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Abstract: NADPH oxidases (NOXs) are a predominant mediator of redox homeostasis in
hepatic stellate cells (HSCs), and oxidative stress plays an important role in the pathogenesis
of liver fibrosis. Ursolic acid (UA) is a pentacyclic triterpenoid with various pharmacological
activities, but the molecular targets and underlying mechanisms for its antifibrotic effect in the
liver remain elusive. This study aimed to computationally predict the molecular interactome
and mechanistically investigate the antifibrotic effect of UA on oxidative stress, with a focus on
NOX4 activity and cross-linked signaling pathways in human HSCs and rat liver. Drug—drug
interaction via chemical—protein interactome tool, a server that can predict drug—drug interac-
tion via chemical—protein interactome, was used to predict the molecular targets of UA, and
Database for Annotation, Visualization, and Integrated Discovery was employed to analyze
the signaling pathways of the predicted targets of UA. The bioinformatic data showed that
there were 611 molecular proteins possibly interacting with UA and that there were over 49
functional clusters responding to UA. The subsequential benchmarking data showed that UA
significantly reduced the accumulation of type I collagen in HSCs in rat liver, increased the
expression level of MMP-1, but decreased the expression level of TIMP-1 in HSC-T6 cells.
UA also remarkably reduced the gene expression level of type I collagen in HSC-T6 cells. Fur-
thermore, UA remarkably attenuated oxidative stress via negative regulation of NOX4 activity
and expression in HSC-T6 cells. The employment of specific chemical inhibitors, SB203580,
LY294002, PD98059, and AG490, demonstrated the involvement of ERK, PI3K/Akt, and p38
MAPK signaling pathways in the regulatory effect of UA on NOX4 activity and expression.
Collectively, the antifibrotic effect of UA is partially due to the oxidative stress attenuating effect
through manipulating NOX4 activity and expression. The results suggest that UA may act as a
promising antifibrotic agent. More studies are warranted to evaluate the safety and efficacy of
UA in the treatment of liver fibrosis.
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Introduction

Liver fibrosis remains the major cause of morbidity and mortality worldwide. It causes
several notorious complications, including ascites, portal hypertension, encephalopathy,
and liver failure, and it accelerates the risk of hepatocellular carcinoma, placing a sub-
stantial burden to individual, society, and health care system.'?> The liver fibrosis-driven
chronic liver disease and cirrhosis cause 36,427 deaths and with a ratio of 11.5/100,000 in
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2013 in USA.! This is a complicated etiology of hepatic fibro-
sis. Viral infection is the most common contributing factor to
liver fibrosis affecting 1%—2% of the US population,’ and liver
fibrosis resultant cirrhosis is projected to reach 45% of those
infected with hepatitis C virus patients in 2030.* Hepatitis
B virus is the main type of hepatitis virus in the People’s
Republic of China with a substantial contribution to the inci-
dence of liver fibrosis.>* Moreover, nonalcoholic fatty liver
disease and nonalcoholic steatohepatitis are also important
causes of liver fibrosis, and over 20% of patients with non-
alcoholic steatohepatitis progress to cirrhosis worldwide.” In
addition, other etiologies of liver fibrosis and its late-stage
liver injury include alcohol-induced disease, drug-induced
toxicity, other liver infections (eg, schistosomiasis), immune-
mediated liver diseases (eg, autoimmune hepatitis), metabolic
disorders (eg, lipid, glycogen, or metal storage disorders), and
cholestasis (eg, secondary biliary cirrhosis).

To date, the molecular mechanisms that underlie the
development of liver fibrosis have been extensively inves-
tigated, including epithelial to mesenchymal transition and
inflammatory response.®!° Notably, increasing evidence sug-
gests that oxidative stress has been implicated in the patho-
genesis of liver fibrosis, with the intracellular accumulation of
excessive reactive oxygen species (ROS), and the compelling
evidence shows the involvement of ROS in the development
of liver fibrosis with a regulatory role in a variety of cellular
processes.”!13 However, the specific targets and signaling
pathways have not been fully mapped yet, and the sources
of ROS have not yet been conclusively determined in the
pathogenesis of liver fibrosis. There are several enzymatic
sources of ROS, including NADPH oxidase (NOX) family
of oxidoreductases, nitric oxide synthases, xanthine oxidase,
and cytochrome P450, of which NOX is the most important
ROS-generating enzyme in both plants and animals, espe-
cially in mammals. In the liver, NOX has been involved in
fibrogenesis. In particular, NOX4 is one of seven NOX iso-
forms and is the most widely distributed isoform."! It has been
reported that a functionally active form of NOX is expressed
in hepatic stellate cells (HSCs) and that NOX-generated ROS
serve as a second messenger for profibrogenic factor signal
transduction in HSCs. However, regulation of NOX in HSCs
remains largely elusive.

Recently, it has been proposed that antioxidants hold
promise as potential antifibrotic therapies due to the
ROS-attenuating effect.'>!* Ursolic acid (UA), a natural
pentacyclic triterpenoid carboxylic acid, is the major com-
ponent of certain traditional medicinal herbs and possesses
a wide range of biological functions, such as antioxidative,

anti-inflammatory, and anticancer activities."* UA exerts a
protective effect against ethanol-induced toxicity in isolated
rat hepatocytes and ethanol-mediated experimental liver
damage in rats.'>'® Our previous studies showed that UA
significantly inhibited the proliferation of HSCs and induced
apoptosis in vitro.!” Moreover, Steinkamp-Fenske et al'®
showed that UA downregulated the expression level of NOX4
and suppressed ROS generation in human endothelial cells.
However, there is a lack of study on the antifibrotic effect of
UA, and the underlying mechanisms of the antifibrotic effect
of UA are largely unknown.

Therefore, the present study aimed to evaluate the molec-
ular targets of UA and analyze the molecular interactome
of UA using computational and bioinformatic approaches
and, subsequently, examine the antifibrotic effect of UA and
delineate the underlying mechanisms in HSCs and Sprague
Dawley rats.

Materials and methods

Prediction of the interactome of UA and pathway
analysis by molecular docking and bioinformatic
approach

The prediction of interactome of UA was performed using
the drug—drug interaction via chemical—protein interactome
(DDI-CPI) tool (http://cpi.bio-x.cn/ddi/) as previously
described.”” DDI-CPI is a web-based server that can be
used to predict DDI via CP1.2%2! In brief, protein targets

were obtained from a third-party protein structure database
named PDBbind (http://sw16.im.med.umich.edu/databases/
pdbbind/index.jsp), which was based on the contents of
Protein Data Bank (PDB).?? There are a total of 1,780 PDB
entries of human proteins available in PDBbind, and a total

of 301 nonredundant PDBs corresponding to 353 ligand-
binding pockets were identified from it, with 86% of which
have resolutions <2.5 A. The docking boxes for each of the
pockets were defined by expanding the circumscribed cube of
the pocket with a margin of 8 A at six directions (up, down,
front, back, left, and right). For the preparation of the UA,
the 2D structure of the UA was downloaded from PubChem.
The hydrogen and Gasteiger charge were added, and the
PDB file was converted into mol2 format using VEGA ZZ.
The docking program AutoDock 4.2 was used to dock the
prepared UA molecule into all 353 pockets, generating a
score vector of 353 dimensions. Z’-scores were then calcu-
lated using the methodologies we applied previously.202324
Here, an empirical threshold of —0.6 of the Z’-score was set
to indicate that the binding of UA toward this target was
likely to be true.
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Pathway analysis by Database for Annotation,
Visualization, and Integrated Discovery

