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Abstract

Background: Liver fibrosis has become one of the leading causes of morbidity and mortality in the world. Liver fibrosis progresses
to cirrhosis and can eventually lead to hepatocellular carcinoma (HCC). During fibrogenesis, the hepatic stellate cells (HSCs) remain
active and continuously produce more extracellular matrix (ECM). Quercetin, one of the main flavonoids in vegetables, has shown
hepatoprotective potential, but its effects on liver fibrosis are not apparent.

Objectives: In this study, we investigated the antifibrotic activity of quercetin following stimulation of TGF-3 in the LX-2 cell line (a
type of HSC-derived cell line) and its underlying mechanism in vitro.

Methods: The LX-2 cells were treated with TGF-£1 (2 ng/mL) for 24 h. Next, the cells were treated with quercetin for 24 h, and the
mRNA expression of a-smooth muscle actin (a-SMA), collageniad, and p-Smad3 protein levels were measured.

Results: The results showed that the expression of a-SMA, collagen 1ai1 (COL1a1) genes, and also the level of p-Smad3 protein in the
presence of TGF-3 increased significantly compared to the control group. Moreover, quercetin in concentrations of 75 and 100 uM
inhibited TGF-S1-induced expression of a-SMA and COL1a1 genes and the p-Smad3 protein in LX-2 cells.

Conclusions: We conclude that quercetin inhibits further activation of HSCs by inhibiting the TGF-3/Smad3 signaling pathway and
reduces ECM accumulation during liver fibrosis in vitro, and may prevent the progression of liver fibrosis. Thus, the use of quercetin
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is suggested as a potential therapeutic agent in the treatment of liver fibrosis.

1. Background

Liver fibrosis has become one of the important causes
of morbidity and mortality in the world. Following liver
damage, hepatic stellate cells (HSCs) are activated, which
are important sources of extracellular matrix (ECM) pro-
duction. Liver fibrosis progresses to cirrhosis and can even-
tually lead to hepatocellular carcinoma (HCC)(1, 2). Several
factors can activate HSCs and contribute to the progres-
sion of liver fibrosis, including alcohol consumption, drug
abuse, hepatitis virus infection, and growth factors (3).

Among the growth factors, transforming growth fac-
tor (TGF-() plays an important role during the HSCs acti-
vation. Dysregulation of TGF-3 signaling pathways con-
tributes to the progression of liver fibrosis (4). TGF-£ par-
ticipates in the liver fibrosis processes by enhancing the
synthesis of collagen type 1 and other ECM proteins (5).
Smad proteins are intracellular mediators of the TGF-{3 sig-

naling pathway that demonstrate important roles in this
pathway (6, 7). During fibrogenesis, the HSCs remain ac-
tive and continuously produce more ECM. The accumula-
tion of excessive matrix is associated with an insufficiency
of liver function and predisposition to the expansion of
HCC (8). For this reason, new therapeutic approaches are
considered to prevent the progression of liver fibrosis by
returning HSCs from an active to inactive state (9).

Nowadays, there are new methods for reducing the
severity of liver fibrosis, such as targeting kinase receptors
and degradation of the ECM proteins. Therefore, the study
of the effect of drugs for the treatment of liver fibrosis and
accurate knowledge of signaling pathways in the progres-
sion of liver fibrosis can help find the best ways to reduce
and treat this disease. Finding and implementing appro-
priate therapies remain a severe challenge for science (9,
10).

Quercetin (3, 3’, 4, 5, 7-pentahydroxyflavone) belongs
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to the flavonols class that cannot produce in the human
body. Quercetin is the most common bioflavonoid in
vegetables. It is known for its antioxidant properties,
anti-inflammatory effects, anti-hypertensive, vasodilating
effects, anti-hypercholesterolemic (11), anti-carcinogenic,
anti-viral, inhibition of lipid peroxidation, and platelet
aggregation (12). Quercetin can reduce inflammatory cy-
tokines, such as IL-153, and alleviate metabolic and inflam-
matory disorders (13).

Treatment with quercetin dramatically suppressed NF-
kB activation in mice. Moreover, quercetin attenuated re-
active oxygen species production, mitochondrial dysfunc-
tion, and cell death (14). However, the ability of quercetin
to prevent the progression of liver fibrosis as an inhibitor
of some signaling pathways involved in fibrosis, has not
been fully investigated.

