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Background: Studies have shown that both NOX4 and RhoA play essential roles
in fibrosis and that they regulate each other. In lung fibrosis, NOX4/ROS is located
upstream of the RhoA/ROCK1 signaling pathway, and the two molecules are oppositely
located in renal fibrosis. Currently, no reports have indicated whether the above
mechanisms or other regulatory mechanisms exist in liver fibrosis.

Objectives: To investigate the effects of the NOX4/ROS and RhoA/ROCK1 signaling
pathways on hepatic stellate cell (HSC)-T6 cells, the interaction mechanisms of the two
pathways, and the impact of UA on the two pathways to elucidate the role of UA in
the reduction of hepatic fibrosis and potential mechanisms of HSC-T6 cell proliferation,
migration, and activation.

Methods: Stable cell lines were constructed using the lentiviral transduction technique.
Cell proliferation, apoptosis, migration, and invasion were examined using the MTS,
TdT-mediated dUTP nick-end labeling, cell scratch, and Transwell invasion assays,
respectively. The DCFH-DA method was used to investigate the ROS levels in each
group. RT-qPCR and western blotting techniques were utilized to assess the mRNA
and protein expression in each group. CoIP and the Biacore protein interaction analysis
systems were used to evaluate protein interactions.

Results: The NOX4/ROS and RhoA/ROCK1 signaling pathways promoted the
proliferation, migration, and activation of HSCs. UA inhibited cell proliferation, migration,
and activation by inhibiting the activation of the two signaling pathways, but the
mechanism of apoptosis was independent of these two pathways. The NOX4/ROS
pathway was upstream of and positively regulated the RhoA/ROCK1 pathway in HSCs.
No direct interaction between the NOX4 and RhoA proteins was detected.
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Conclusion: The NOX4/ROS and RhoA/ROCK1 signaling pathways are two critical
signaling pathways in a series of behavioral processes in HSCs, and NOX4/ROS
regulates RhoA/ROCK1 through an indirect pathway to control the activation of
HSCs. Additionally, NOX4/ROS and RhoA/ROCK1 constitute a new target for UA
antifibrosis treatment.

Keywords: hepatic stellate cells, NOX4, RhoA, cytoskeleton, ursolic acid

INTRODUCTION

Hepatic fibrosis is the process by which a variety of etiologies
cause the proliferation and transformation of HSCs into MFBs,
leading to extracellular matrix (ECM) deposition or scar
formation (Schuppan et al., 2018). The sustained development
of liver fibrosis can eventually evolve into cirrhosis and even
liver cancer, which seriously endangers human health (Lee et al.,
2015). The transformation of HSCs into proliferating MFBs is
a central event in the pathogenesis of hepatic fibrosis. Activated
HSCs/MFBs cause a series of changes in liver metabolism (Shang
et al., 2018). Therefore, inhibits the activation of HSC and
activates senescence and apoptosis of HSC are the keys to
reversing hepatic fibrosis (Tacke, 2017).

Nicotinamide adenine dinucleotide phosphate oxidase (NOX)
is a multisubunit transmembrane protein complex whose
primary function is to use NADPH to transfer electrons to
O2 molecules to produce O−2 and H2O2 (Crosas-Molist and
Fabregat, 2015). The NOX family participates in the regulation
of signal transduction in HSCs by generating ROS and plays
a vital role in the activation of HSCs and the pathogenesis
of hepatic fibrosis (Paik et al., 2011). The activity of NOX4
is mainly regulated by p22phox and Poldip2 (Sirokmany et al.,
2016). Aoyama et al. (2012) showed that both TGF-β1 and
Ang II upregulate NOX4 expression and that a dual inhibitor
of NOX1/4, GKT137831, inhibits ROS production and hepatic
fibrosis. These findings indicate that NOX4 mediates the signal
transduction of TGF-β1 and other major hepatic fibrogenic
factors in HSCs, leading to their activation. Thus, NOX4 plays
an essential role in the development of hepatic fibrosis.

More than 20 members of the Rho GTPase superfamily
have been identified, and RhoA is one of the most studied
Rho GTPases (Nakamura et al., 2017) and is involved in a
variety of cellular activities. Studies have shown that RhoA and
its downstream signaling molecules are expressed in hepatic
vascular smooth muscle cells, vascular endothelial cells, and
HSCs, increasing hepatic vascular resistance and aggravating
hepatic fibrosis (Nomikou et al., 2018). Recent studies have found

Abbreviations: ANOVA, analysis of variance; DAPI, 4′,6-diamidino-2-phenylin-
dole dihydrochloride; EDC, 1-ethyl-3-(3′-dimethylaminopropyl)carbodiimide;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GFP, green fluorescent
protein; HSC, hepatic stellate cell; MFB, myofibroblast; MMP, matrix metallo-
proteinase; NHS, N-hydroxysuccinimide; NOX, NADPH oxidase; RhoA, ras
homolog family member A; ROCK1, Rho-associated kinase 1; ROS, reactive
oxygen species; RT-qPCR, reverse transcription-quantitative polymerase chain
reaction; SEM, standard error of mean; α-SMA, smooth muscle α-actin; TGF-β1,
transforming growth factor-β1; TIMP-1, tissue inhibitor of metalloproteinase-1;
TUNEL, TdT-mediated dUTP nick-end labeling; UA, ursolic acid; WB,
western blot.

that RhoA regulates liver fibrosis by controlling HSC activity.
First, RhoA activates HSCs and synthesizes α-SMA, a major
component of the cytoskeleton and an activated HSC/MFB
marker. Second, RhoA acts on MFBs; changes the cytoskeleton
(Ni et al., 2013); and regulates the migration, adhesion, and
contraction of HSCs, thereby accelerating their activation
(Li et al., 2012; Klein et al., 2017). Thus, RhoA participates in
the regulation of hepatic fibrosis by regulating the activation,
migration, adhesion, contraction, and proliferation of HSCs.

The relationship between RhoA/ROCK and NOX4/ROS
remains controversial. Meng et al. (2015) reported that NOX4/
ROS activates the RhoA/ROCK1 signaling pathway, promotes
lung fibroblast migration, promotes collagen synthesis, and
increases pulmonary fibrosis. Interestingly, RhoA/ROCK1 is a
signaling pathway upstream of NOX4/ROS that promotes the
differentiation of renal muscle fibroblasts and aggravates renal
fibrosis (Manickam et al., 2014). Although both RhoA/ROCK1
and NOX4/ROS are involved in the regulation of cell activa-
tion and fibrosis (Paik et al., 2014), the mutual regulation
of RhoA/ROCK1 and NOX4/ROS in hepatic fibrosis has
not been reported.