Following the computational target prediction, the Database
for Annotation, Visualization, and Integrated Discovery
version 6.7 (DAVID, http://david.abcc.ncifcrf.gov/) was
employed to interpret the biological function of the potential
targets of UA derived from DDI-CPL"?' The protein IDs of
these targets from UniProtKB, NCBI, and other sources were

converted into gene lists by using the Gene ID Conversion Tool
in DAVID. The DAVID database adds biological function
annotation including gene ontology, pathway, protein—protein
interactions, functional groups of genes (ie, clustering), and
disease association derived from main public data sources. The
genes of interest were visualized using BioCarta and Kyoto
encyclopedia of Genes and Genomes (KEGG) pathway maps.
The high classification stringency was selected for functional
annotation clustering. Enrichment scores and Fisher’s exact
test P-values (and corresponding false discovery rate) were
then calculated to identify which functional-related gene
groups were significantly enriched in the target list. These
significant enriched gene groups could provide clues on how
UA interacts with molecular targets in a systematic way.

Chemicals and reagents

Recombinant rat leptin was purchased from Peprotech Inc.
(Rocky Hill, NJ, USA). UA, diphenyleneiodonium (DPI),
dimethyl sulfoxide (DMSO), Thiazolyl blue tetrazolium
bromide (MTT) and protease inhibitor and phosphatase
inhibitor cocktails were purchased from Sigma-Aldrich Co.,
(St Louis, MO, USA). Dulbecco’s Modified Eagle’s Medium
(DMEM), fetal bovine serum, and AG490 were purchased
from Thermo Fisher Scientific (Waltham, MA, USA).
Antioxidant N-acetyl-L-cysteine (NAC) was purchased
from Solarbio Inc. (Beijing, People’s Republic of China).
PD98059, an extracellular signal-regulated kinase (ERK)
inhibitor, was purchased from Promega Corporation (Fitch-
burg, WI, USA). SB203580, a p38 mitogen-activated protein
kinase (p38 MAPK) inhibitor, LY294002, a phosphoinositide
3-kinase (PI3K) inhibitor, and the ROS assay kit (which
contains 2’,7’-dichlorofluorescin diacetate [DCF-DA]) were
purchased from Beyotime Inc. (Jiangsu, People’s Republic
of China). p47°** antibody was purchased from Bioworld
Inc. (St Louis Park, MN, USA); gp91rhex, p22rier and Racl
antibodies were purchased from Abcam Inc. (Cambridge,
MA, USA). p67°tx PI3K (p110av), protein kinase B (Akt),
phosphorylated (p)-Akt, p-ERK1/2, p-p38 MAPK, and p38
MAPK antibodies were purchased from Cell Signaling Tech-
nology, Inc. (Danvers, MA, USA). TIMP metallopeptidase

inhibitor 1 (TIMP-1) and matrix metalloproteinase-1
(MMP-1) antibodies were purchased from PL Laboratories
Inc. (Port Moody, British Columbia, Canada). The a-smooth
muscle actin (0-SMA) antibody was purchased from Santa
Cruz Biotechnology Inc. (Dallas, TX, USA), and the B-Actin
antibody and goat anti-rabbit secondary antibodies were
purchased from Zhongshan Golden Bridge Biotechnology
Co., Ltd. (Beijing, People’s Republic of China).

Cell culture and treatment

The immortalized rat liver stellate cell line (HSC-T6) was
kindly provided by Dr L-M Xu, Shanghai University of
Chinese Traditional Medicine (Shanghai, People’s Republic
of China). These cells exhibit the phenotype that most closely
resembles primary rat stellate cells.?> HSC-T6 cells were cul-
tured in DMEM supplemented with 10% fetal bovine serum,
penicillin (120 pg/mL), and streptomycin (100 pg/mL)
at a humidified atmosphere of 5% CO, at 37°C. The culture
medium was replaced with serum-free DMEM (serum starva-
tion) for 24 hours before the start of the experiments.

Animals and experimental design

A total of 32 male Sprague Dawley rats (weighing between
180 g and 200 g) were experimented in the present study.
All animals were housed in plastic cages containing wood
shaving and cotton bedding and maintained in a room at
22°C-25°C with a 12-hour day/night cycle and had free
access to standard laboratory diet and water. The animal
study protocol was approved by the Institutional Animal
Care and Use Committee of the First Affiliated Hospital
of Nanchang University. Dimethylnitrosamine (DMN)
and UA were freshly dissolved in saline at predetermined
concentrations.

A liver fibrosis model was established in rats by admin-
istering 1% DMN at a dosage of 1 mL/kg body weight by
intraperitoneal injection for 3 consecutive days per week
for 4 weeks. At week 5, the DMN-treated rats with liver
fibrosis were randomly divided into three groups with or
without UA treatment for another 4-week treatment. The
UA groups were administered by intraperitoneal injections
at dosages of 20 mg/kg (UA-2) and 40 mg/kg (UA-3) per
day. The DMN group received DMN alone for 8 weeks. The
vehicle group was treated with a volume of saline that was
equivalent to the volume used per day in UA groups. The
rats were euthanized by saline perfusion and exsanguinated
via the inferior vena cava 1 day after the last treatment. The
liver and blood samples were collected and stored at —80°C
for further analysis. During the period of experiment, if the
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weight loses 10%, mice will be euthanized. Also, the mice
will be immediately euthanatized if other symptoms such
as pale mucous membranes, shivering, failure to respond to
stimuli, piloerection, matted hair coat, soiled anogenital/vent
area, and vocalization are observed.

MTT assay

To examine the effect of UA on the proliferation of HSC-T6
cells, the MTT assay was performed. Briefly, HSC-T6 cells
were seeded in to 96-well plates with medium containing
leptin at a confluence of ~60% following a 24-hour starvation.
The cells were treated with UA (50 uM), AG490 (50 uM),
or DPI (20 uM) for 12 hours, 24 hours, or 48 hours, respec-
tively. After the treatment, a volume of 10 UL of thiazolyl
blue tetrazolium bromide (MTT) (5 mg/mL) was added and
incubated for an additional 4 hours. Then, the medium was
carefully aspirated, and the 100 uL of DMSO was added to
dissolve the formazan particle. The absorption intensity was
measured using a microplate reader (Bio-Rad 550; Bio-Rad
Laboratories Inc., Hercules, CA, USA) at 490 nm.

Histological evaluation

To examine the effect of UA on the general characterization,
inflammatory cell infiltration, and disposition of connective
tissue in rat liver, the hematoxylin and eosin and van Gieson
staining were performed.

Determination of serum maleic
dialdehyde and superoxide dismutase

levels

In order to assess the antioxidative effect of UA in rats, the
blood level of maleic dialdehyde (MDA) and superoxide
dismutase (SOD) activity were examined using the thiobar-
bituric acid method.

