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Abstract. MicroRNAs (miRNAs/miRs) are a class of 
non‑coding RNAs that serve crucial roles in liver cancer and 
other liver injury diseases. However, the expression profile 
and mechanisms underlying miRNAs in liver fibrosis are not 
completely understood. The present study identified the novel 
miR‑375/Rac family small GTPase 1 (RAC1) regulatory axis 
in liver fibrosis. Reverse transcription‑quantitative PCR was 
performed to detect miR‑375 expression levels. MTT, flow 
cytometry and western blotting were performed to explore the 
in vitro roles of miR‑375. The dual‑luciferase reporter gene 
assay was performed to determine the potential mechanism 
underlying miR‑375 in liver fibrosis. miR‑375 expression 
was significantly downregulated in liver fibrosis tissues and 
cells compared with healthy control tissues and hepatocytes, 
respectively. Compared with the pre‑negative control group, 
miR‑375 overexpression inhibited mouse hepatic stellate 
cell (HSC) viability and epithelial‑mesenchymal transition, 
and alleviated liver fibrosis. The dual‑luciferase reporter assay 
results demonstrated that miR‑375 bound to RAC1. Moreover, 
the results indicated that miR‑375 regulated the hedgehog 
signaling pathway via RAC1 to restrain HSC viability and 
EMT, thus exerting its anti‑liver fibrosis function. The present 
study identified the miR‑375/RAC1 axis as a novel regulatory 
axis associated with the development of liver fibrosis.

Introduction

Liver fibrosis is a common pathological alteration that occurs 
during the process of tissue repair after chronic liver injury, 

and gradually develops into cirrhosis, which eventually leads 
to irreversible liver injury (1,2). Emerging evidence indicates 
that the abnormal activation and proliferation of hepatic stellate 
cells (HSCs) are important factors leading to liver fibrosis (3) 
and that epithelial‑mesenchymal transition (EMT) is associ‑
ated with the abnormal activation of HSCs (4). Choi et al (5) 
reported that EMT in HSC activation is regulated via the 
hedgehog (Hh) signaling pathway. Therefore, inhibiting HSC 
excessive viability and EMT by regulating the Hh signaling 
axis may serve as a potential therapeutic strategy to alleviate 
liver fibrosis.

MicroRNAs (miRNAs/miRs) are small non‑coding 
RNAs composed of 22‑25  nucleotides that restrain the 
expression of target mRNAs by binding to their 3'untrans‑
lated region  (UTR)  (6). Yu  et  al  (7) demonstrated that 
increasing the expression of miR‑200a regulated the Hh 
signaling pathway by targeting the binding to GLI family 
zinc finger 2 (Gli2), thus restraining EMT in HSC activation 
to hinder the progression of liver fibrosis. The increased 
expression of miR‑152 regulates the Hh signaling pathway 
by downregulating DNA methyltransferase 1, and further 
restrains HSC activation and EMT to exert its anti‑fibrotic 
function  (8). A study demonstrated that the abnormal 
expression of miR‑375 has been observed in various 
diseases, including inflammatory bowel disease and liver 
cancer, suggesting that miR‑375 serves important regula‑
tory functions in various human diseases  (9). Besides, 
Yang et al (10) reported that miR‑375 is downregulated in 
a fructose‑induced liver fibrosis rat model. However, the 
molecular mechanism underlying miR‑375 in liver fibrosis 
is not completely understood.

Rac family small GTPase  1  (RAC1) is an important 
member of the Rho family of small GTPase proteins and 
participates in the regulatory processes of cell proliferation, 
differentiation and EMT (11). RAC1 overexpression in HSCs 
leads to abnormal activation, which in turn aggravates liver 
fibrosis (12). Another study demonstrated that RAC1 activation 
induces HSC activation and promotes HSC EMT by mediating 
the Hh signaling pathway, thus aggravating liver fibrosis (13). 
However, the mechanism underlying RAC1 in regulating 
HSC activation and EMT in liver fibrosis is not completely 
understood.
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The present study aimed to investigate the expression 
of miR‑375 in liver fibrosis tissues and cells compared with 
healthy control tissues and hepatocytes (HCs), respectively. 
Moreover, the mechanisms underlying miR‑375 in liver 
fibrosis were investigated. 

