldehyde for 24 h at 4°C for patho-
logical analysis. Standard dehydration, xylene-clearing and
paraffin-embedding were conducted and 4-um thick sections
were cut with a microtome. The liver tissue sections were
deparaffinized and stained with the H&E and Masson staining

kits. Finally, the histopathological changes in the liver tissue
were observed under a light microscope.

ELISA. Blood samples from each group were centrifuged
at 4,000 x g for 10 min at 4°C to obtain serum samples. The
serum TNF-a and IL-6 concentrations were measured using
Rat TNF-a ELISA kits (cat. no. Sekr0009) and Rat IL-6
ELISA kits (cat. no. Sekr0005). The ALT, AST, TBIL and
TBA concentrations were determined using the automated
biochemical analyzer and commercial clinical assay kits
(cat. no. M1059334, cat. no. M1059335, cat. no. M1224L,
cat. no. M122CM48).

Appropriate amounts of liver tissue or HSCs were obtained
from each group and the Hyp concentration was measured
using a standard commercial kit (cat. no. M1092986), which is
used to assess liver function indicators and evaluate liver func-
tion changes. The frozen liver tissues from each group were
weighed and homogenized in 0.9 ml ice-cold saline to prepare
a 10% homogenate. The homogenate was centrifuged at 4°C
for 10 min at 1,000 x g and the supernatant was collected.
The GSH, CAT, SOD and MDA levels in the liver tissue were
measured by chemichromatometry according to the direc-
tions of the reagent kits (cat. no. BC1170, cat. no. BC0200,
cat. no. BC5165, cat. no. BC0020).

Reverse transcription-quantitative (RT-g) PCR. Rat liver
tissue or HSCs were homogenized in lysis buffer using a
tissue homogenizer. Total RNA was extracted using TRIzol®
according to the supplier's instructions. The RNA concentra-
tion was measured and RNA purity was assessed by measuring
the optical density (OD) at 260/280 nm with a spectrophotom-
eter. The total RNA integrity was evaluated by agarose gel
electrophoresis. The total mRNA was reverse-transcribed into
cDNA according to the reverse transcription kit instructions.
RT-qPCR was performed using SYBR Green with an initial
denaturation for 30 sec at 95°C, followed by 40 cycles of
amplification (95°C for 5 sec and 60°C for 34 sec), according
to the manufacturer's protocol. Each sample was analyzed in
triplicate. The internal control was B-actin. The RNA expres-
sion levels were calculated using the comparative threshold
cycle (244€9) (20) method. Table I presents the RT-qPCR
primer sequences.

Western blotting. The rat liver tissues or HSCs were homog-
enized in RIPA buffer containing protease and phosphatase
inhibitors, then centrifuged at 4°C for 15 min at 8,945 x g to
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obtain the supernatant. The total protein concentration was
determined using a bicinchoninic acid (BCA) assay kit. A total
of 10 ul protein underwent sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (10% SDS-PAGE) and then were
transferred to a PVDF membrane. The membrane was blocked
with skimmed milk for 2 h at 4°C, then incubated at 4°C over-
night with primary antibodies against TGF-f1 (cat. no. 3711S),
p-Smad2/3 (cat. no. 12001C), and Smad2/3 (cat. no. 12460S)
(1:1,000 dilution in 3% skimmed milk) to measure the expres-
sion of the respective proteins. The internal control was
B-actin (1:1,000; cat. no. 4970T). After washing with TBST
(0.1% Tween 20), the membrane was incubated for 1 h with
secondary antibodies (1:1,000 dilution, cat. no. 7074P2) at
room temperature. After washing with TBST, the blots were
visualized using the ECL chemiluminescence kit. The protein
bands were scanned and detected using the Tanon-5200
chemiluminescent imaging system. Finally, the bands were
quantified using Image]J to calculate the relative expression
levels of each protein.