Measurement of intracellular ROS level

To further examine the antioxidative effect of UA in HSC-T6
cells, the intracellular ROS level was determined using flow
cytometry by the oxidation-sensitive probe DCF-DA as
previously described.?*?” DCF-DA, a ROS probe that under-
goes intracellular deacetylation followed by ROS-mediated
oxidation to a fluorescent DCF, was used to measure ROS
generation in the cytoplasm and cellular organelles.?%
HSC-T6 cells were treated with UA (50 uM), NAC (10 mM),
DPI (20 uM), or AG490 (50 uM) in the absence or presence
of leptin. After the treatment, cells were incubated with
DCF-DA (10 uM) for 20 minutes. Then, cellular fluorescence
intensity was measured using a FACScan flow cytometer
(Becton Dickinson, San Jose, CA, USA) at excitation and

emission wavelengths of 488 nm and 525 nm, respectively.
The intracellular ROS level was calculated as a percentage
of DCF fluorescence intensity relative to the vehicle controls
(untreated HSC-T6 cells).

Determination of NOX activity

Following the examination of ROS generation in HSC-T6
cells, the NOX activity was determined to address the
regulating effect of UA on the enzymatic source of ROS
in HSC-T6 cells as previously described with some
modifications.?’3%3! Briefly, HSC-T6 cells were incubated
in the culture medium in the absence or presence of lep-
tin and treated with UA (50 uM), NAC (10 mM), DPI
(20 uM), or AG490 (50 uM). After the treatment, the cells
were harvested by trypsinization, pelleted by centrifuga-
tion at 2,500x g for 5 minutes at 4°C and resuspended in
PBS. Subsequently, the cells were incubated with 250 uM
of NADPH. NADPH consumption was monitored by the
decrease in absorbance at A=340 nm for 10 minutes. For
the specific analysis of NOX activity, the rate of NADPH
consumption specifically inhibited by DPI was measured by
pretreated with 10 uM of DPI for 30 minutes. An aliquot
of cells was lysed by adding sodium dodecyl sulfate, and
the protein concentration of the cell lysate was determined.
The absorption extinction coefficient used to calculate the
amount of NADPH consumed was 6.22 mM™' cm™. The
data of NOX activity were expressed as picomol per liter
of substrate per minute per milligram of protein.

Western blotting analysis

Whole-cell extracts were obtained using Triton lysis
buffer that contained protease inhibitor and phosphatase
inhibitor cocktails. Liver extracts were obtained in modified
radioimmunoprecipitation buffer. The proteins were loaded
and separated by sodium dodecyl sulfate/polyacrylamide
gel electrophoresis and transferred to a nitrocellulose
membrane. Then, the membrane was blocked at room tem-
perature for 1 hour with 5% nonfat milk in Tris-buffered
saline with Tween (TBST), followed by the incubation
with indicated primary antibodies overnight at 4°C. Next,
the membranes were washed and incubated with the cor-
responding secondary antibody conjugated to horseradish
peroxidase (HRP) at room temperature for 1 hour. Visual-
ization was performed using Bio-Rad ChemiDoc™ XRS
system (Hercules, CA, USA) with enhanced chemilumines-
cence substrate, and the blots were analyzed using Image
Lab 3.0 (Bio-Rad Laboratories Inc., Hercules, CA, USA).
Protein level was normalized to the matching densitometric
value of internal control.
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Reverse transcription polymerase chain

reaction

Total RNA was extracted using TRNzol A*total reagent (Tiangen
Biotech, Beijing, People’s Republic of China) and subject to
reverse transcription with dT15-oligonucleotide and Moloney
Murine Leukemia Virus (M-MLV) reverse transcriptase (Pro-
mega Corporation, Fitchburg, WI, USA). The primers for type
collagen and B-Actin used in the reverse transcription polymerase
chain reaction are shown in Table 1. The mRNA levels of the
type I collagen gene were normalized to the B-Actin mRNA
level. The number of amplification cycles was 30, and the specific
amplicons were analyzed by 1% agarose gel electrophoresis and
visualized with ethidium bromide.

Statistical analysis

The results are expressed as the mean + standard deviation.
Differences between groups were compared using one-way
analysis of variance followed by the Tukey’s test. Data with
a skewed distribution or heterogeneity of variance were
analyzed by the Kruskal-Wallis nonparametric test followed
by a Nemenyi test. A P-value <0.05 was considered to be
statistically significant.

Results

UA likely interacts with a number of important
functional proteins

First, we computationally predicted the molecular targets
of UA using our web-based DDI-CPI tool. There were 611
proteins that possibly interacted with UA (Table 2), includ-
ing those involved in MAPK signaling pathway (FGFR2,
TRAF2, FGFR1, HRAS, GRB2, MAPKAPK3, MAPKAPK?2,
AKT1, CDC42, TNFRSF1A, CASP3, RAC1, PRKACA,
PAK1, TRAF6, AKT2, EGFR, PRKCA, MAP2K1, BRAF,
TGFBRI1, TP53, RAF1, MAPK10, PRKCB, MAPK1, DUSP3,
RPS6KA1, MAPK14, MAPK3, PLA2G2A, MAPK®9, and
MAPKS), apoptosis (PIK3CG, TRAF2, XIAP, TP53, BCL2L1,
AKT1, IRAK4, TNFRSF1A, CASP3, CASP7, BCL2, CASPS,
PRKACA, and AKT2), energy metabolism (PPARA, PDPK1,
PPARD, CHKB, RXRA, PPARG, FABP3, FABP4, FABP7,
MMP-1, PCK1, NR1H3, NAMPT, CD38, NT5M, PNP, and
NNMT), and cell proliferation (YWHAZ, TP53, TTK, CDKGo,

Table | Primer sequences for type | collagen and B-Actin

CHEK1, RB1, CHEK?2, SFN, WEE1, CDK2, HDAC2, PLK1,
GSK3B, MDM2, and ABL1). Furthermore, as shown in
Table 3, our DAVID analysis showed that there were 49 functional
clusters that were identified to be significantly enriched (enrich-
ment score >3) in the target list derived from molecular docking
calculations, including energy metabolism, signal transduction,
vascular regulation, and carbohydrate metabolism. Furthermore,
there were 76 KEGG pathways significantly enriched in the
target list (Table 4), such as MAPK, p53, and mTOR signaling
pathways.

Following the bioinformatical prediction of the molecu-
lar interactome of UA, we functionally and mechanistically
examined the effect of UA on the liver fibrosis through the
assessment of collagen accumulation and ROS generation
in vitro and in vivo.

UA ameliorates DMN-induced hepatic

fibrosis in rats
First, we established the model of liver fibrosis and examined
the effect of UA on liver fibrosis in rats through examining the
accumulation of collagen in rat HSCs. As shown in Figure 1A
and B and Table 5, there is marked difference in the collagen
disposition in rat HSCs. Compared to the vehicle group, rats
that received 1% DMN treatment remarkably increased the
accumulation of collagen in HSCs (Figure 1B). Administra-
tion of rats with UA at 20 mg/kg and 40 mg/kg decreased
the collagen accumulation in rat HSCs (Figure 1C and D).
Notably, high dose (40 mg/kg) of UA normalized the level
of collagen in rat HSCs (Figure 1D).