Materials and methods

Tissue samples. In the present study, 15 healthy controls and 
15 patients (43.2% male patients and 56.8% female patients; 
age, 60.1±11.7 years) with liver cirrhosis undergoing partial 
liver resection or liver biopsy were recruited from the First 
Affiliated Hospital of Zhengzhou University (Zhengzhou, 
China) between March 2017 and March 2020. Liver cirrhosis 
was diagnosed by performing a liver biopsy, abdominal ultra‑
sound or computed tomography scan. The exclusion criteria 
were as follows: i) The use of non‑protective liver drugs to 
treat viral hepatitis or liver fibrosis; and ii) liver biochemical 
indicators were normal. The participants were divided into two 
groups: i) Healthy controls (n=15); and ii) cirrhosis (n=15). The 
present study was approved by the Ethics Committee of the 
First Affiliated Hospital of Zhengzhou University (approval 
no. 2020‑KY‑047). Written informed consent was obtained 
from all patients before obtaining liver tissues.

RNA isolation and reverse transcription‑quantitative 
PCR (RT‑qPCR). RT‑qPCR was performed as previously 
described (14). Briefly, total RNA was extracted from human 
and mouse liver fibrosis tissues and mouse liver fibrosis cells 
using TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.). Total RNA was reverse transcribed into cDNA using 
the PrimeScript One‑Step RT‑PCR kit (Takara Biotechnology 
Co., Ltd.) at 42˚C. Subsequently, qPCR was performed using 
an SYBR Green PCR kit (Applied Biosystems; Thermo Fisher 
Scientific, Inc.) and an ABI 7900HT Fast Real‑Time PCR 
System (Applied Biosystems; Thermo Fisher Scientific, Inc.). 
The following thermocycling conditions were used for qPCR: 
95˚C for 5 min; followed by 40 cycles of 95˚C for 15 sec and 
60˚C for 20 sec. The sequences of the primers used for qPCR 
are presented in Table I. miRNA and mRNA expression levels 
were quantified using the 2-ΔΔCq method (15) and normalized 
to the internal reference genes U6 and β‑actin, respectively. 

Establishment of liver fibrosis mouse model. A total of 
12  male C57BL/6J mice (age, 8  weeks; weight, 20‑22  g; 
Experimental Animal Center of Zhengzhou University) were 
used to establish a liver fibrosis mouse model. The mice were 
housed in a temperature (23±3˚C) and humidity (40‑70%) 
controlled environment with 12‑h light/dark cycles, and free 
access to food and water. Animal health and behavior were 
assessed every 24 h. Mice were divided into the following 
two groups: i) Sham (n=6); and ii) CCl4 (n=6). Mice in the 
CCl4 group were intraperitoneally injected with 7  ml/kg 
CCl4 (diluted 1:9 in olive oil; Sinopharm Chemical Reagent 
Co., Ltd.; cat. no. XW00562352) twice a week for six weeks. 
Mice in the sham group were intraperitoneally injected with 
the same volume of olive oil twice a week for six weeks. At 
the end of the six weeks, mice were sacrificed and the liver 
tissues were isolated for subsequent experiments. The animal 
experimental protocol was approved by the Ethics Committee 

of the First Affiliated Hospital of Zhengzhou University 
(approval no. 2020‑KY‑047).