Our previous studies have confirmed that UA inhibits the
NOX production of ROS in HSCs and that NOX4/ROS is a target
of antifibrotic UA. Rac1 is involved in regulating the activation
of NOX subunits and HSCs, and UA inhibits the expression of
Rac1, a Rho GTPase family member (Yu et al., 2017). In addition,
UA inhibits activation of the HSC fibrotic signaling network, as it
inhibits the NOX, Rac1, NF-κB, PI3K/Akt, P38MAPK, ERK1/2,
JAK2-STAT3, and Hedgehog signaling pathways (He et al., 2015;
Gan et al., 2018). The present study investigated the interaction
between NOX4/ROS and RhoA/ROCK1 in hepatic fibrosis, the
direct binding of NOX4 and RhoA, and the specific antifibrosis
molecular targets of UA.

MATERIALS AND METHODS

Reagents
Transforming growth factor-β1 (cat #: T1654), UA
(cat #: 03240595), and protein A agarose (cat #: P1406) were
purchased from Sigma–Aldrich (St. Louis, MO, United States).
Matrigel (cat #: 354263) was purchased from Corning
Incorporated (New York, NY, United States). Puromycin
(cat #: REVG1001) was purchased from GENECHEM
(Shanghai, China). The anti-NOX4 (cat #: ab109225), anti-
RhoA (cat #: ab187027), anti-ROCK1 (cat #: ab205829),
anti-α-SMA (cat #: ab32575), anti-Collagen-I (cat #: ab6308),
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anti-p67phox (cat #: ab109366), anti-Rac1 (cat #: ab33186),
anti-TIMP1 (cat #: ab61224), anti-MMP1 (cat #: ab137332),
anti-MMP2 (cat #: ab37150), anti-MMP9 (cat #: 119906), and
anti-F-actin (cat #: ab205) antibodies were purchased from
Abcam (Cambridge, MA, United States). The anti-GAPDH
antibody was purchased from OriGene (cat #: TA802519)
(Rockville, MD, United States). The full-length human
recombinant NOX4 (cat #: H00050507-G01) and RhoA
(cat #: H00000387-P01) proteins were purchased from Abnova
(Walnut, CA, United States).

Mice
Wild-type (WT) C57BL/6 mice were obtained from the
Department of Laboratory Animal Science of Nanchang
University, and NOX4−/− mice were obtained from The Jackson
Laboratory (Bar Harbor, ME, United States). Animals were
maintained in an environment with a 12:12 h light/dark cycle,
a room temperature of 22 ± 2◦C, and a 55 ± 5% humidity.
Male WT and NOX4−/− mice were randomly divided into the
following four groups (n = 10/group): control, CCl4 model,
UA treatment, and Fasudil treatment; the control mice were
administered olive oil (2 ml/kg) by gavage twice a week for
8 weeks and then administered normal saline (40 mg/kg/d) for
4 weeks. The early stage of hepatic fibrosis was induced by gastric
gavage administration of CCl4 (diluted 1:4 in olive oil, 2 ml/kg)
twice a week for 8 weeks, after which the mice in the CCl4 model
and UA/Fasudil treatment groups were given normal saline or UA
(40 mg/kg/d)/Fasudil (10 mg/kg/bid) for 4 weeks, respectively.
All experimental procedures were approved by the Institutional
Animal Care and Use Committee of the First Affiliated Hospital
of Nanchang University (Nanchang, China). All animals received
humane care in compliance with institutional guidelines. Liver
samples were harvested for hematoxylin and eosin (HE) &
Masson staining.

HE and Masson Staining
Paraffin-embedded liver samples were cut into 5-µm-thick slices
with a microtome and then stained with HE using standard
methods. For Masson staining, samples were deparaffinized
and rehydrated through a series of 100% alcohol, 95%
alcohol, and 70% alcohol, washed in distilled water, and
then rinsed under running tap water for 5–10 min to
remove the yellow color. The samples were then stained
in Weigert’s iron hematoxylin working solution for 10 min,
rinsed under running warm tap water for 10 min, and
washed in distilled water. Next, the samples were stained with
Biebrich scarlet-acid fuchsin solution for 10–15 min, washed
in distilled water, and differentiated in a phosphomolybdic–
phosphotungstic acid solution for 10–15 min or until collagen
was not red. The sections were directly (without rinsing)
transferred to an aniline blue solution and stained for
5–10 min before being rinsed briefly in distilled water and
differentiated in a 1% acetic acid solution for 2–5 min.
Finally, the sections were washed in distilled water, quickly
dehydrated via 95% ethyl alcohol and absolute ethyl alcohol, and
cleared in xylene.

HSC-T6 Cell Culture and Stimulation
The HSC-T6 cell line was purchased from the Type Culture
Collection of the Chinese Academy of Sciences in Shanghai,
China and cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) (HyClone, South Logan, UT, United States)
supplemented with 10% fetal bovine serum (FBS, Gibco,
Grand Island, NY, United States) at 37◦C and 5% CO2. Upon
reaching 80–90% confluence, cells were grown in serum-free
medium for 24 h before being used in experiments. For the
experiments, HSCs were pretreated with DMEM containing
UA (50 µmol/L, 0.1% DMSO) for 30 min and then treated
with DMEM containing TGF-β1 (10 ng/mL). The culture
continued for 48 h.

Lentivirus Transduction
All packaged lentiviruses were obtained from GENECHEM
(Shanghai, China). The knockdown oligonucleotide sequences
were as follows: scramble, 5′-GUAAGACACGACUUAUCGC-3′;
Rat NOX4, 5′-TCCCTCAGATGTCATGGAA-3′; and Rat RhoA,
5′-CCCAGACACTGATGTTATA-3′. Specific oligonucleotides
with maximal knockdown efficiency were selected from three
different sequences for each gene. The NOX4 overexpression
lentivirus was generated using the GV358 vector and AgeI/AgeI
digestion. The overexpression primer sequences were as follows:
5′-GAGGATCCCCGGGTACCGGTCGCCACCATGGCGCTGT
CCTGGAGGAGCTGG-3′ and 5′-TCCTTGTAGTCCATACCGC
TGAAAGATTCTTTATTGTATTCAAATTTTG-3′. A multipli-
city of infection (MOI) gradient experiment was performed to
identify the most suitable MOI value for the HSC-T6 cell line,
and this value was used for the transduction experiments. In
brief, blank HSC-T6 cells were seeded into 24-well culture plates
at 1–5 × 104 cells per well (approximately equal to 20–35%
confluency). After diluting puromycin with cell culture medium
(1000-fold for a final concentration of 1 µg/mL), the culture
medium with puromycin was added to each well of the 24-well
culture plate, and the plate was placed in an incubator at 37◦C
and 5% CO2. Cells were incubated overnight and observed using
a fluorescence microscope every 12 h for 3 days. Surviving cells
were used for the next experiments, and none of the stable cells
were passaged more than seven times.

Cell Viability
Cell viability was measured by the MTS kit (Promega, Madison,
WI, United States). In brief, 1000 cells per well were seeded
into a 96-well plate, and UA was added according to the group
requirements. MTS solution (20 µL) was added to each well, and
cells were incubated for 4 h. The absorbance of each well was
measured at 490 nm using a microplate reader.