2. Objectives

The purpose of the present study was to investigate the
effect of quercetin on liver fibrosis in HSC lines (LX-2 cell
line) by examining the effects of quercetin on the TGF-3
signaling pathway and collagen expression. Our results
demonstrate that quercetin inhibits TGF-3/Smad3 signal-
ing and inhibiting the activation of HSCs; thus, quercetin
may act as an influential factor in preventing liver fibrosis.

3. Methods

3.1. Chemicals and Reagents

Quercetin, MTT (3-4, 5-Dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide), RIPA buffer and TGF-8
were purchase from Sigma-Aldrich (St. Louis, MO, United
States). The antibodies used in this study included anti-
GAPDH, anti-Smad3, and secondary anti-rabbit that were
purchased from Abcam (United Kingdom). The Dulbecco’s
modified Eagle’s medium (DMEM) medium, FBS (fetal
bovine serum), Trypsin-EDTA, and antibiotic (Penicillin-
Streptomycin) were obtained from (Idezist, Iran). The
Chemiluminescent detection kit (Bio-Rad Laboratories,
Inc. USA) and bicinchoninic acid (BCA) kit (Parstous, Iran)
were used. Dimethyl sulfoxide (DMSO) was purchased
from (Sinaclon, Iran). The present study was designed
and conducted with the permission of the Ethics Code
(IR.AJUMS.REC.1399.650).

3.2. Cell Culture Conditions

The LX-2 cells, gifted by Professor Scott Friedman, were
cultured in DMEM Low Glucose, containing 10% FBS in a
5% CO, atmosphere at 37°C. After starvation, the cells were
treated with TGF-51 (2 ng/mL) for 24 h (15). To prepare

quercetin solution, a certain amount of quercetin was dis-
solved in DMSO according to the manufacturer’s instruc-
tions and stored at -20°C. Then different concentrations
were added to the cell culture medium.

3.3. MIT Assay

Cell viability was evaluated using the MTT assay. The LX-
2 cellswere dispensed into 96 well plates in 5,000 cells/well
and incubated for 24 h at 37°C to allow attachment. When
the LX-2 cells reached 80 - 90% confluency, the medium
was treated with a complete medium consisting of differ-
ent concentrations of quercetin (25, 50, 75, 100, 125, and
150 M) for 24h (16). After removing the supernatant, the
cells were incubated with MTT (5 mg/mL in PBS) for 4 h.
After that, DMSO was added to dissolve the formazan crys-
tals formed, and the absorbance was read at 570 nm by an
ELISA plate reader. The results were expressed as a percent
of the untreated control. Each different concentration was
repeated in triplicate.

3.4. Quantitative RT-PCR

Total RNA was extracted using the QIAGEN RNA isola-
tion kit (Germany) according to the manufacturer’s pro-
tocol. After RNA extraction, analysis of purified RNA qual-
ity was probing by gel electrophoresis, and expected RNA
bands were seen. Complementary DNA (cDNA) was synthe-
sized using the cDNA synthesis Kit (Yekta Tajhiz, Iran).

Primers used for real-time PCR technique: (1)
collagen-1 (forward: 5/-CCTGGATGCCATCAAAGTCT-3/,
reverse:  5'-CGC-CATACTCGAACTGGAAT-3'); (2) aSMA
(forward: 5-CCGGGAGAAAATGACTCAAA-3/,  reverse:
5'-GCAAGGCATAGCCCTCATAG-3); and (3) GAPDH (for-
ward:  5-TTCACCACCATGGAGAAGGC-3/, reverse: 5'-
GGCATGGACTGTGGTCATGA-3'), which was used as the
housekeeping gene for normalization.