Furthermore, we examined the expression level of 0-SMA,
a marker of HSCs activation and fibrogenesis in rat liver.
Treatment of rats with 1% DMN gave a remarkable increase
(5.7-fold) in the expression lever of a-SMA in rat liver, com-
pared to the vehicle control (Figure 2A and B, P<<0.001).
However, administration of rats with UA at 20 mg/kg
and 40 mg/kg markedly decreased UA-induced expression
level of a-SMA by 54.9% and 70.6% in rat liver, respec-
tively (Figure 2A and B, P<<0.001). Higher dose (40 mg/
kg) of UA exhibited a more potent inhibitory effect on the
expression level of o-SMA than that of low dose (20 mg/
kg) of UA in rat liver (Figure 2A and B). Taken together,

Gene Sequence

Amplicon length (bp)

Type | Collagen

Sense: 5-GGGGCAAGACAGTCATCGAA-3’ 144

Antisense: 5-GGATGGAGGGAGTTTACACGAA-3’

B-Actin

Sense: 5-TCAGGTCATCACTATCGGCAAT-3’ 432

Antisense: 5-AAAGAAAGGGTGTAAAACGCA-3’

Abbreviation: bp, base pair.
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FDR

Benjamini

Fold

P-value Genes

%

Count

Term

Table 4 (Continued)

Category

enrichment

3.1

59.39099
60.74629
61.67824

0.155886
0.1591473
0.1607853

6.39
56

HSD17B10, CDK5RI, IDE, MME, CDK5, NAEI, MAPK I, TNFRSFIA,
APP, CASP3, BACE2, GSK3B, CASP7, MAPK3, CASP8, BACE I, ADAM7

NAMPT, CD38, NT5M, PNP, NNMT

XDH, NAT I, NAT2

0.072217
0.074832
0.076679

1.07
0.64
3.64

17

Nicotinate and
nicotinamide
metabolism
Caffeine metabolism
Alzheimer’s disease

KEGG pathway
KEGG pathway
KEGG pathway

62.41638

0.1616832

1.58

PRKCA, PPP2R 1A, PPARD, ROCK I, MMP-7, TP53, MAPK 10, PRKCB,

0.078172

343

16

Wht signaling pathway

KEGG pathway

CSNK2A2, CSNK2A 1, PPP2CA, GSK3B, RACI, MAPK9, PRKACA, MAPK8
EGFR, FGFR2, PIK3CG, FGFRI, ITGAL, HRAS, ROCK I, BRAF, MAP2K 1,
RAFI, PPPICC, CDC42, MAPKI, PPPICA, PTK2, TIAM I, PAK4, F2,

MAPK3, RACI, PAKI

63.75741

0.1650651

1.46

0.080954

4.50

Regulation of actin 21

KEGG pathway

cytoskeleton

64.08485

0.164358

2.98

EGFR, MAPK I, MAP2K I, GRB2, MAPK3

0.081647

1.07

Dorso—ventral axis

KEGG pathway

formation

66.4176

0.172031

3.73

TYMS, DHEFR, ATIC, GART

0.086763

0.86

4

One carbon pool by

KEGG pathway

folate

68.17856

0.1775696

222

Abbreviations: KEGG, Kyoto Encyclopedia of Genes and Genomes; DAVID, Database for Annotation, Visualization, and Integrated Discovery; UA, ursolic acid; FDR, false discovery rate; ALS, amyotrophic lateral sclerosis.

PIK3CG, MAPKI, MAPK3, MAPK9, MAPK8, MAPK 0, INSR

0.090845

50

7

Type |l diabetes mellitus

KEGG pathway

it shows that UA exerts an ameliorating effect on DMN-
induced liver fibrosis in rats through reducing the accumula-
tion of collagen and suppressing the expression of a-SMA
in rat HSCs.

UA restores serum SOD level and
suppresses serum MDA in DMN-induced

liver fibrotic rats

Growing evidence shows that oxidative stress has been implicated
in the pathogenesis of liver fibrosis.* The antioxidative effect of
UA was examined in rats treated with 1% DMN by determining
the serum levels of SOD and MDA. SOD has a capability of
detoxifying superoxide and protecting cells against oxidative
stress, whereas MDA is a principal toxic product of lipid peroxi-
dation under oxidative stress.** As shown in Figure 3A, DMN-
alone treated group exhibited low serum level of SOD, and there
was a29.4% decrease (P<<0.001), compared to the vehicle group;
whereas UA treatment remarkably increased the serum level of
SOD. In comparison to the DMN group, there was a 1.6- and
2.0-fold rise in the serum level of SOD (P<<0.001). On the con-
trary, there was an 8.4-fold increase in the serum level of MDA
in DMN-alone treated group, compared to the vehicle group
(Figure 3B, P<<0.001). UA treatment suppressed DMN-induced
elevation in the serum level of MDA. There was a 78.4% and
84.2% reduction in the serum level of MDA, compared to DMN
group (Figure 3B, P<<0.001). Taken together, the data show
that UA treatment can attenuate oxidative stress through the
regulation of serum level of SOD and MDA in DMN-induced
liver fibrotic rats.

UA inhibits proliferation in HSC-T6 cells
Since we have observed the beneficial effects of UA in DMN-
induced liver fibrotic rats, we further investigated the molecular
mechanisms that underlie the antifibrotic effect of UA in vitro.
We first examined the effect of UA (50 uM), DPI (20 uM, an
NOX inhibitor), AG490 (50 uM, a specific and potent inhibi-
tor of JAK?2), and PD98059 (30 uM, a potent and selective
inhibitor of MAP kinase) on the proliferation of HSC-T6
cells using MTT assay (Figure 4). Treatment of HSC-T6 cells
with leptin (100 ng/mL) markedly induced cell proliferation
over 48 hours (P<<0.001). Treatment of HSC-T6 cells with
UA, AG490, DPI, or PD98059 prevented leptin-induced
proliferation over 48 hours (Figure 4). DPI exhibited the most
potent preventive effect, and the data showed that UA exerted
a comparable inhibitory effect to DPI to the cell proliferation.
Taken together, the initial data suggest that ROS, JAK2, and
MAPK/ERK signaling pathways are involved in the leptin-
promoted proliferation in HSC-T6 cells.
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Figure | Effect of UA on DMN-induced hepatic fibrogenesis in rats.

Notes: Rats were administered with 1% DMN dissolved in saline (I mL/kg body weight) via intraperitoneal injection for 3 consecutive days per week for 4 weeks to induce
liver fibrosis. Representative photomicrographs of the liver histology from groups (n=5) treated with vehicle control (A), DMN alone (B), DMN +20 mg/kg UA (C), and

DMN +40 mg/kg UA (D). Magnification: x100.
Abbreviations: UA, ursolic acid; DMN, dimethylnitrosamine.