Apoptosis Detection
TdT-mediated dUTP nick-end labeling Apoptosis Assay Kit
(Abcam, Cambridge, MA, United States) was used to detect
the apoptosis of each group. Cells were washed with PBS,
resuspended, inoculated on a slide, placed on a clean bench for
15 min, and washed twice with PBS. Cells were then fixed with
4% paraformaldehyde for 25 min and washed twice with PBS for
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5 min. Cells were then permeabilized with 0.2% Triton X-100 for
5 min and washed twice with PBS for 5 min. Excess liquid was
removed from the filter paper, and 100 µL of equilibration buffer
was added. The slide was covered and incubated for 10 min at
room temperature. The slide system was placed on ice, and excess
liquid was aspirated from the filter paper. A TdT enzyme reaction
solution (100 µL/well) was added to prevent drying. The reaction
system was placed in a wet box and incubated at 37◦C for 1 h.
Then, 2× SSC was added dropwise, and slides were incubated for
an additional 15 min. Slides were washed three times with PBS
for 5 min, and 0.3% hydrogen peroxide (diluted with PBS) was
added for 5 min followed by three washes with PBS for 5 min.
A streptavidin horseradish peroxidase (HRP) working solution
(100 µL) was then added and allowed to react for 30 min, and the
slides were then washed three times with PBS for 5 min. A DAB
working solution (100 µL) was added until a brown background
appeared, and the slides were then washed several times with
double distilled water. The slides were mounted, and staining was
observed using a microscope.

Cell Scratch Test
Before the test, horizontal lines (every 1 cm across the hole
and 5 lines per hole) were drawn on the back of a 6-well
plate with a marker. Approximately 105 cells were added to the
wells and treated for approximately 48 h. After the treatment,
a pipette tip was used to scratch the bottom of the cell culture
perpendicular to the horizontal back line. Cells were washed three
times with PBS, and serum-free DMEM was added. Cells were
placed in an incubator to continue culturing, and images were
acquired at 12 h.

Transwell Invasion Assay
The upper surface of the bottom membrane of the Transwell
chamber was coated with a 50 mg/L Matrigel 1:8 solution and
air-dried at 4◦C. Then, 10% complete medium was added to
the culture plate, and the chamber was placed in the culture
plate to avoid the formation of air bubbles between the bottom
film and the culture medium. The cell density was adjusted to
105 in the chamber. Each group was treated accordingly and
incubated for 48 h. Cells were evaluated using the MTS indirect
counting method. Matrigel and cells were removed from the
chambers. Complete medium (500 µL) containing 0.5 mg/mL
MTS was added to each well, and the chambers were placed
back in the wells. Membranes were immersed in culture medium
and incubated at 37◦C for 4 h. The culture medium was then
removed, and 500 µL of DMSO was added. The plate was
shaken for 10 min, and the chambers were then removed.
The optical density (OD) value was then determined using a
microplate reader.

Determination of ROS
After cell stimulation, a single cell suspension of HSCs was
made, and cells were uniformly seeded into 6-well plates at
approximately 4 × 105 cells per well. Cells were cultured
overnight in humidified air containing 5% CO2 at 37◦C
and then digested with 0.25% trypsin without EDTA. After
termination of digestion, cells were centrifuged at 1,500 rpm

for 5 min. Supernatants were discarded, and pellets were
resuspended in PBS. The above steps were repeated three
times. DCFH-DA was used to detect ROS by adding 1 mL
of PBS containing diluted DCFH to the cells. The cells were
incubated at 37◦C for 20 min and mixed every 3 min during
this period. The cells were then washed three times with serum-
free medium and resuspended in 500 µL of PBS. A flow
cytometer was used to detect cells at excitation and emission
wavelengths of 525 and 485 nm, respectively. The results
are expressed as fluorescence intensity/mg protein using the
following equation: ROS (fluorescence intensity/mg protein) =
fluorescence intensity/(protein concentration× 0.19).

RNA Preparation and RT-qPCR
Total RNA was prepared from frozen tissue samples or cells
using the RNA Simple Total RNA Kit and the Fast Quant RT
Kit (Tiangen, Beijing, China). The concentration and purity of
isolated RNA were determined by measuring the OD at 260 and
280 nm. The integrity of the RNA was verified using agarose gel
electrophoresis. For RT-qPCR, the Fast Quant RT Kit, and Super
Real Pre-Mix Plus (SYBR Green, Tiangen, Beijing, China) were
used according to the manufacturer’s protocol. The primer sets
are shown in Table 1. All primers were obtained from Beijing
Genomics Institute (BGI, Shenzhen, China).

Western Blot Analysis
Protein was isolated from cells by lysis (BestBio, Shanghai, China)
with phenylmethanesulfonyl fluoride (PMSF, cat #: 8553, Cell
Signaling Technology, Danvers, MA, United States) for western
blotting. Cells were harvested and resuspended in PBS, and cell
protein extracts were obtained by centrifugation at 12,000 rpm
for 10 min. Protein levels were determined using the BCA assay
kit (Tiangen, Beijing, China). Protein extracts (10–20 µL) were
separated using 6–12% sodium dodecyl sulfate polyacrylamide
gel electrophoresis and electrophoretically transferred onto

TABLE 1 | Primer sequences for RT-qPCR.

Amplicon

Gene Sequence length (bp)

Nox4 F: 5′-CCTCAGTCAAACAGATGGGATA-3′ 169

R: 5′-GGAAATAGAACTGGGTCCACA-3′

Rhoa F: 5′-GCAGGTAGAGTTGGCTTTATGG-3′ 231

R: 5′-CTTGTGTGCTCATCATTCCGA-3′

Rock1 F: 5′-TGGAAAGACATGCTTGCTCAT-3′ 133

R: 5′-CGGTTAGAACAAGAGGTAAAT-3′

Alphasma F: 5′-CGATAGAACACGGCATCATC-3′ 525

R: 5′-CATCAGGCAGTTCGTAGCTC-3′

Col1a1 F: 5′-GGGGCAAGACAGTCATCGAA-3′ 144

R: 5′-GGATGGAGGGAGTTTACACGAA-3′

Mmp1 F: 5′-GCTGATACTGACACTGGTACTG-3′ 216

R: 5′-CAATCTTTTCTGGGAGCTC-3′

Timp1 F: 5′-CCACAGATATCCGGTTCGGCTACA-3′ 218

R: 5′-GCACACCCCACAGCCAGCACTAT-3′

Gapdh F: 5′-TTCAACGGCACAGTCAAGG-3′ 114

R: 5′-CTCAGCACCAGCATCACC-3′
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polyvinylidene fluoride membranes. After blocking with 5%
nonfat dried milk in Tris-buffered saline, the PVDF membranes
were incubated overnight at 4◦C with the rabbit anti-NOX4
(1:1000), anti-RhoA (1:1000), anti-ROCK1 (1:1000), anti-
α-SMA (1:200), anti-collagen-I (1:1000), anti-MMP1 (1:2000),
anti-TIMP1 (1:2000), anti-F-actin (1:2000), and anti-GAPDH
(1:1000) antibodies. A secondary HRP-conjugated anti-rabbit
or anti-mouse IgG antibody (Zhongshan Golden Bridge
Biotechnology Co., Beijing, China) was then added, and specific
bands were visualized using an enhanced chemiluminescence
(ECL) detection kit (Thermo Fisher Scientific Inc., Waltham,
MA, United States).