Statistical analysis. The data were analyzed using SPSS
(version 26.0). The measurement data are presented as the
mean + standard deviation. Statistical significance was assessed
using either the one-way analysis of variance (ANOVA) or
Student's t-test, followed by Tukey's post-hoc multiple compar-
ison tests to evaluate differences among groups. P<0.05 was
considered to indicate a statistically significant difference. The
statistical analyses were performed using GraphPad Prism 9.0
(Dotmatics).

Results

UMB alleviates CCl,-induced liver damage in the rat model.
There were no unexpected fatalities in any group throughout
the study. The control rats exhibited optimal health, charac-
terized by agility, regular dietary patterns and normal bowel
movements. By contrast, the model rats exhibited slightly
diminished mental states and signs of irritability. The rats
in the treatment group exhibited noticeable improvements
compared with the model rats.

Liver tissue abnormalities were identified using H&E
staining (21). The analysis revealed that the hepatocytes of the
model group had a disorganized arrangement and were accom-
panied by small and variably sized round vacuoles, along with
sporadic inflammatory cell infiltration. The UMB treatment
was followed by a notable improvement in hepatocyte integrity
and reduced inflammatory infiltration. Notably, the treatment
groups exhibited decreased hepatic steatosis, necrosis and
collagen deposition, suggesting a restoration towards normal
liver architecture (Fig. 1B). The Masson staining results
indicated markedly increased perivascular and interstitial
fibrosis in the CCl,-induced rats (22). UMB ameliorated these
fibrotic changes (Fig. 1C). Furthermore, the higher dose of
UMB (100 mg/kg) was more effective than the lower dose
(50 mg/kg), demonstrating that UMB markedly mitigated the
CCl,-induced liver pathology and fibrosis, providing substan-
tial protective and therapeutic benefits.

Effect of UMB on liver function indicators. AST and ALT
are critical biomarkers for assessing liver function and are
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extensively utilized in diagnosing liver damage in clinical
settings (23). TBIL and TBA are indicators of cholestasis,
reflecting the secretory and excretory capacities of the
liver (24). The present study evaluated changes in these
liver-associated parameters in CCl,-induced rats that received
50 and 100 mg/kg UMB. The results demonstrated a statisti-
cally significant dose-dependent reduction in AST, ALT, TBIL
and TBA levels in the treatment groups compared with the
model group (P<0.05; Fig. 1D-G). These results suggested that
UMB effectively mitigated hepatocyte damage and enhanced
liver functionality. Unexpectedly, the data also revealed that
UMB might alleviate liver injury-associated bile stasis.

Effects of UMB on inflammation levels. Inflammatory
responses activate HSCs, which regulate immune responses
by secreting chemokines and cytokines, or transform into
myofibroblasts that produce matrix, advancing liver fibrosis
progression (25). The inflammatory responses associated with
HF in the rats was evaluated using ELISA Kkits to quantify
the serum TNF-a and IL-6 concentrations following UMB
treatment. The results demonstrated that UMB significantly
decreased the serum TNF-a and IL-6 levels dose-dependently
compared with the model group (P<0.05; Fig. 2).

Following UMB intervention, a marked reduction in the
levels of pro-inflammatory cytokines TNF-a and IL-6 was
observed, which associated consistently with the diminished
inflammatory cell infiltration evident in liver histopathological
analysis. This concordance between cytokine modulation and
histopathological findings provided evidence supporting the
anti-inflammatory efficacy of UMB to reduce liver damage.

Effects of UMB on liver oxidative stress. Oxidative stress
is pivotal in the pathogenesis of liver disorders, markedly
contributing to hepatic injury and fibrosis advancement (26).
Hepatocytes combat oxidative stress using enzymatic and
non-enzymatic antioxidant defenses (27). The prominent
enzymatic antioxidants include SOD and CAT, whereas GSH
is a crucial non-enzymatic antioxidant (28). Furthermore,
MDA levels indicate lipid peroxidation (29). Given its recog-
nized antioxidant capabilities, the present study proposed that
UMB might protect rat livers against fibrosis by leveraging
these antioxidant mechanisms. This hypothesis was substan-
tiated by evaluating the expression levels of key oxidative
stress-associated markers. The results of the present study
demonstrated that UMB notably decreased MDA levels and
dose-dependently increased GSH, SOD and CAT concentra-
tions significantly compared with the control group (P<0.05;
Fig. 3). These results highlighted the efficacy of UMB in
limiting CCl,-induced oxidative stress in the liver and miti-
gating fibrosis, underscoring its potential to preserve liver
function by modulating antioxidant enzyme activities.