UA suppresses intracellular ROS
generation in HSC-T6 cells

We also examined the effect of UA on the ROS generation
in the HSC-T6 cells using DCF-DA fluorescence (Figure SA
and B). Within 1 hour, leptin-stimulated HSC-T6 cells
showed a significant increase in ROS production compared
to the vehicle control group. There was a 3.4-fold elevation
in the intracellular ROS level in leptin (100 ng/mL)-treated

Table 5 Effect of UA on rat liver collagen hyperplastic degree in
experimental hepatic fibrotic rats (Mean + SD, n=8)

Group Dose (mg kg™') N - + 4+ i
Normal wt 8 8 0 0 0
Model* wt 8 0 | 4 3
UA-2°* 20 8 | 4 2 |
UA-3*4 40 8 | 5 2 0

Notes: *P<0.0l vs normal; 4P<<0.01, *P<<0.05 vs model. An increased number of +
symbols represent an increase in collagen hyperplastic degree with treatment.— represents
without treatment.

Abbreviations: UA, ursolic acid; SD, standard deviation; wt, without treatment.

cells, compared to basal level (P<<0.001; Figure 5A). The
leptin-induced effect on ROS generation was abolished
by pretreatment with UA (50 uM), NAC (10 mM, a ROS
scavenger), DPI (20 uM), or AG490 (50 uM) in HSC-T6
cells (P<<0.001; Figure 5A). Of note, UA suppressed
leptin-induced ROS generation in a time-dependent man-
ner over 24 hours, which was similar to DPI (Figure 5B).
NAC potently scavenged intracellular ROS level within
1 hour; however, the ROS scavenging effect of NAC was
gradually attenuated over 24 hours (Figure 5B). Taken
together, the data suggest that UA reduces intracellular ROS
level mainly through the inhibition of enzymatic source of
ROS, rather than the scavenging of intracellular ROS.

UA inhibits leptin-induced NOX

activation in HSC-T6 cells

Since we observed the inhibitory effect of UA on intracel-
lular ROS generation via the regulation of enzymatic source,
we further examined the effect of UA on the activity of NOX
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Figure 2 Effect of UA on the expression of o-SMA in rat liver.

Notes: Rats were administered with 1% DMN dissolved in saline (I mL/kg body weight) via intraperitoneal injection for 3 consecutive days per week for 4 weeks to induce
liver fibrosis. (A) Representative blot of a-SMA from groups treated with vehicle control, DMN alone, DMN +20 mg/kg UA, and DMN +40 mg/kg UA. (B) Bar graph showing
the relative expression level of 0-SMA in rat liver. B-Actin acts as an internal control. Data are expressed as mean £ SD (n=5). ***P<0.001. + and — represent with or without
treatment, respectively.

Abbreviations: UA, ursolic acid; 0-SMA, a-smooth muscle actin; DMN, dimethylnitrosamine; SD, standard deviation.

in HSC-T6 cells. As shown in Figure 6, the NOX activity UA\ inhibits |eptin-induced p47Ph°X
remarkably increased in the HSC-T6 cells when treated membrane translocation

with leptin (100 ng/mL) for 1 hour, 12 hours, or 24 hours,  p47vhex translocation from cytoplasm to cell membrane
compared to the basal level (£<<0.001). UA (50 uM) mark-  occurs during NOX activation; thus, the translocation was
edly inhibited leptin-induced NOX activation after 1 hour, examined through testing the content of the membrane-
12 hours, or 24 hours. UA’s inhibitory effect on NOX  bound p47°"* and the total cellular p47°"* in HSC-T6
activity was similar to that of DPI (20 uM) and AG490  cells. There was a marked alteration in the leptin (100 ng/
(50 uM). However, NAC showed no effect on leptin-induced ~ mL)-induced translocation of p47**, whereas the total
NOX activation. Taken together, the data further showed level of p47** did not dramatically change in the pres-
that UA suppresses intracellular ROS production via the ence of UA (50 uM), DPI (20 uM), or AG490 (50 uM)
modulation of enzymatic source, NOX, in HSC-T6 cells. (Figure 7A and B). Stimulation of HSC-T6 cells with
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Figure 3 UA increased serum SOD level and decreased serum MDA level in liver fibrotic rats.

Notes: Rats were administered with 1% DMN dissolved in saline (I mL/kg body weight) by intraperitoneal injection for 3 consecutive days per week for 4 weeks to
induce liver fibrosis. Bar graphs showing the serum level of SOD (A) and MDA (B) in rats received treatment of vehicle control, DMN alone, DMN +20 mg/kg UA, and
DMN +40 mg/kg UA. Data are expressed as mean + SD (n=5). **P<0.001.

Abbreviations: UA, ursolic acid; SOD, superoxide dismutase; MDA, maleic dialdehyde; DMN, dimethylnitrosamine; SD, standard deviation.
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Figure 4 UA inhibits the proliferation of HSC-T6 cells.

Notes: Leptin (100 ng/mL) stimulated HSC-T6 cells proliferation at 12 hours, 24 hours, and 48 hours. Leptin-induced HSC-T6 cell proliferation was significantly suppressed
by the pretreatment with UA (50 uM), AG490 (50 uM), DPI (20 uM), or PD98059 (30 |1M). Data are expressed as mean * SD from six independent experiments. The symbol
*indicates the comparison between leptin and other treatments, *P<<0.001.

Abbreviations: UA, ursolic acid; HSC, hepatic stellate cell; DPI, diphenyleneiodonium; SD, standard deviation.

leptin for 30 minutes remarkably induced the translocation
of p47°t* from cytoplasm to cell membrane. There was a
1.5-fold increase in the membrane- bound p47°h°*in leptin-
stimulated cells, compared to the control cells (P<<0.01;
Figure 7A and B). Pretreatment of cells with UA blocked the

leptin-induced translocation of p47°'** and normalized the
membrane-bound p47°*, These effects were observed in
DPI- and AG490-treated cells as well (P<<0.05; Figure 7A
and B). Collectively, UA blocks the translocation of p47°hex
from cytoplasm to cell membrane, contributing to the
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Figure 5 UA inhibits leptin-induced ROS production in HSC-Té cells.

Notes: HSC-T6 cells were seeded into six-well plates and pretreated with vehicle control, UA (50 uM), NAC (10 mM), DPI (20 uM), or AG490 (50 uM) for 30 minutes.
Then, the cells were stimulated by leptin (100 ng/mL), and the intracellular ROS level was measured using DCF-DA fluorescence probes (10 uM). (A) HSC-Té6 cells were
stimulated by leptin for | hour showing a significant induction in ROS production that was blocked by the pretreatment with UA, NAC, DPI, or AG490. (B) UA suppressed
the leptin-induced ROS generation in a time-dependent manner and exhibited a similar inhibitory effect on ROS generation to DPI over 24 hours. Data are expressed as
mean + SD from six independent experiments. ***P<<0.001.

Abbreviations: UA, ursolic acid; ROS, reactive oxygen species; HSC, hepatic stellate cell; NAC, N-acetyl-L-cysteine; DPI, diphenyleneiodonium; DCF-DA, 2’,7’-
dichlorofluorescin diacetate; SD, standard deviation.
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inhibitory effect of NOX activity and ROS generation in
HSC-T6 cells.