Immunofluorescence Cytochemistry
Cells were fixed in chilled methanol (−30◦C) on ice for 5 min.
After incubation in a blocking solution (10% goat serum, Grand
Island, New York, NY, United States) at 4◦C for 30 min, cells
were incubated with primary antibodies at room temperature
for 1 h or at 4◦C overnight. Then, the primary antibodies were
detected using DyLight 594-conjugated secondary antibodies
(cat #: 12877, Cell Signaling Technology, Danvers, MA,
United States). Nuclei were counterstained with DAPI. Finally,
the images were acquired under a fluorescence microscope.

Coimmunoprecipitation
An appropriate amount of lysate was added to the cell culture
plate, which was placed on ice for 30 min for full lysis. The lysates
were centrifuged at 12,000 rpm for 30 min, and the supernatant
was collected. A small amount of lysate was used for subsequent
WB analysis. The appropriate corresponding antibody (1 µg)
was added to the remaining lysate, which was gently shaken and
incubated overnight at 4◦C. Protein A agarose beads (10 µL) were
washed three times with an appropriate amount of lysis buffer
and centrifuged at 3000 rpm for 3 min. Pretreated protein A
agarose beads (10 µL) were added to the cell lysate, incubated
for 4 h at 4◦C with gentle shaking and centrifuged at 3000 rpm
for 3 min at 4◦C. The supernatant was removed with a pipette,
and the agarose beads were washed three times with 1 mL of
lysis buffer. Then, 15 µL of 2× SDS loading buffer was added,
and samples were incubated in a 100◦C metal bath for 5 min and
subjected to WB analysis.

Biacore Protein Interaction Analysis
For the prebinding experiment, pure NOX4 protein was diluted
10–40 times with buffers with different pH values and flowed
across the surface of the chip at a rate of 5 µL/min. Adsorption
of the antibody and chip was observed, and the subsequent
CM5 chip coupling was selected by combining the most suitable
binding concentration. For CM5 chip coupling, 100 µL of
N-hydroxysuccinimidobiotin (NHS) was mixed with 100 µL of
EDC, and the samples were centrifuged at 12,000 rpm for 5 min.
A certain volume of RhoA protein was diluted appropriately
according to the preconjugation ratio. Ethanolamine HCl
(100 µL) was added to 150 µL of the reserve, equilibrated
at room temperature (25◦C), and centrifuged at 12,000 rpm
for 5 min. The above three reagents were placed on the rack,
and the sample flow rate was set to 10 µL/min. The samples

were injected using the following volumes: 100, 100, and 60 µL
of NHS/EDC, sample, and ethanolamine-HCl, respectively. For
conjugation, the purified RhoA protein was diluted to the
appropriate concentration (0, 22.5, 45, 90, 180, and 360 µg/mL)
with buffer and loaded to observe binding activity. The binding
dissociation curve was obtained at different concentrations. For
chip regeneration, the chip was flushed with 10 mmol/L glycine
(pH 2.5) to restore the baseline to initial values. The results
were then analyzed.

Analysis and Statistical Processing
Image Pro Plus 6.0 software was used for image analysis, and
SPSS 23.0 software was used for data analysis. GraphPad Prism
7.0 software was used for image production and output. Each
experiment was repeated three times, and data are expressed
as the mean ± SD. If the data obeyed the normal distribution
and homogeneity of variance, one-way ANOVA was used to
analyze the groups of samples. If the data did not follow a
normal distribution or variance, a rank sum test was used
(Kruskal–Wallis H or Wilcoxon test). P < 0.05 was considered
statistically significant.

RESULTS

UA and Fasudil Attenuate Early-Stage
Hepatic Fibrosis Induced by CCl4
The initial phase of hepatic fibrosis was established in a mouse
model using CCl4 for analysis of the antifibrotic effects of UA and
Fasudil. As shown in the upper panel of Supplementary Figure 1,
after treatments with UA and Fasudil, the collagen deposition
in liver tissues was reduced significantly, and the deposition of
collagen in the Nox4−/− mouse groups was substantially lower
than that in the WT groups regardless of whether UA or Fasudil
was used (Supplementary Figure 1 bottom panel).

NOX4 and RhoA Are Required for
the Proliferation of HSCs, and UA
Suppresses Their Expression via NOX4
Transforming growth factor-β1 (10 ng/mL) was added to
the culture medium for 48 h, and the Nox4 mRNA and
protein expression levels were compared between the scramble
lentivirus control HSCs (CON group) and NOX4 shRNA
lentivirus transduction HSCs (NOX4i group). The Nox4 mRNA
and protein expression levels in the NOX4i group were
significantly decreased compared to those in the control group
(P < 0.05) (Figures 1B,C). The RhoA shRNA (RhoAi group)
and NOX4 overexpression (NOX4GV358Lv group) cells are shown
in Figures 1E,F,H,I. Adherent HSCs were imaged for visual
contrast in the same field using light and fluorescence microscopy
(Figures 1A,D,G). All groups of cells subjected to lentiviral
particles had good regulatory effects and were thus used in
subsequent experiments.

After successful establishment of the cell lines, we further
discovered that the proliferation of the CON+UA, NOX4i,
and RhoAi groups was lower than that of the CON group
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FIGURE 1 | Construction and identification of stable cell lines. (A) The HSC-T6 cell line was transfected with a lentivirus containing NOX4 shRNA. Cells were
observed under an optical microscope (left) and a fluorescence (GFP) microscope (right) in the same field of vision. (B) RT-qPCR analysis of Nox4 mRNA in the
NOX4 shRNA stable cell line after TGF-β1 treatment (10 ng/mL) for 48 h. (C) WB analysis of the NOX4 protein levels in the NOX4i group. (D) The HSC-T6 cell line
was transfected with a lentivirus containing RhoA shRNA. Cells were observed under an optical microscope (left) and a fluorescence microscope (right) in the same
field of vision. (E) RT-qPCR analysis of Rhoa mRNA in the Rhoa shRNA stable cell line. (F) WB analysis of the RhoA protein levels in the RhoAi group. (G) The
HSC-T6 cell line was transfected with a Nox4 overexpression lentivirus. Cells were observed under an optical microscope (left) and a fluorescence microscope (right)
in the same field of vision. (H) RT-qPCR analysis of Nox4 mRNA in the NOX4 overexpression stable cell line. (I) WB analysis of the NOX4 protein levels in the
NOX4GV358Lv group. Original magnification, 200×. The data are presented as the means ± SEMs of three replicates. ∗p < 0.05 versus the CON group (lentivirus
containing a scramble sequence).