Masson and hematoxylin and eosin (H&E) staining. Mouse 
liver tissue samples were fixed with 10% formalin at room 
temperature for 48 h, embedded in paraffin and cut into 5‑µm 
thick sections. According to the standard protocols, Masson 
staining was performed to assess collagen deposition and H&E 
staining was performed to assess the degree of liver injury. For 
Masson staining, sections were stained with hematoxylin for 
5‑10 min at room temperature, followed by Masson staining 
for 5‑10 min at room temperature. For H&E staining, sections 
were stained with hematoxylin for 5‑10 min at room tempera‑
ture, followed by eosin staining for 1 min at room temperature. 
Stained sections were observed using a light microscope 
(Nikon Corporation; magnification, x200).

Western blotting. Total protein was extracted from human and 
mouse liver fibrosis tissues and mouse liver fibrosis cells using 
RIPA (Beijing Solarbio Science & Technology Co., Ltd.). 
Total protein was quantified using the BCA Protein Assay kit 
(Beijing Solarbio Science & Technology Co., Ltd.). Proteins 
(20 µg/lane) were separated via 10% SDS‑PAGE and trans‑
ferred onto PVDF membranes. After blocking with 5% skim 
milk at room temperature for 1 h, the membranes were incu‑
bated overnight at 4˚C with the following primary antibodies: 
Anti‑α‑smooth muscle actin (α‑SMA; cat. no. ab5694; 1:1,000; 
Abcam), anti‑collagen type I‑α1 (Col1A1; cat. no. ab34710; 
1:1,000; Abcam), anti‑RAC1 (cat.  no.  ab155938; 1:1,000; 
Abcam), anti‑E‑cadherin (cat. no. ab227639; 1:25; Abcam), 
anti‑Snail (cat. no. ab216347; 1:1,000; Abcam), anti‑Vimentin 
(cat. no. sc‑6260; 1:1,000; Santa Cruz Biotechnology, Inc.), 
anti‑hedgehog interacting protein (Hhip; cat. no. ab86450; 
1:1,000; Abcam), anti‑sonic hedgehog signaling molecule 
(Shh; cat. no. sc‑365112; 1:1,000; Santa Cruz Biotechnology, 
Inc.), anti‑Gli2 (cat.  no.  sc‑271786; 1:1,000; Santa  Cruz 
Biotechnology, Inc.) and anti‑β‑actin (cat.  no.  sc‑8432; 
1:1,000; Santa Cruz Biotechnology, Inc.). Subsequently, the 
membranes were incubated with a HRP‑conjugated specific 
secondary antibody (cat. no. ab205718; 1:2,000; Abcam) at 
room temperature for 1 h. Protein bands were visualized using 
the enhanced chemiluminescence kit (Shanghai XP Biomed 
Ltd.). β‑actin was used as the loading control.

Cell isolation and culture. Mouse primary HCs and primary 
HSCs were isolated as previously described (16). Cells were 
cultured in DMEM (Gibco; Thermo Fisher Scientific, Inc.) 
supplemented with 10% FBS (Gibco; Thermo Fisher Scientific, 
Inc.), 100 U/ml penicillin and 100 µg/ml streptomycin at 37˚C 
with 5% CO2. Moreover, HSCs were isolated from healthy 
control mice and cultured in DMEM at 37˚C, 5% CO2 in vitro 
for 1, 3 and 5 days, respectively.

Cell transfection and treatment. HSCs were isolated from 
healthy control mice (Sham group) and cultured for 1  day 
in vitro to obtain primary‑1‑day HSCs. Primary‑1‑Day HSCs 
were seeded (1x105 cells/well) into 24‑well plates and cultured 
for ~24 h. At 80% confluence, cells were transfected with 10 nM 
miR‑375 mimic, 10 nM pre‑NC, 10 nM miR‑375 mimic + 10 nM 
pcDNA‑RAC1, 10 nM miR‑375 inhibitor or 10 nM NC at 37˚C for 
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48 h using Lipofectamine® 2000 transfection reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.) according to the manufacturer's 
protocol. miR‑375 mimic, miR‑375 inhibitor, pre‑NC, inhibitor 
NC, pcDNA and pcDNA‑RAC1 were purchased from Shanghai 
GenePharma Co., Ltd. The specific sequences were as follows: 
miR‑375 mimic, 5'‑UUU​GUU​CGU​UCG​GCU​CGC​GUG​A‑3'; 
miR‑375 inhibitor, 5'‑UCA​CGC​GAG​CCG​AAC​GAA​CAA​A‑3'; 
pre‑NC, 5'‑CAG​UAC​UUU​UGU​GUA​GUA​CAA‑3'; and NC, 
5'‑CAG​UAC​UUU​UGU​GUA​GUA​CAA‑3'. At 48 h post‑transfec‑
tion, cells were used for subsequent experiments.