Effects of UMB on the expression of pro-fibrotic related genes
in HF rats. a-SMA and collagen I are pivotal in HSC activation
and the ensuing fibrosis process primarily through their roles
in ECM synthesis (30). Matrix metalloproteinases (MMPs)
and tissue inhibitors of metalloproteinases (TIMPs) regulate
ECM remodeling, with MMP-1 and TIMP-1 being crucial
for maintaining the balance within the liver matrix (31). The
present study aimed to elucidate the mechanism by which
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Figure 2. Effects of UMB on inflammation levels in HF rats. CCl,-induced rat HF models were treated with 50 or 100 mg/kg/day UMB. (A) Serum TNF-a
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UMB mitigates HF. The quantitative analysis results of the  that a-SMA, collagen I and TIMP-1 levels were significantly
mRNA expression of these fibrosis-related markers indicated elevated relative to those of the control group, whereas the
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mRNA expression was detected using RT-qPCR. mRNA expression of (A) a-SMA, (B) collagen I, (C) MMP-1 and (D) TIMP-1. (E) Hydroxyproline expres-
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UMB treatment (100 mg/kg).

model group had markedly reduced MMP-1 levels (P<0.05).
Significantly, 50 and 100 mg/kg UMB reversed these changes
dose-dependently (P<0.05; Fig. 4A-D). Furthermore, hydroxy-
proline levels, which indicate collagen deposition, were also
decreased significantly in the UMB-treated rat liver tissues,
indicating reduced fibrosis (P<0.05; Fig. 4E). These outcomes
suggested that UMB substantially reduced pro-fibrotic factor
expression and effectively counteracted HF progression.

Effects of UMB on the TGF-f1-Smad2/3 pathway in HF rats.
The effects of UMB on HF were assessed by quantifying
the TGF-p1, phosphorylated (p-)Smad2/3 and total Smad2/3
protein expression levels in rat liver tissues using western blot-
ting. The results revealed that the model group had markedly
elevated TGF-B1 and p-Smad?2/3 protein levels compared with
the control, suggesting enhanced fibrotic activity. Upon UMB
administration, there was a notable dose-dependent decrease
in the expression of these proteins, confirming the anti-fibrotic
efficacy of UMB (P<0.05). However, the UMB treatment did
not significantly alter the total Smad2/3 protein levels, indi-
cating a selective effect of UMB on the phosphorylated forms
of Smad proteins (P>0.05; Fig. 5).

UMB inhibits HSC activation and proliferation in vitro.
Considering the pivotal role of HSCs in HF onset and advance-
ment, the present study explored whether the beneficial effects

of UMB on reducing HF might be due to its capability of
suppressing HSC activation. The effects of UMB on HSC
proliferation were assessed using the CCK-8 assay, which
indicated that UMB significantly limited HSC proliferation
in a time- and dose-dependent manner (P<0.05). Notably, the
proliferation rates in the 2 and 5 yM UMB-treated groups
did not significantly diverge from those of the control group
(0 uM) at the 24-h mark, indicating no substantial effect at
these lower concentrations (P>0.05; Fig. 6A). The UMB treat-
ment dose-dependently suppressed the a-SMA and collagen
I mRNA levels of fibrogenic genes in the HSCs (P<0.05)
(Fig. 6B and C). Conversely, an increased UMB concentration
corresponded with a significant downtrend in HSC hydroxy-
proline levels (P<0.05; Fig. 6D). This trend underscored the
potential of UMB to effectively mitigate ECM accumulation,
thereby impeding HSC proliferation.