(P < 0.05). The proliferation of the NOX4GV358Lv group was
elevated compared to that of the CON group (p < 0.05), and the
proliferation of the NOX4GV358Lv

+UA group was lower than that
of the NOX4GV358Lv group (p < 0.05) (Figure 2A). These results
showed that NOX4 and RhoA promote the proliferation of HSCs
and that UA inhibits the proliferation of HSCs via UA.

Next, the apoptosis rate of each group was detected
(Figure 2B). The proportion of apoptotic cells in the CON+UA
group was significantly higher than that in the CON group
(p< 0.01). The ratios of apoptotic cells in the NOX4i, RhoAi, and
NOX4GV358Lv groups were not significantly different from that
in the CON group, and the percentage of apoptotic cells in the
NOX4GV358Lv

+UA group was considerably higher than that in
the NOX4GV358Lv group (p < 0.01) (Figure 2C). Therefore, these
results suggested that NOX4 and RhoA do not affect the apoptosis

of HSCs, and UA can induce the apoptosis of HSCs independent
of either of them.

NOX4 and RhoA Are Required for the
Migration and Invasion of HSCs, and UA
Affects Their Expression via NOX4
We next aimed to evaluate whether interrupting NOX4 and
RhoA expression had any effect on the migration, invasion, or
activation of HSCs. The migration indexes of the CON+UA,
NOX4i, and RhoAi groups were lower than that of the CON
group (p < 0.05). The migration index of the NOX4GV358Lv

group was significantly higher than that of the CON group
(p < 0.01), and the migration index of the NOX4GV358Lv

+UA
group was lower than that of the NOX4GV358Lv group (p < 0.05)
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FIGURE 2 | The regulatory effects of NOX4 and RhoA as well as the UA intervention effects on the migration and invasion of HSCs after TGF-β1 treatment
(10 ng/mL) for 48 h. (A) Cell proliferation detected by the MTS assay. (B,C) Cell apoptosis levels detected by the TUNEL assay. Black arrows: typical apoptotic cells.
Original magnification, 200×. Percentage of apoptotic cells = apoptotic cells/cell count per high-power field; 10 different fields of vision were randomly selected in
each group. (D,E) Cell scratch assay. Original magnification, 100×. (F,H) Cell invasion detected by the Transwell invasion system. Original magnification, 200×;
(G) MTS indirect cell count curve. r = 0.9959. The data are presented as the means ± SEMs of three replicates. ∗p < 0.05, ∗∗p < 0.01 versus the CON group;
#p < 0.05, ##p < 0.01 versus the NOX4GV358Lv group. Mp < 0.05 versus the NOX4i group.
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(Figures 2D,E). These results demonstrated that NOX4 and
RhoA promote the migration of HSCs and that UA inhibits the
migration of HSCs.

The Transwell invasion system was used to assess the levels
of HSC invasion in each group (Figure 2F). The standard curve
of the cell amounts and the absorbance at 490 nm are shown
in Figure 2G. After treatment of HSCs with TGF-β1 (added to
Transwell chambers, not to plates), the degrees of invasion of the
CON+UA, NOX4i, and RhoAi groups were higher than that of
the CON group (p < 0.05). The invasion degree of the RhoAi
group was lower than that of the NOX4i group (p< 0.05), and the
invasion degree of the NOX4GV358Lv group was not significantly
different from that of the CON group. The degree of invasion
of the NOX4GV358Lv

+UA group was increased compared to that
of the NOX4GV358Lv group (p < 0.05) (Figure 2H, the standard
curve of the MTS cell counts is shown in Figure 2G). These
results demonstrated that NOX4 inhibits the invasion of HSCs,
RhoA promotes the invasion of HSCs, and UA may promote the
invasion of HSCs via NOX4.

NOX4 and RhoA Promote Cytoskeleton
F-Actin Polymerization in HSCs, and UA
Attenuates Polymerization via NOX4
The protein expression level (Figures 3A,B) and immuno-
fluorescence staining intensity (Figures 3C,D) of F-actin in the
CON+UA, NOX4i, and RhoAi groups were lower than those in
the CON group (p < 0.05), and these values were significantly
increased in the NOX4GV358Lv group compared to those in the
CON group (p < 0.01). The NOX4GV358Lv

+UA group exhibited
a lower F-actin staining intensity and protein content than the
NOX4GV358Lv group (p < 0.05). These results showed that NOX4
and RhoA promote F-actin polymerization in HSCs and that
UA reduces F-actin polymerization in HSCs by suppressing the
expression of NOX4.

UA Reduces the mRNA Expression of the
NOX4 and RhoA/ROCK1 Signaling
Pathways in HSCs
Upon elucidation of the important roles of NOX4 and
RhoA in a series of behaviors during HSC activation, we
further evaluated the relationships of their protein expression
with the two signaling pathways to determine the regulatory
relationship between NOX4 and RhoA and investigate the
inhibitory functions of UA toward these pathways. After TGF-
β1 stimulation, the NOX4 mRNA expression in the CON+UA
and NOX4i groups was decreased compared to that in the
CON group (p < 0.05), and the NOX4 mRNA expression
in the NOX4GV358Lv

+UA group was decreased compared to
that in the NOX4GV358Lv group (p < 0.05) (Figure 4A). The
mRNA expression levels of Rhoa, Rock1, Alphasma, Col1a1,
and Timp1 in the CON+UA, NOX4i, and RhoAi groups were
decreased compared to those in the CON group (p < 0.05)
(Figures 4A,B), and the mRNA levels of these genes in the
NOX4GV358Lv

+UA group were decreased compared to those in
the NOX4GV358Lv group (p < 0.05) (Figures 4A,B). Compared
to that in the CON group, the Mmp1 mRNA expression in the

CON+UA, NOX4i, and RhoAi groups was increased (p < 0.05),
and the Mmp1 mRNA expression in the NOX4GV358Lv

+UA
group was increased compared to that in the NOX4GV358Lv group
(p < 0.05) (Figure 4B). These results indicated that inhibition of
Nox4 mRNA expression inhibits the expression of Rhoa mRNA,
but inhibition of Rhoa mRNA does not inhibit the expression
of Nox4 mRNA. Moreover, these findings demonstrated that
inhibition of Nox4 and Rhoa mRNA expression inhibits the
expression of Rock1, Alphasma, Col1a1, and Timp1 mRNA but
promotes the expression of Mmp1 mRNA. Furthermore, these
results showed that UA inhibits the expression of Nox4, Rhoa,
Rock1, Alphasma, Col1a1, and Timp1 mRNA but promotes the
expression of Mmp1 mRNA.