To investigate whether miR‑375 inhibited mouse HSC 
viability and EMT via the Hh signaling pathway, cells (1x105) 
were cultured in DMEM supplemented with 0.3 µM smooth‑
ened agonist (SAG; an exogenous Hh agonist; Beyotime 
Institute of Biotechnology) at 37˚C for 24 h.

Cell viability. The MTT assay was performed to assess mouse 
HSC viability. HSC cells were seeded (1x104 cells/well) into 
96‑well plates and cultured at 37˚C for 48 h. Subsequently, 
20 µl MTT solution was added to each well and incubated at 
37˚C for 2 h. Then, 150 µl DMSO was added to dissolve the 
purple formazan crystals. The optical density was measured at 
a wavelength of 570 nm to determine HSC viability.

Cell cycle assay. The cell cycle distribution of mouse HSCs 
was assessed via flow cytometry. Following fixation with 70% 
ethanol for at 37˚C for 24 h, cells (1x106) were resuspended in 
PI/RNase staining buffer (BD Pharmingen; BD Biosciences) 
supplemented with 50 ng/µl RNase A and incubated at 37˚C 
for 30 min. The cell cycle distribution was analyzed via flow 
cytometry using an Attune™  NxT Flow Cytometer flow 
cytometer (Invitrogen; Thermo Fisher Scientific, Inc.) and 
FlowJo software (version 10; Flow Jo LLC). 

Dual‑luciferase reporter gene assay. Online bioinformatics soft‑
ware TargetScan (version 3.1; www.targetscan.org/mamm_31) 

was used to predict that miR‑375 contained the binding sites in 
the 3'UTR region of RAC1.

The RAC1 3'‑UTR‑wild‑type (WT) and RAC1 
3'UTR‑mutant (Mut) sequences were inserted into the pmirGLO 
luciferase reporter vector (Shanghai GenePharma Co., Ltd.). 
Subsequently, HSCs (1x106) were co‑transfected with 1 µg 
miR‑375 mimic, pre‑NC, miR‑375 inhibitor or NC and 1 µg 
RAC1 3'UTR‑WT or RAC1 3'UTR‑Mut using Lipofectamine 
2000 transfection reagent. At 48 h post‑transfection, luciferase 
activity was measured using a Dual‑Luciferase Reporter Assay 
system (Promega Corporation). Firefly luciferase activity was 
normalized to Renilla luciferase activity.

Statistical analysis. Experiments were repeated at least 
three times. Statistical analyses were performed using SPSS 
software (version 17.0; SPSS,  Inc.). Comparisons between 
two groups were analyzed using the unpaired Student's t‑test. 
Comparisons among multiple groups were analyzed using 
one‑way ANOVA followed by Tukey's post hoc test. P<0.05 
was considered to indicate a statistically significant difference.