UA inhibits the leptin-induced expression

of gp9Irrex, p22phox p67P"x and Racl

To further investigate the effect of UA on the activity of NOX
in HSC-T6 cells, we examined the effect of UA on the expres-
sion level of NOX subunits, including gp91°hox, p22phex, pe7ehox.
and Racl, which are important to NOX activity. As shown in
Figure 8A and B, after HSC-T6 cells were stimulated with lep-
tin (100 ng/mL) for 12 hours, the expression level of gp9 17,
p22rhex p6 7P and Racl was remarkably increased 1.9-, 1.7-,
2.1-, and 1.9-fold compared to the control group, respectively
(P<<0.01 or <0.001). Pretreatment of cells with UA (50 uM)
markedly decreased the leptin-induced protein expression of
gp9 I1Phox p22ophex pE7Phox “and Racl by 71.9%, 62.5%, 61.0%,
and 71.9%, compared to the leptin-treated cells, respectively
(P<<0.001). These results suggest that UA potently negatively
regulate the expression level of NOX4 subunits, contributing
to the reducing effect of ROS generation.

UA inhibits ERK, PI3K/Akt, and p38 MAPK
signaling pathways in HSC-T6 cells

NOX-derived ROS regulate signal transduction involved in
liver fibrosis in HSCs. We evaluated the effect of UA on the
modulation of PI3K/Akt, p38 MAPK, and ERK1/2 signaling
pathways in HSC-T6 cells using Western blotting analysis.

As shown in Figure 9A and B, 30-minute stimulation of
HSC-T6 cells with 100 ng/mL leptin remarkably increased
the level of p-ERK 1 and p-ERK2 by 1.6- and 1.4-fold, com-
pared to the control group, respectively (P<<0.05 or 0.01).
Pretreatment of cells with UA (50 uM) completely blocked
the leptin-induced phosphorylation of ERK1/2 in HSC-T6
cells (P<<0.01; Figure 9A and B). Incubation of HSC-T6 cells
with DPI (20 uM), AG490 (50 uM), or PD98059 (30 uM)
markedly inhibited leptin-induced phosphorylation of ERK1
(P<<0.05 or 0.01; Figure 9A and B). There was a decrease
in the level of p-ERK2 but without statistical significance
when treated with DPI, AG490, or PD98059 (P>0.05;
Figure 9A and B). Furthermore, the effect of UA on PI3K/
Akt and p38 MAPK signaling pathways was examined in
HSC-T6 cells. As shown in Figure 10A and B, stimulation
of HSC-T6 cells with leptin markedly increased the level of
p-p38 MAPK, PI3K, and p-Akt (P<<0.05 or 0.001). However,
pretreatment of cells with UA dramatically suppressed leptin-
induced increase in the level of p-p38 MAPK, PI3K, and
p-Akt (P<<0.05 or 0.001; Figure 10A and B). Notably, DPI,
SB203580, and LY294002 showed a similar effect to UA on
leptin-induced elevation in the level of p-p38 MAPK, PI3K,
and p-Akt (P<<0.001; Figure 10A and B). Taken together,
UA negatively regulates ERK, PI3K/Akt, and p38 MAPK
signaling pathways in HSC-T6 cells, which contributes, at
least in part, to the underlying mechanism of the antifibrotic
effect of UA.
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Figure 6 UA suppressed leptin-induced NOX activation in HSC-T6 cells.

Notes: Cells were pretreated for 30 minutes with UA (50 uM), NAC (10 mM), or AG490 (50 uM) and incubated for | hour, 12 hours, or 24 hours in the presence of leptin
(100 ng/mL). Cells were detached by trypsinization and processed as described in the Materials and methods section. Data are expressed as mean * SD from six independent

experiments. ***P<0.01.

Abbreviations: UA, ursolic acid; NOX, NADPH oxidase; HSC, hepatic stellate cell; NAC, N-acetyl-L-cysteine; SD, standard deviation.
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Figure 7 UA suppressed leptin-induced translocation of the p47°"* from cytoplasm to cell membrane in HSC-Té cells.
Notes: Cells were pretreated with UA (50 uM), DPI (20 uM), or AG490 (50 uM) for 30 minutes and then were stimulated by leptin (100 ng/mL) for another 30 minutes. The

membrane bound and total level of p47°h>* were examined by Western blotting ass

ay. (A) Representative blots of membrane (M-) p47°** and total (T-) p47°" in HSC-T6

cells. (B) Bar graph showing the relative level of M-p47Ph>x in HSC-T6 cells. Data are expressed as mean + SD from six independent experiments. 3-Actin acts as an internal

control. *¥P<<0.05; **P<<0.01.

Abbreviations: UA, ursolic acid; HSC, hepatic stellate cell; DPI, diphenyleneiodonium; SD, standard deviation.

UA promotes the expression of MMP-|
but inhibits the expression of TIMP-|
and type | collagen in HSC-T6 cells

Finally, we examined the effect of UA on the protein expres-
sion of TIMP-1 and MMP-1 and mRNA expression of type |
collagen in HSC-T6 cells. HSC-T6 cells were treated with
leptin at 100 ng/mL for 24 hours, the TIMP-1 protein
expression level and the type I collagen mRNA expression
level markedly increased, but the MMP-1 protein expres-
sion level significantly decreased (Figures 11A and B
and 12A and B). Pretreatment of cells with UA (50 uM),
DPI (20 uM), SB203580 (10 uM), or LY294002 (10 uM)
inhibited leptin-promoted expression of TIMP-1 (P<<0.001;
Figure 11A and B), while UA and DPI remarkably increased
leptin-suppressed expression level of MMP-1 (P<<0.001;
Figure 11A and B). SB203580 and LY294002 did not show
significant regulatory effect on the expression of MMP-1 in
HSC-T6 cells (P>0.05; Figure 11A and B). Moreover, pre-
treatment of HSC-T6 cells with UA, DPI, AG490, or PD98059
markedly blocked the leptin-induced mNRA expression of
type I collagen (P<<0.05 or <0.01; Figure 12A and B). Col-
lectively, UA inhibits liver fibrosis with the involvement of
ERK, PI3K/Akt, and p38 MAPK signaling pathways.

Discussion

Liver fibrosis represents a major challenge with considerable
morbidity and mortality worldwide, due to the complexity of
etiology.* Compelling evidence indicates that oxidative stress

plays a causal role in the pathogenesis of liver fibrosis'!-3>3
and that antioxidant may be a promising agent to treat liver
fibrosis through the attenuation of oxidative stress.!**” In the
present study, we have predicted the molecular interactome of
UA, and there are 611 molecular proteins possibly interact-
ing with UA. The subsequential functional and mechanistic
experiments show that UA reverses DMN-induced liver
fibrosis through the attenuation of oxidative stress with the
involvement of ERK, PI3K/Akt, and p38 MAPK signaling
pathways in vitro and in vivo.