UA Reduces the Protein Expression of
RhoA/ROCK1 Signaling Pathways
Through NOX4 in HSCs
The expression levels of proteins in the NOX4/ROS and
RhoA/ROCK1 pathways were investigated (Figure 4C). The
NOX4 protein expression in the CON+UA and NOX4i groups
was decreased compared to that in the CON group (p < 0.05),
and it was lower in the NOX4GV358Lv

+UA group than in the
NOX4GV358Lv group (p < 0.05) (Figure 4D). The expression
levels of RhoA, ROCK1, α-SMA, Collagen-I, and TIMP1 in the
CON+UA were decreased in the NOX4i and RhoAi groups
compared to those in the control group. Also, these proteins show
the same trends in the NOX4GV358Lv

+UA group when compared
with those in NOX4GV358Lv group (p < 0.05) (Figures 4D,E).
Compared to that in the CON group, the protein expression
of MMP1 in the CON+UA, NOX4i, and RhoAi groups was
increased (p < 0.05), while MMP1 expression was decreased
in the NOX4GV358Lv group compared to that in the control
group (p < 0.05). Additionally, the MMP1 protein expression
in the NOX4GV358Lv

+UA group was increased compared to
that in the NOX4GV358Lv group (p < 0.05) (Figure 4E). These
results suggested that inhibition of NOX4 protein expression
inhibits RhoA protein expression, but inhibition of RhoA
protein expression does not inhibit NOX4 protein expression.
These findings also showed that inhibition of the NOX4 and
RhoA protein expression levels inhibits RhoA, ROCK1, α-SMA,
Collagen-I, and TIMP1 protein expression but promotes the
protein expression of MMP1. Furthermore, these data indicated
that UA inhibits the expression of NOX4, RhoA, ROCK1,
α-SMA, Collagen-I, and TIMP1 but promotes the expression
of MMP1. Additionally, the expression of MMP2 and MMP9
was not significantly different among all these groups, and
treatment of the NOX4i and RhoAi groups with UA did
not result in further reduction of the α-SMA expression level
(Supplementary Figure 2).

UA Suppresses the ROS Level in
HSCs via NOX4 and Not RhoA
To further explore the mechanism of NOX4, RhoA, and UA in
the regulation of cellular activity, the intracellular ROS level was
evaluated. The content of ROS in the CON+UA and NOX4i
groups was lower than that in the CON group (p < 0.01).
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FIGURE 3 | The regulatory effects of NOX4 and RhoA as well as the UA intervention effects on the F-actin polymerization levels in each group after TGF-β1
treatment (10 ng/mL) for 48 h. (A,B) WB analysis of F-actin in each group. The data are presented as the means ± SEMs of three replicates. ∗p < 0.05, ∗∗p < 0.01
versus the CON group; #p < 0.05, ##p < 0.01 versus the NOX4GV358Lv group. (C,D) F-actin immunofluorescence staining in each group. Mean integral optical
density (IOD) values were measured by Image Pro Plus 6.0 software; 10 different fields of vision were randomly selected. Original magnification, 400×.

The ROS level in the NOX4GV358Lv group was significantly
higher than that in the CON group (p < 0.01), and the ROS
level in the NOX4GV358Lv

+UA group was lower than that in
the NOX4GV358Lv group (p < 0.01) (Figure 4F). These results
showed that NOX4 promotes the ROS content in HSCs and that
RhoA does not affect the ROS content. Moreover, these findings
demonstrated that UA reduces the ROS content in HSCs by
inhibiting NOX4 but not RhoA, which confirmed the results of
our preliminary studies.

HSC Behaviors Change After
NOX4GV358Lv-RhoAi Double Transduction
To further clarify the regulatory relationship between NOX4
and RhoA as well as the target of UA intervention, lentiviral
particles containing RhoA shRNA were transduced into
NOX4GV358Lv stable HSCs, which were stably passaged.
The transduction effects are shown in Figures 5A–C.

The proliferation of the NOX4GV358Lv-RhoAi group was
lower than that of the NOX4GV358Lv-con group (lentivirus
with a scramble oligonucleotide sequence transduced into
the NOX4GV358Lv stable cell line) (p < 0.05), but there
was no significant difference in the proliferation of the
NOX4GV358Lv-con+UA, NOX4GV358Lv-con, and NOX4GV358Lv-
RhoAi groups (Figure 5D). The proportion of apoptotic cells
in the NOX4GV358Lv-con+UA group was significantly higher
than that in the NOX4GV358Lv-con group (p < 0.05), but the
proportion of apoptotic cells in the NOX4GV358Lv-RhoAi group
was not significantly different from that in the NOX4GV358Lv-con
group (Figures 5E,F).

In the cell scratch assay, the migration indexes of the
NOX4GV358Lv-RhoAi and NOX4GV358Lv-con+UA groups were
much lower than that of the NOX4GV358Lv-con group (p < 0.05)
(Figures 5G,H). The degree of invasion of the NOX4GV358Lv-
con+UA group was higher than that of the NOX4GV358Lv-RhoAi
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FIGURE 4 | UA intervention effects on the mRNA and protein expression of the NOX4/ROS and RhoA/ROCK1 signaling pathways. (A,B) RT-qPCR analysis of Nox4,
Rhoa, Rock1, Alphasma, Col1a1, mmp1, and Timp1 mRNA expression levels in each group. (C–E) WB analysis of the protein expression levels in each group.
(F) ROS contents in each group detected by the DCFH-DA assay. The data are presented as the means ± SEMs of three replicates. ∗p < 0.05, versus the CON
group; #p < 0.05, versus the NOX4GV358Lv group.

group (p < 0.05), but no statistically significant difference was
observed in the invasion degrees of the NOX4GV358Lv-RhoAi
and NOX4GV358Lv-con groups (Figures 6A,B). These findings
indicated that RhoA promotes the proliferation, migration, and
invasion of HSCs, but the mechanism of HSC apoptosis is
independent of RhoA, and UA still has an inhibitory effect on
NOX4 in these processes.

Cytoskeleton F-Actin Polymerization
Attenuates in NOX4GV358Lv-RhoAi HSCs
To further investigate the impact of RhoAi on behavioral changes
in the HSC cell line, cytoskeleton F-actin staining was used.
The NOX4GV358Lv-RhoAi and NOX4GV358Lv-con+UA groups
had lower F-actin staining intensity and protein content than the

NOX4GV358Lv-con group (p< 0.05) (Figures 6C,D). WB analysis
of F-actin showed the same tendency, but the F-actin level in
the NOX4GV358Lv-RhoAi group was not significantly different
from that in the NOX4GV358Lv-con+UA group (Figures 6E,F).
Collectively, these results confirmed that RhoA has positive
effects on F-actin polymerization, and NOX4 seems to be a
regulatory protein toward RhoA.