Results

miR‑375 is downregulated in liver fibrosis tissues and cells. 
The abnormal expression of miRNAs is associated with the 
occurrence of liver fibrosis (17,18). In the present study, the 
expression levels of miR‑375 and Col1A1 (a liver fibrosis 
molecular marker) in the tissue samples of patients with 
cirrhosis were assessed. Compared with the healthy control 
group, miR‑375 expression was significantly decreased in the 
cirrhosis group, whereas Col1A1 expression was significantly 
increased (Fig. 1A). Pearson's correlation analysis demon‑
strated that miR‑375 expression was negatively correlated with 
Col1A1 expression and RAC1 expression in human cirrhosis 
tissue samples (Fig. 1B). Subsequently, a liver fibrosis mouse 
model was established via intraperitoneal injection of CCl4. 
The Masson and H&E staining results indicated that the liver 
fibrosis tissues of mice in the CCl4 group displayed increased 
collagen deposition, inflammation, infiltration, steatosis and 
fibrosis compared with the sham group (Fig. 1C). α‑SMA and 
Col1A1 are common molecular marker of liver fibrosis (19). The 
mRNA and protein expression levels of α‑SMA and Col1A1 
were dramatically increased in the CCl4 group compared with 
the sham group (Fig. 1D). By contrast, miR‑375 expression was 
significantly decreased in the CCl4 group compared with the 
sham group (Fig. 1E). Subsequently, mouse primary HCs and 
primary HSCs were isolated from liver fibrosis model mice. 
miR‑375 expression was significantly decreased in the HSC 
group compared with the HC group (Fig. 1F). Moreover, HSCs 
were isolated from healthy control mice and cultured in vitro for 
1, 3 and 5 days, respectively. The mRNA and protein expression 
levels of α‑SMA and Col1A1 were markedly increased in the 
day 3 and 5 groups compared with the day 1 group (Fig. 1G). 
By contrast, miR‑375 expression was significantly decreased 
in the day 3 and 5 groups compared with the day 1 group 
(Fig. 1H). The aforementioned results indicated that miR‑375 
was downregulated in human and mouse liver fibrosis tissues 
and mouse liver fibrosis cells compared with healthy control 
tissues and HCs, respectively, suggesting that miR‑375 may 
serve a regulatory function in the process of liver fibrosis.

Table I. Sequences of primers used for reverse transcription‑ 
quantitative PCR.

Gene	 Sequence (5'→3')

miR‑375	 F:	 CACAAAATTTGTTCGTTCGGCT
	 R:	GTGCAGGGTCCGAGGT
U6	 F:	 CAAATTCGTGAAGCGTTCCATAT
	 R:	GCTTCACGAATTTGCGTGTCATCCTTGC
RAC1	 F:	 GAGCAGAAGCTGATCTCCGAGGAG
	 R:	TTACAACAGCAGGCATTTTCTCTT
α‑SMA	 F:	 CTGACAGAGGCACCACTGAA
	 R:	CATCTCCAGAGTCCAGCACA
Col1A1	 F:	 GATTGAGAACATCCGCAGC
	 R:	CATCTTGAGGTCACGGCAT
β‑actin	 F:	 CAGGAGGCATTGCTGATGAT
	 R:	GAAGGCTGGGGCTCATTT

miR, microRNA; RAC1, Rac family small GTPase 1; α‑SMA, α‑smooth 
muscle actin; Col1A1, collagen type I‑α1; F, forward; R, reverse.
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miR‑375 overexpression inhibits mouse HSC viability and EMT, 
and alleviates liver fibrosis. To further investigate the function of 
miR‑375 in liver fibrosis, HSCs isolated from healthy control mice 
were cultured for 1 day in vitro to obtain mouse primary‑1‑day 
HSC. Subsequently, primary‑1‑day HSCs were transfected 
with miR‑375 mimic or pre‑NC. miR‑375 mimic significantly 
increased miR‑375 expression compared with pre‑NC (Fig. 2A), 
indicating successful overexpression of miR‑375 in mouse 
primary‑1‑day HSC. miR‑375 overexpression notably decreased 
the mRNA and protein expression levels of α‑SMA, Col1A1 and 
RAC1 compared with the pre‑NC group (Fig. 2B). Moreover, the 
MTT assay results indicated that miR‑375 overexpression signifi‑
cantly inhibited HSC viability compared with the pre‑NC group 
(Fig. 2C). The cell cycle analysis results suggested that miR‑375 
overexpression significantly inhibited the cell cycle progression 
of HSCs compared with the pre‑NC group (Figs. 2D and S1A). 
The western blotting results indicated that compared with the 
pre‑NC group, miR‑375 mimic markedly increased the protein 
expression levels of the epithelial marker E‑cadherin and the Hh 
signaling pathway‑related molecule Hhip. However, compared 
with the pre‑NC group, miR‑375 mimic notably decreased the 