Inrecent years, there is a growing interest in the investiga-
tion of the beneficial effects and molecular mechanisms of
UA that is a natural pentacyclic triterpenoid carboxylic acid
and a major component of some traditional medicinal herbs.
Increasing evidence shows that UA possesses a variety of
bioactivities, including antioxidative, anti-inflammation, and
anticancer activities, although the full spectrum of molecular
targets has not yet been revealed.**3? In the present study, the
computational experiment provided an interactome of UA,
with 611 potential molecular targets been predicted. The
bioinformatic analysis showed various signaling pathways
that may be able to explain the beneficial effects of UA. These
results can provide a clue for us to investigate the beneficial
effects and underlying mechanisms of UA.

Employment of computational and bioinformatic
approaches have become a practical and valuable way to
efficiently predict the molecular interactome of a chemical
molecule. The DDI-CPI tool has been used to predict the
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Figure 8 Effect of UA on the expression of NOX subunits of HSC-T6 cells.
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Notes: Cells were pretreated with UA (50 M) for 30 minutes and then stimulated with leptin (100 ng/mL) for another 12 hours. The expression level of gp9 1Phox, p22phox
p67°"%, and Racl was examined using Western blotting assay. (A) Representative blots of gp91P", p22rh>x, p67°"%, and Racl in HSC-Té6 cells. (B) Bar graphs showing the

relative level of gp9 17", p22°"% p67°"% and Racl in HSC-T6 cells. Data are expressed as mean * SD from six independent experiments. 3-Actin acts as an internal control.
*#*P<0.01; #*P<0.001.

Abbreviations: UA, ursolic acid; NOX, NADPH oxidase; HSC, hepatic stellate cell; SD, standard deviation.

4098

submit your manuscript

Dove

Drug Design, Development and Therapy 2015:9


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

UA reverses liver fibrosis in rats

p-ERK1/2

B-Actin

Leptin (100 ng/mL) - +
UA (B0 uM) - -

DPI (20 M) - -
AG490 (50 uM) - -
PD98059 (30 pM) - -

W

1.51

1.01

of p-ERK1

0.51

Phosphorylation level

0.0

> & N N N &

2 R R R R R
Q)‘b \/QJ x\?} x\@ X\QJ X\QA

X

Figure 9 UA inhibits ERK signaling pathway in HSC-T6 cells.
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Notes: Cells were pretreated with UA (50 uM), DPI (20 uM), AG490 (50 uM), or PD98059 (30 uM) for 30 minutes and then stimulated with leptin (100 ng/mL) for
30 minutes. The phosphorylation level of ERK1/2 was examined using Western blotting assay. (A) Representative blots of p-ERK /2 in HSC-T6 cells. (B) Bar graphs showing
the relative level of p-ERK and p-ERK2 in HSC-T6 cells. Data are expressed as mean + SD from six independent experiments. B-Actin acts as an internal control. *P<0.05;

**P<0.01.

Abbreviations: UA, ursolic acid; ERK, extracellular signal-regulated kinase; HSC, hepatic stellate cell; DPI, diphenyleneiodonium; SD, standard deviation.

potential targets, and DAVID has been employed to analyze
the molecular targets and related signaling pathways that are
regulated by UA. An approach using DDI-CPI server offers a
fast, efficient, and inexpensive strategy to predict the potential
targets, identify drug repositioning potential, and evaluate
and determine adverse drug reactions of a chemical/drug
via molecular docking of small compound across human
proteome, 21244041 although this web-based program has
limitations that may affect the accuracy of the outcome.?!
Our findings showed that UA may modulate a number of
functional proteins and related signaling pathways. These
proteins and signaling pathways have important roles in the
regulation of redox homeostasis, cell proliferation, apopto-
sis, energy metabolism, xenobiotics metabolism, lipid and
carbohydrate metabolism, and inflammatory response.
Oxidative stress plays a causal role in the development
of liver fibrosis.!!>3¢42 It is caused by an increase in the gen-
eration of pro-oxidant molecules and/or a decrease in the
antioxidants in a given cellular compartment, in which the
pro-oxidants overweigh the capability of antioxidant systems,

resulting in an imbalance in the amounts of oxidants and anti-
oxidants. NOXs are multicomponent enzymes mediating the
transfer of electrons from cytosolic NADPH to O, to produce
0,7,%* and they are the primary enzymatic source of ROS.*
NOXs are differentially expressed and distributed among the
tissues and subject to regulation by various factors. More-
over, NOXs derived from ROS are also important signaling
molecules under pathophysiological conditions. It is known
that ROS is involved in a wide range of cellular processes,***
including host defence, inflammation, cellular signaling, gene
expression, cellular death, cellular senescence, regulation of
cell death, O, sensing, biosynthesis, protein cross-linking,
regulation of cellular redox potential, reduction of metal ions,
regulation of matrix metalloproteinases, angiogenesis, and
cross-link with the nitric oxide system. This role suggests
that NOXs should be considered a potential pharmacological
target for antifibrotic therapies.?%

To date, seven members of the NOX family have been
distinguished on the basis of the membrane spanning cata-
lytic subunits of NOX or DUOX that they utilize to transfer
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Figure 10 UA inhibits p38 MAPK and PI3K/Akt signaling pathways in HSC-Té cells.

Notes: Cells were pretreated with UA (50 uM), DPI (20 uM), SB203580 (10 uM), or LY294002 (10 uM) for 30 minutes and then stimulated with leptin (100 ng/mL) for
30 minutes. The level of p-p38 MAPK, p38 MAPK, PI3K, p-Akt, and Akt was examined using Western blotting assay. (A) Representative blots of p-p38 MAPK, p38 MAPK,
PI3K, p-Akt, and Akt in HSC-Té cells. (B) Bar graphs showing the relative level of p-p38 MAPK, p38 MAPK, PI3K, p-Akt, and Akt in HSC-T6 cells. Data are expressed as mean
+ SD from six independent experiments. B-Actin acts as an internal control. *P<<0.05; ***P<0.001. + and — represent with or without treatment, respectively.
Abbreviations: UA, ursolic acid; p38 MAPK, p38 mitogen-activated protein kinase; PI3K, phosphoinositide 3-kinase; HSC, hepatic stellate cell; DPI, diphenyleneiodonium;
SD, standard deviation.
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Figure |1 Effect of UA on the expression of TIMP-1 and MMP-1 in HSC-Té cells.

Notes: Cells were pretreated with UA (50 uM), DPI (20 uM), SB203580 (10 uM), or LY294002 (10 uM) for 30 minutes and then stimulated with leptin for another 24 hours.
The expression level of TIMP-1 and MMP-1 was examined using Western blotting assays. (A) Representative blots of TIMP-1 and MMP-1 in HSC-T6 cells. (B) Bar graphs
showing the relative level of TIMP-1 and MMP-1 in HSC-Té cells. Data are expressed as mean + SD from six independent experiments. B-Actin acts as an internal control.
*P<0.05; ¥*P<0.001. + and — represent with or without treatment, respectively.

Abbreviations: UA, ursolic acid; TIMP-1, TIMP metallopeptidase inhibitor |; MMP-I, matrix metalloproteinase-|; HSC, hepatic stellate cell; DPI, diphenyleneiodonium;
SD, standard deviation.
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Figure 12 Effect of UA on the mRNA expression of collagen | in HSC-T6 cells.