3.5. Western Blotting

Cells were lysed in RIPA lysis buffer for 20 min at 4°C.
After that, total protein concentration was measured us-
ing a BCA protein detection kit (Parstous, Iran). Equal
amounts of extracted protein samples were loaded onto a
10% SDS-PAGE gel and transferred onto polyvinylidene flu-
oride (PVDF) membranes (Millipore, USA). After blocking
with 5% bovine serum albumin at room temperature for
1 h, the membrane was incubated in anti-Smad3 or anti-
GAPDH antibody with a gentle shaking overnight at 4°C.
Then, the membrane were incubated with the appropriate
horseradish peroxidase-conjugated secondary antibody at
room temperature. Subsequently, PVDF membrane was
incubated with an ECL system for detecting signals on a
ChemiDoc device. Image ] software was used to calculate
the expression of each protein.
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3.6. Statistical Analysis

All experiments were performed with three replica-
tions. The data were analyzed as (means £ SEM) using
ANOVA and Tukey post hoc test with Prism 9 software. The
significance level was considered P < 0.05.

4. Results

4.1. The Effect of Quercetin on the Survival of HSCs

Different concentrations of quercetin (25, 50, 75, 100,
125, and 150 M) were examined by MTT assay at 24 h. At
a concentration of 125 uM quercetin, the percentage of cell
survival was significantly reduced (P < 0.001, Figure 1A and
B). Therefore, concentrations lower than IC50 were used to
study gene expression.

4.2. Inhibitory Effect of Quercetin on HSCs Activation

To evaluate the expression of a-smooth muscle actin
(a-SMA) and collagen 1a1 (COL1a1), the cells were incu-
bated with a concentration of 2 ng/mL TGF-$ for 24 hours.
The expression levels of a-SMA and COL1a1 were increased
compared to the control group (P < 0.01). Then the cells
were treated for 24 h with concentrations of 25, 50, 75, and
100 uM of quercetin. The expression levels of a-SMA and
COL11 in the presence of quercetin were significantly re-
duced compared to the TGF-3 group (Figure 2A and B).

4.3. Inhibitory Effect of Quercetin on Smad3 Activation

To investigate the relationship between quercetin and
the TGF-f/Smad3C signaling pathway in HSCs, at first, the
cells were treated with concentrations of 25,50, 75,and 100
uM of quercetin for 30 min; then, the cells were treated
with a concentration of 2 ng/mL TGF-3 for 30 min. Com-
pared to the control group, the level of phosphorylation of
Smad3C (p-Smad3C) in the TGF-3 group increased signifi-
cantly. Also, quercetin significantly inhibited the increase
in the p-Smad3C levels compared to the TGF-3 group (Fig-
ure 3A and B).

5. Discussion

Liver fibrosis is one of the main causes of mortality in
chronic liver disease due to hepatocyte damage and activa-
tion of HSCs (17). In the progression of liver fibrogenesis,
activated HSCs play an important role as the main source
of ECM production in the liver (18). Increasing evidence
suggests that TGF-31is a crucial mediator by activating its
downstream Smad signaling pathway in the pathogenesis
of liver fibrosis (19). Excessive TGF/1 expression leads to
HSCactivation and collagen deposition in the liver, thereby
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giving significant evidence for the stimulatory role of TGF-
[1in liver fibrogenesis (20).

Currently, the lack of effective antifibrotic drugs in the
prevention and treatment of liver fibrosis is a major global
problem. Therefore, many studies are conducted to find
effective and promising hepatic antifibrotic agents (17).
Quercetin is a natural flavonoid that has strong antioxi-
dant properties and activates superoxide dismutase and
catalase. Quercetin exhibits many biological activities in-
cluding, anti-inflammatory and liver protection. Previous
studies have evaluated the effects of quercetin on liver fi-
brosis, but its impacts on signaling pathways are not ap-
parent (21). This study aimed to investigate the antifibrotic
effects of quercetin and its role in the TGF-31 signaling
pathway in a model of induced hepatic fibrosis with TGF-
[1.

We evaluated collagen synthesis and activated HSCs
markers by measuring the mRNA expression levels of
COL1a1 and a-SMA genes, respectively. We found that
the expression levels of these fibrogenic markers were
significantly lower than the control group compared to
quercetin treatments (Figure 2A and B). As shown in our
study, phosphorylation of Smad3 (p-Smad3) protein was
significantly increased in the LX-2 by TGF-£1, but it was
reduced by quercetin (Figure 3A and B). The underlying
molecular mechanisms for the effect of quercetin involved
inhibition of HSCs activation and reduced expression of a-
SMA and COL1q, resulting from blocking TGF-/31/Smad sig-
naling. According to our study, the study of Wu et al. re-
ported that quercetin could inhibit HSCs activity and pos-
sibly decrease autophagy by affecting the TGF-1/Smad sig-
naling pathway. The productions of ECM, collagen I, and a-
SMA are inhibited (22). These data are in agreement with
the results of studies that quercetin treatment inhibits
HSC activation and the expression of collagen, TGF-31, and
a-SMA markers in vivo (23).