NOX4/ROS Is a Positive Regulator of the
RhoA/ROCK1 Pathway
NOX4- and RhoA-related mRNA and protein levels were
evaluated. The NOX4 mRNA and protein expression levels in the
NOX4GV358Lv-con+UA group were decreased compared to those
in the NOX4GV358Lv-con group (p < 0.05) but not compared
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FIGURE 5 | Construction and identification of NOX4GV358Lv-RhoA shRNA stable cell lines. (A) The NOX4GV358Lv cell line was transfected with a lentivirus containing
RhoA shRNA. Cells were observed under an optical microscope (left) and a fluorescence microscope (right) in the same field of vision. Original magnification, 200×;
(B) RT-qPCR analysis of Nox4 mRNA in the NOX4 shRNA stable cell line. (C) WB analysis of the NOX4 protein levels in the NOX4GV358Lv-RhoAi group. (D) Cell
proliferation detected by the MTS assay. (E,F) Cell apoptosis levels detected by the TUNEL assay. Black arrows: typical apoptotic cells. Percentage of apoptotic
cells = apoptotic cells/cell count per high-power field; 10 different fields of vision were randomly selected from each group. Original magnification, 200×; (G,H) Cell
scratch assay. Original magnification, 100×. The data are presented as the means ± SEMs of three replicates. ∗p < 0.05, versus the NOX4GV358Lv-con group;
#p < 0.05, versus the NOX4GV358Lv-RhoAi group.

to those in the NOX4GV358Lv-RhoAi group (Figures 7A,C,D).
Compared to those in the NOX4GV358Lv-con group, the mRNA
expression levels of Rhoa, Rock1, Alphasma, and Col1a1 in
the NOX4GV358Lv-RhoAi group were decreased (p < 0.05)
(Figure 7A), and the same tendency was observed for the
RhoA, ROCK1, α-SMA, and Collagen-I protein expression levels
(Figures 7B,C). The MMP1 and TIMP1 protein levels in the
NOX4GV358Lv-con+UA group were significantly different from
those in the NOX4GV358Lv-con group (both p < 0.05) but not
from those in the NOX4GV358Lv-RhoAi group (Figures 7B,C).

Next, the ROS contents in each group were detected to
confirm whether ROS are affected by RhoA interruption. The
intracellular ROS content in the NOX4GV358Lv-con+UA group
was lower than that in the NOX4GV358Lv-RhoAi group (p< 0.05).
Moreover, there was no significant difference in the ROS levels
between the NOX4GV358Lv-RhoAi and NOX4GV358Lv-con groups
(Figure 7D). These results indicated that RhoA might have a
positive effect on HSC activation, and NOX4/ROS is a positive
regulator of the RhoA/ROCK pathway. Additionally, the above
results confirmed that UA has the inhibitory impact of reducing
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FIGURE 6 | The invasion levels and F-actin polymerization in the NOX4GV358Lv-RhoA shRNA stable cell line. (A,B) Cell invasion detected by the Transwell invasion
system. Original magnification, 200×. (C,D) F-actin immunofluorescence staining in each group. Mean IOD values were measured by Image Pro Plus 6.0 software;
10 different fields of visions were selected. Original magnification, 400×. (E,F) WB analysis of F-actin in each group. The data are presented as the means ± SEMs
of three replicates. ∗p < 0.05, versus the NOX4GV358Lv-con group; #p < 0.05, versus the NOX4GV358Lv-RhoAi group.

the expression levels of NOX4 and RhoA/ROCK1 and well as
those of fibrosis-related proteins, such as α-SMA, Collagen-I,
MMP-1, and TIMP1.

Interaction Between NOX4 and
RhoA Proteins
Finally, we wondered whether a direct interaction exists between
NOX4 and RhoA such that NOX4 acts as an upstream molecule
regulating the RhoA/ROCK1 pathway, which seems to be
essential for fibrosis regulation. For this purpose, NOX4GV358Lv

HSCs were lysed and analyzed for coimmunoprecipitation with

different proteins (p67phox and Rac1; NOX4 and Rac1; p67phox

and RhoA; and NOX4 and RhoA) (Supplementary Figure 3A)
to verify the presence of binding between different protein
combinations. The p67phox and Rac1 proteins were bound to each
other, but no binding was detected between the following protein
pairs: NOX4 and Rac1, p67phox and RhoA, and NOX4 and RhoA.

The Biacore protein interaction analysis system was utilized
to further explore the direct binding possibilities between the
NOX4 and RhoA proteins. The NOX4 monoclonal antibody
was conjugated to a CM5 chip, and the full-length human
recombinant NOX4 protein was bound to the antibody. RhoA

Frontiers in Pharmacology | www.frontiersin.org 12 May 2019 | Volume 10 | Article 431

https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-10-00431 May 3, 2019 Time: 18:32 # 13

Huang et al. New Anti-fibrotic Target of UA

FIGURE 7 | mRNA and protein expression changes in the NOX4GV358Lv-RhoA shRNA stable cell line and direct binding analysis of NOX4 and RhoA. (A) RT-qPCR
analysis of the mRNA expression levels in each group. (B,C) WB analysis of the protein expression levels in each group. (D) ROS contents in each group detected
by the DCFH-DA assay. The data are presented as the means ± SEMs of three replicates. ∗p < 0.05, versus the CON group; #p < 0.05, versus the NOX4GV358Lv

group. (E) Recapitulative overview scheme of the study.

was formulated at different concentrations (0, 22.5, 45, 90,
180, and 360 µg/mL). The ligand solution flowed uniformly
across the surface of the chip, and the in vitro combination of

the full-length NOX4 protein with the purified RhoA protein
did not exhibit a typical concentration-dependent binding
curve (Supplementary Figure 3B). These results indicated
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that there might be no direct interaction between the NOX4
and RhoA proteins.

DISCUSSION

Chronic liver injury caused by different etiologies (e.g., viral
infections, alcohol abuse, nonalcoholic steatohepatitis, and
cholestasis) can lead to excessive accumulation of ECM proteins
(e.g., type I collagen), resulting in hepatic fibrosis and eventual
progression to fibrosis (Singh et al., 2017). MFBs activated
during liver injury are a critical source of ECM proteins and
can promote the development and progress of hepatic fibrosis
(Chen et al., 2018).

The activation of HSCs into MFBs is a central event in
the pathogenesis of fibrosis (Oh et al., 2016). Evidence has
suggested that NOX is a multicomponent complex that catalyzes
the conversion of oxygen molecules to ROS and plays an essential
role in the activation of HSCs (Gan et al., 2018). Studies have
shown that NOX isomers, including NOX1, NOX2, and NOX4,
as well as ROS produced by multiple NOX-derived proteins
are involved in the regulation of HSC activation (Lan et al.,
2015). NOX4 mediates the signal transduction of TGF-β1 and
other major hepatic fibrogenic factors, which can lead to HSC
activation and hepatocyte apoptosis (Jiang et al., 2012).