Effects of UMB on the TGF-f1-Smad2/3 pathway in HSCs.
TGF-p1 is a powerful pro-fibrotic factor essential for activating
HSCs, a process pivotal to HF development (32). The present
study aimed to delve deeper into the mechanisms through
which UMB impedes HSC activation and the resultant fibrosis.
Specifically, the present study examined the modulatory effects
of UMB on the TGF-p1 signaling pathway. It explored the
effects of UMB on the expression of critical proteins in HSCs
by administering different doses over different durations.
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The results demonstrated that the TGF-B1 and p-Smad2/3
expression levels in the HSCs paralleled those in the liver
tissue, demonstrating a significant dose-dependent response
(P<0.05). Conversely, the total Smad2/3 expression levels were
not statistically significantly altered (P>0.05; Fig. 7). These
results suggested that UMB potentially modulates the HSC
activation state by influencing TGF-p1 and p-Smad2/3 expres-
sion, which may be pivotal in HF progression.

Discussion

HF is a common pathological progression in a number of
chronic liver diseases, where timely and effective interven-
tion is pivotal for treating these diseases and preventing the
onset of cirrhosis and liver cancer (33). In various chronic
liver conditions, fibrosis is reversible before it advances to
severe cirrhosis. HSCs are specialized mesenchymal cells in
the liver that are crucial in normal physiological and patho-
logical processes (34). HSCs triggered by external stimuli
transdifferentiate into myofibroblasts, which significantly
contribute to ECM accumulation, leading to HF (35). UMB
is a natural coumarin from Rutaceae and Apiaceae plants
that has demonstrated efficacy in treating a range of acute
and chronic conditions due to its wide-ranging biological

and pharmacological properties (16). Nevertheless, its effec-
tiveness against HF has been relatively underexplored. The
present study investigated the protective effects of UMB
on CCl -induced HF in rats and its mechanisms on primary
cultured HSCs.

Previous studies (36,37) have demonstrated that UMB
intervention promoted the normalization of liver cell arrange-
ment in fibrotic rats, accompanied by reduced fibrous tissue
and inflammatory cell infiltration. Furthermore, administering
50 and 100 mg/kg UMB in the present study effectively
decreased the serum TNF-a, IL-6, ALT, AST, TBIL and TBA
levels in the fibrotic models. These observations indicated
that UMB may reduce inflammation in liver tissues and miti-
gate fibrosis-associated damage. Consequently, these results
underscored the potential of UMB to slow HF progression and
highlighted its significant hepatoprotective effects.

ECM deposition is the hallmark of HF and is pivotal in
disease progression. Under pathological conditions, TGF-31
overexpression catalyzes ECM accumulation (38). In this
context, a-SMA and collagen I are critical biomarkers for
assessing ECM deposition (39). The interplay between
MMPs and their inhibitors is essential for ECM remodeling,
with MMP-1 and TIMP-1 being particularly significant (40).
MMP-1 is a principal enzyme in collagen I and III degradation
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and facilitates ECM breakdown (41). Strategic modulation that
increases MMP-1 and decreases TIMP-1 markedly promotes
ECM degradation, mitigating HF in rat models (42). In the
present study, the fibrotic model rats exhibited elevated levels
of pro-fibrotic factors (TGF-f1, a-SMA and TIMP-1) and
notably reduced MMP-1 expression. Conversely, these trends
were reversed in the UMB-treated groups. In summary, the
findings demonstrated that UMB exerts a dose-dependent
reduction in the expression of fibrotic gene markers. For
example, curcumin appears to directly inhibit HSCs activa-
tion, as evidenced by its ability to downregulate key fibrotic
markers such as a-SMA and collagen I, consistent with
previous studies (25). In addition, Berberine may also modulate
the hepatic microenvironment through its anti-inflammatory
properties, reducing the release of pro-inflammatory cytokines
and regulating Kupffer cell activity, thereby indirectly attenu-
ating HSC activation (17). These dual mechanisms highlight
the multifaceted anti-fibrotic potential of UMB, suggesting
that its therapeutic effects are probably mediated through a
combination of direct actions on HSCs and broader modula-
tion of the liver microenvironment.