The study of Yang et al. suggested that isorhamine (the
3’-0-methylated metabolite of quercetin) inhibits the TGF-
[/Smad signaling pathway and relieves oxidative stress.
Therefore, it prevents the activation of HSC and prevents
liver fibrosis (24). Studies have also shown that the addi-
tion of methyl group to on functionally important posi-
tion can increase the antifibrotic effect of quercetin in the
treatment of liver fibrosis (25).

As expected, COL1a1, a-SMA mRNA, and p-Smad3 pro-
tein were upregulated in LX-2 cell line induced by 2 ng/mL
TGF-3 for 24 h, while all were suppressed by quercetin
treatment. These data are consistent with the observa-
tions of Li et al., who showed that quercetin treatment in-
hibited HSC activity in vitro by affecting the expression of
COL1a1, TGF-51, and a-SMA markers (26). In the present
study, quercetin in concentrations of 75 and 100 ;M inhib-
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Figure 1. Effect of different concentrations of quercetin on the survival of LX2 cells. A, B, MTT assay results showing cell viability under different quercetin concentrations
over 24 h. Results are shown as mean + SEM. Statistical analysis was performed by one-way ANOVA and Tukey post hoc test using GraphPad Prism 9 software (**P < 0.01, ***P <

0.001).
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Figure 2. a-SMA and Collagenicr (COLA1) mRNA expression in the presence of TGF-3 (2 ng/mL) and quercetin for 24 h in LX2 cell line: A, relative COLAI mRNA expression in the
presence of different concentrations of quercetin for 24 h; B, relative c-SMA mRNA expression in the presence of different concentrations of quercetin for 24 h. Results are the
mean =+ SEM of three replicates and expressed as fold changes in c-SMA and COLA1 mRNA expression compared to the control group. GAPDH was used as the reference gene
(**P < 0.01vs vehicle-treated control; #P < 0.05 vs TGF-3 alone; ## P < 0.01vs TGF-/3 alone).

ited TGF-G1-induced expression of a-SMA and COL1a in LX-
2 cell line. Hence, the inhibitory effect of quercetin in liver
fibrosis may be closely related to decreasing TGF-$3 produc-
tion because the expression of TGF-3 in the HSCs was reg-
ulated by Smad2/3 phosphorylation. Quercetin has been
shown to inhibit the p-Smad3 and finally TGF-5 signaling
pathway, which is consistent with other studies (22).

As aresult, the data suggested that the possible mech-
anism of inhibition of liver fibrosis by the quercetin is due
to the direct regulation of TGF-/3/p-Smad3 signaling path-

way. Thus, suppression of TGF-0 expression may improve
hepatic fibrosis, and its mechanism of action is through
the TGF-/Smad3 signaling pathway. In summary, treat-
ment with quercetin ultimately may inhibit the activation
of HSCs in vitro.

5.1. Conclusions

We demonstrate that quercetin inhibits further activa-
tion of HSCs by inhibiting the TGF-3/Smad3 signaling path-
way and reduces ECM accumulation during liver fibrosis
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Figure 3. A, western blot analysis of Smad3C expressions in LX-2 cells. LX-2 cells were treated with different quercetin concentrations for 30 min before being incubated
with concentrations of 2 ng/mL TGF-3 for 30 min, the cell lysates were immunoblotted; B, the relative Smad3C level. The relative Smad3C level were expressed as the ratio
Smad3C|/GAPDH. The bands were analyzed with Image] software. The data were performed using one-way analysis of variance (ANOVA), followed by the Tukey’s test. Data
represent the mean == SEM of three replicates (**P < 0.01vs vehicle-treated control; ##P < 0.01vs TGF-(3 alone).
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in vitro, and may prevent the progression of liver fibrosis.
The use of quercetin is suggested as a potential therapeutic
agent in the treatment of liver fibrosis.
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