Notes: Cells were pretreated with UA (50 uM), DPI (20 uM), AG490 (50 uM), or PD98059 (30 uM) for 30 minutes and then stimulated with leptin (100 ng/mL) for another
24 hours. The mRNA expression level of type | collagen | was examined using PCR assays. (A) Representative blots of type | collagen | in HSC-Té cells. (B) Bar graph showing
the relative level of type | collagen | in HSC-T6 cells. Data are expressed as mean * SD from six independent experiments. B-Actin acts as an internal control. *P<<0.05;
**P<0.01. + and — represent with or without treatment, respectively.

Abbreviations: UA, ursolic acid; HSC, hepatic stellate cell; DPI, diphenyleneiodonium; PCR, polymerase chain reaction; SD, standard deviation.
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electrons from NADPH to O, and produce ROS. They are
NOXI1, 2, 3, 4, 5 as well as DUOX1- and 2-containing
oxidases.**1-* The core structure of all NOX isoforms
consists of six conserved transmembrane domains and a
cytosolic C terminal. Increased activity and expression of
NOX isoforms has been demonstrated in a wide variety of
diseases and/or disorders, which has been marked by the
excessive NOX-generated ROS resulted from upregula-
tion of activity and/or expression of various NOX family
members.>*7 In the last decade, extensive attention has
been focused on the redox control and the underlying
molecular mechanisms of NOX-dependent ROS generation.
In addition, the regulation on NOX isoforms has also been
studied.>>%" It has been shown that the regulation of NOX
isoforms varies from transcriptional level to posttranslational
level, although the underlying mechanisms of NOX regula-
tion have not been fully revealed.’’

NOX4, like the other NOX isoforms, its structure consists
mainly of a six-transmembrane domain known as the gp9ri
domain; NOX4 predominantly generates hydrogen peroxide rather
than superoxide, although it is able to generate superoxide under
specific conditions.**>* Despite their extensive similarity in struc-
ture and enzymatic function, members of the NOX family differ in
their mechanism of activation. In particular, NOX4 requires inter-
action with a second membrane-bound subunit, p22° 35 NOX4
is a multiprotein complex that generates ROS in both phagocytic
and nonphagocytic cells, regulating intracellular signaling.!*
In the liver, NOX4 plays a central role in fibrogenesis."
A functionally active form of NOX4 is expressed in HSCs, and
the ROS derived from NOX4 act as a second messenger for pro-
fibrogenic factor signal transduction in HSCs. HSCs activation
is a critical event in the occurrence and development of fibrosis,
because activated HSCs are the primary source of extracellular
matrix in liver upon injury.? This role suggests that NOX4 may
act as a potential therapeutic target for antifibrotic therapies.?*>

The NOX subunits and regulatory protein are essential
for the superoxide generating function and activity of NOX
isoforms. The subunits and regulatory proteins required for
NOX4 activation include membrane-bound and cytosolic
proteins — p22°'* which is a membrane-bound protein help-
ing to stabilize the NOX proteins and dock cytosolic factors,
and p47°hex, p67°hx the small GTPase Rac, and the modula-
tory p40Ph*, which are cytosolic proteins working together to
activate the NOX enzymes.***’ Racl, a member of the Rho
family of small GTPase proteins, regulates the activation of
NOX4 and the production of ROS and plays an important
role in regulating NOX activity.*® Over-expression of Racl in
HSCs promotes liver injury and fibrosis in mice,* and induces

the phagocytosis of apoptotic bodies by HSCs.®* The level
of ROS in cells and tissues is controlled by the tissue- and
stimulus-specific expressions of NOX protein and their regula-
tory subunits and by the acute regulation via calcium, protein
phosphorylation, guanine nucleotide exchange on Rac, and the
assembly of regulatory subunits.** Our results demonstrated
that leptin induced an increase in the expression level of the
NOX4 regulatory subunits, including gp9 1°hox, p22rhox p67phox,
and Racl in HSC-T6 cells and that pretreatment with UA
blocked the leptin-induced increase in the expression level of
gp91phox pooehox hG7ehox and Racl. Furthermore, pretreatment
of UA inhibited the translocation of p47°** from cytoplasm to
cell membrane. The negative regulatory effect of UA on the
expression of NOX4 subunits explains the reduction of ROS
generation in HSC-T6 cells and rats. Consequently, the UA-
attenuated oxidative stress leads to a reversal of liver fibrosis
and protection of HSC-T6 cells, evident from the decrease in
the accumulation of type I collagen in HSCs and the expression
of TIMP-1 and type I collagen at transcriptional or translational
level, but increase the level of MMP-1.

Furthermore, increasing evidence shows that post-
translational modification of NOX represents an important
mechanism for NOX regulation. The phosphorylation of
NOX subunits and their assembly into active complexes are
mediated by various mechanisms, of which many of them are
redox sensitive. It has been demonstrated that a number of
stimuli and pathways are involved in the activation of NOX
by phosphorylation. They comprise phospholipases (PLC/y,
PLD), arachidonic acid metabolites, GTP-binding proteins
(Ras, Rac1/2), PKC, PI3K, MAPK, and nonreceptor protein
tyrosine kinases.®*** Previous studies showed that NOX-
mediated ROS generation through the activation of Akt and
MAPK phosphorylation, leading to an increase in AP-1-DNA-
binding activity, promotion in the expression of type I col-
lagen, TGF-B1, and other inflammatory cytokines* and that
NOX-mediated ROS production interplays with p38 MAPK?>®
and JAK1/2-STAT3/ERK signaling pathways in HSCs.* In
agreement with previous studies, the data clearly show that
UA modulates the NOX activity and expression with the
involvement of ERK, PI3K/Akt, and p38 MAPK signaling
pathways in HSCs via the employment of specific chemical
inhibitors. In aggregate, it suggests that targeting NOX4 repre-
sents a promising strategy for liver fibrosis treatment. Notably,
recent studies have indicated that the NOX1/4 dual inhibitor
GKT137831 can significantly inhibit the activation of HSCs
and the development of liver fibrosis.'>*% This inhibitor is
currently being investigated in Phase II clinical trials. There-
fore, NOX-targeting drugs with low toxicity that are effective
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against fibrosis are expected to lead to a breakthrough in the
treatment of liver fibrosis. However, there are many factors
that may affect the therapeutic outcome of antifibrotic agents
in the treatment of liver fibrosis.® Thus, more well-designed
studies are needed to investigate the therapeutic effect and
underlying mechanism of the antifibrotic effect.

In summary, the present study has depicted a full spectrum
of molecular targets and related signaling pathways that pos-
sibly respond to UA treatment. The benchmarking results have
clearly shown that UA exhibits a potent antifibrotic effect in
rats evident from the reduction in the accumulation of type I
collagen in rat HSCs. The underlying molecular mechanism
and beneficial effect of UA can be ascribed to the oxidative
stress attenuating effect through negative regulation of NOX4
activity and expression with the involvement of ERK, PI3K/
Akt, and p38 MAPK signaling pathways in HSCs. These
results render UA as a promising antifibrotic agent via target-
ing NOX4, and further studies are warranted to evaluate the
safety and efficacy of UA in the treatment of liver fibrosis.
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