Oxidative stress represents an imbalance between oxidative
mechanisms and antioxidant processes in the body, contrib-
uting significantly to the development of conditions such as
atherosclerosis and fibrosis (43). Oxidative stress is pivotal
in HF, where excess free radicals inflict chemical damage on
lipids, proteins and carbohydrates (44). This damage disrupts
cellular metabolism, leading to liver cell injury and fibrosis
progression (45). The present study delved into the effects of
oxidative stress on HF by analyzing oxidative stress markers.
The rats with fibrosis exhibited reduced GSH, CAT and SOD
levels and markedly increased MDA, which indicated lipid
peroxidation caused by free radicals. Conversely, UMB mark-
edly increased antioxidant levels and significantly reduced
MDA levels, demonstrating its potential protective effects
against CCl,-induced HF. These results underscored the anti-
oxidative properties of UMB in counteracting HF.

TGF-p1 is pivotal in promoting fibrosis and is closely
linked to HF onset and progression. As downstream effectors
of TGF-p1, Smad2/3 proteins enhance TGF-f1-induced HF
through their phosphorylation processes. TGF-f1 activates the
Smad protein signaling cascade upon binding to its specific
receptors on the liver cell surface (45). This activation triggers
apoptosis and accelerates ECM synthesis while concurrently
inhibiting its degradation, thereby intensifying HF (11).
Consequently, inhibiting the TGF-f31-Smad signaling pathway
presents a dual therapeutic advantage: it reduces ECM forma-
tion and attenuates HF (46). The present study revealed that
the NF-xB pathway acted in concert with TGF-f1 signaling
and pharmacological inhibition of NF-«B markedly attenuated
TGF-f1-mediated hepatic fibrosis (47). In addition, there is
functional interplay between autophagy and TGF-f1 signaling,
showing that augmented autophagy alleviated TGF-f1-driven
hepatic fibrosis through the clearance of impaired organ-
elles and protein aggregates (48). The experimental results
supported this mechanism, demonstrating significantly
elevated TGF-pB1 and p-Smad2/3 levels in the model group,
which UMB treatment substantially reversed. The reduction
in p-Smad2/3 levels primarily reflected the inhibition of the
TGF-p1 pathway. However, UMB can modulate inflammatory

pathways, oxidative stress and other fibrotic signaling cascades,
which may synergistically contribute to its overall antifibrotic
effects.

Upon liver damage, the injured epithelial cells and fibrotic
tissues activate HSCs, prompting their transformation into a
myofibroblast phenotype that produces significant quantities
of ECM (49). This shift from balanced ECM synthesis to
degradation fosters scar tissue development, culminating in
HF (50). In vitro studies have demonstrated that UMB inhibits
HSC proliferation and reduces hydroxyproline production,
decreasing the TGF-f1, a-SMA, collagen I and p-Smad2/3
expression levels in the supernatant of these cells. This
evidence suggests that UMB effectively prevents TGF-31 acti-
vation, halts HSC conversion into contractile myofibroblasts
and suppresses ECM component secretion (51). Consequently,
UMB appears to mitigate inflammatory damage in liver cells,
inhibit HSC activation and decrease fibrogenic factor synthesis
and secretion by inhibiting the TGF-p1-Smad signaling
pathway, thereby offering a promising intervention for HF.

The present study demonstrated that UMB effectively
reversed HF by modulating the TGF-p1-Smad signaling
pathway and its associated factors, underscoring its capacity to
halt fibrosis through several pathways and targets. The mecha-
nism by which UMB intervenes in HF appears to involve
TGF-f1-Smad pathway regulation through the inhibition of
Smad2/3 protein phosphorylation and mRNA expression.
Consequently, this inhibition suppresses HSC activation and
proliferation, manages collagen metabolism and decreases
oxidative stress in liver tissue. These regulatory effects
contribute to reversing HF progression, offering innovative
perspectives and methodologies for TCM treatments and the
development of new clinical drugs.
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