Rho GTPase is a crucial molecule in many cellular signal
transduction pathways, and RhoA, Rac1, and Cdc42 are essential
members (Boyle et al., 2018). Studies have shown that RhoA
and its downstream signaling molecules are expressed in hepatic
vascular smooth muscle cells, vascular endothelial cells, and
HSCs, increasing hepatic vascular resistance and aggravating liver
fibrosis (Hennenberg et al., 2006; Trebicka et al., 2007). Recent
studies have found that RhoA participates in the regulation
of hepatic fibrosis by regulating the migration, adhesion,
contraction, proliferation, and apoptosis of HSCs (Li et al.,
2012). However, the relationship between RhoA/ROCK1 and
NOX4/ROS has not elucidated.

Our previous results showed that UA is an inhibitor of NOXs
on the membrane of liver cells (including liver parenchymal
cells and nonparenchymal cells), which can significantly inhibit
HSC activation and reverse liver fibrosis. Therefore, we hope
to further elucidate the molecular mechanism by which UA
modifies HSC activation. In this study, we found that both UA
and Fasudil could improve liver fibrosis in WT mice, which
was consistent with the conclusions of our previous research
and with those of other research groups. Interestingly, in vivo
experiments on NOX4−/− mice showed that the liver fibrosis
induced by CCl4 was significantly improved compared with that
in WT CCl4 mice, and neither Fasudil nor UA could further
improve the liver fibrosis of NOX4−/− mice. Therefore, we
hypothesized that NOX4 knockout may also influence the action
site (RhoA/ROCK1 pathway) of Fasudil, as the effect was not
apparent in NOX4−/− fibrotic mice.

In this study, lentivirus transduction was utilized to interrupt
the expression of NOX4 and RhoA in HSCs, and compared with
those in the control group, the levels of proliferation, migration,
and cytoskeleton aggregation in the NOX4i group were

significantly reduced. In contrast, upon NOX4 overexpression,
the proliferation and migration levels of the NOX4GV358Lv group
were significantly increased compared to those in the control
group, as expected. Thus, both NOX4 and RhoA clearly play
essential roles in the activation of HSCs, and their functional
activation can significantly promote the proliferation, migration,
and other cytoskeletal movements of HSCs. More importantly,
upon inhibiting NOX4 expression, under the stimulus of TGF-
β1, RhoA and its essential effect on the downstream molecule
ROCK1 as well as the fibrosis-associated Alphasma, Col1a1,
Mmp1, and Timp1 mRNA and their protein expression levels
were significantly decreased. However, the NOX4 expression
level was not affected when RhoA expression was inhibited
(RhoAi group), and the ROS level in the RhoAi group was
not significantly different from that in the control group. Other
proteins related to fibrosis progression, such as MMP2 and
MMP9, did not explain much of the variation among the groups,
potentially due to the isolated system of stimulated HSCs, which
had no interactions with Kupffer cells, liver sinusoidal endothelial
cells (LSECs) or leukocytes, and also may correlated with our
experiment system.

Above all, NOX4/ROS is a regulatory pathway of RhoA/
ROCK1 and plays an essential regulatory role in the proliferation,
migration, and activation of HSCs. These results were confirmed
by the application of UA to the NOX4 overexpression group
(NOX4GV358Lv) and the NOX4GV358Lv-RhoAi group; fibrosis-
related proliferation, migration, and cytoskeleton polymerization
were significantly inhibited, and the mRNA and protein
expression levels of related molecules were also significantly
decreased. While UA can substantially promote the apoptosis
of HSCs, this effect is unrelated to the two targets of NOX4
and RhoA. We will not discuss this phenomenon in detail in
this manuscript.

It is also worth noting that the ability to migrate and invade
is not unique to tumor cells. Various types of cells, including
HSCs [such as osteoblasts (Cao et al., 2018), astrocytes (Zhang
et al., 2018), macrophages (Kammrath Betancor et al., 2018),
neutrophils (Sadik et al., 2018), vascular endothelial cells (Li
et al., 2015), and trophoblast cells (Wang et al., 2015)], have been
demonstrated to have the ability to migrate and/or invade. HSCs
are located within Disse’s space, which is approximately 0.4 µm
wide and located between intrahepatic sinusoidal endothelial
cells and hepatocytes (Shang et al., 2018). Disse’s space, which
is closely attached to LSECs and hepatocytes, is irregular in
shape, as it has a round or irregular shaped cell body and several
apical cells protruding around the hepatic sinusoids (Poonkhum
et al., 2015). The basement membrane-like matrix in Disse’s
space provides a tightly regulated microenvironment. Disse’s
space allows macromolecules to better pass from the sinusoids
to hepatocytes and maintains the integrity and function of liver
cells (Poonkhum et al., 2015). Studies have shown that many
activated HSCs accumulate in sites of intrahepatic inflammation.
Thus, the activation of HSCs in these spaces is an important
sign of liver fibrosis progression; however, this progression is also
indicated by other more typical markers of HSC activation, such
as α-SMA, Collagen-I, and other fibrosis-related proteins (Puche
et al., 2013). However, it cannot be concluded that these behaviors
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are most likely related to cytoskeletal regulation. Therefore, we
used the Transwell invasion system to explore the general ability
of HSC motion transfer and collagen formation to simulate the
complex behavioral changes of HSCs in vivo.

The invasion level in the RhoAi group was lower than
that in the NOX4i group, and similar results were found
for the NOX4GV358Lv-RhoAi group, which was unexpected.
Matrigel, a type of 3D matrix, is a type of ECM extracted
from mouse tumors that consists of laminin, type IV collagen,
heparan sulfate proteoglycan (HSPG), and nestin as well as
some growth factors. Importantly, MMP secretion is negatively
correlated with the degree of fibrosis, and cell migration
is related to cytoskeletal deformability (Puche et al., 2013).
RhoA is a downstream signaling molecule of NOX4 during
the activation of HSCs but is closely related to cytoskeleton
activity. Inhibition of RhoA expression significantly increases
the cytoskeletal vasodilation capacity, although the upstream
NOX4/ROS pathway is activated. Because the expression of
RhoA was inhibited and the cytoskeletal contraction was not
successfully controlled, some cells could not pass through the
small pores in the Transwell chambers.

Finally, we wondered whether NOX4 and RhoA directly bind
with any other proteins during the execution of these regulatory
functions. Earlier studies reported that the Rho GTPase family
homologous protein Rac1 could directly bind to the NOX2-
activated subunit p67phox (Diekmann et al., 1994) and directly
participate in NOX2 activation. We suggested that a direct
binding relationship exists between NOX4 and RhoA, which
plays a role of mutual regulation. However, no direct connection
was detected between NOX4 and RhoA or between p67phox and
RhoA in either the CoIP experiment or in the Biacore protein
interaction analysis system, and further studies and analyses of
NOX4 and other activated subunits are required.

Therefore, we believe that NOX4/ROS is the upstream
regulatory pathway of RhoA/ROCK1. Based on the above
findings, we believe that UA can further inhibit RhoA/ROCK1
expression via NOX4/ROS and suppress HSC activation
(Figure 7E) and even hepatic fibrosis in vivo through this

manner; however, more experiments should be performed to
confirm these findings.
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