protein expression levels of the mesenchymal markers Snail and 
Vimentin, and the Hh signaling pathway‑related molecules Shh 
and Gli2 (Fig. 2E). The aforementioned results indicated that 
miR‑375 overexpression inhibited mouse HSC viability and 
EMT, and alleviated liver fibrosis. 

miR‑375 inhibits mouse HSC viability and EMT via the Hh 
signaling pathway. miR‑375‑mediated effects on mouse HSC 
viability and EMT were further investigated. Primary‑1‑day 
HSCs were transfected with miR‑375 mimic and at 48  h 
post‑transfection, cells were cultured in DMEM supplemented 
with 0.3 µM SAG (an exogenous Hh agonist) for 24 h. Compared 
with pre‑NC, miR‑375 overexpression markedly decreased the 
mRNA and protein expression levels of α‑SMA and Col1A1, 
which was reversed by treatment with SAG (Fig. 3A). Moreover, 
the western blotting results indicated that miR‑375 overexpres‑
sion notably increased the protein expression levels of E‑cadherin 
and Hhip, but decreased the expression levels of Snail, Vimentin, 
Shh and Gli2 compared with the pre‑NC group. miR‑375 overex‑
pression‑mediated effects on protein expression were markedly 
reversed by treatment with SAG (Fig. 3B). The MTT assay results 

Figure 1. miR‑375 expression in liver fibrosis tissues and cells. Liver tissues were isolated from healthy controls (n=15) and patients with cirrhosis (n=15) who 
underwent partial liver resection or liver biopsy. (A) miR‑375 and Col1A1 (a liver fibrosis molecular marker) expression levels in the tissue samples of healthy 
controls and patients with cirrhosis. (B) Pearson's correlation analysis was performed to analyze the correlation between miR‑375 expression and Col1A1 or 
RAC1 expression in tissue samples isolated from patients with cirrhosis. A liver fibrosis mouse model of liver fibrosis was established by an intraperitoneal 
injection of CCl4. (C) Pathological alterations in tissue samples isolated from liver fibrosis mouse models were observed by performing Masson and H&E 
staining (scale bar, 50 µm). (D) α‑SMA and Col1A1 mRNA and protein expression levels in the liver fibrosis mouse model. (E) miR‑375 expression in the liver 
fibrosis mouse model. Primary HCs and HSCs were isolated from liver fibrosis model mice. (F) miR‑375 expression in primary HCs and HSCs. HSCs isolated 
from healthy control mice were cultured in vitro for 1, 3 and 5 days. (G) α‑SMA and Col1A1 mRNA and protein expression levels in HSCs. (H) miR‑375 
expression in HSCs. *P<0.05, **P<0.01 and ***P<0.001 vs. healthy control, Sham, HC or day 1. miR, microRNA; Col1A1, collagen type I‑α1; RAC1, Rac family 
small GTPase 1; H&E, hematoxylin and eosin; α‑SMA, α‑smooth muscle actin; HC, hepatocyte; HSC, hepatic stellate cell.
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Figure 2. Effect of miR‑375 on mouse HSC viability, EMT and liver fibrosis. HSCs were isolated from healthy control mice and cultured in vitro for 1 day to 
obtain primary‑1‑day HSCs. Primary‑1‑day HSCs were transfected with miR‑375 mimic or pre‑NC. (A) miR‑375 expression. (B) α‑SMA, Col1A1 and RAC1 
mRNA and protein expression levels. (C) The MTT assay was performed to assess HSC viability. (D) Flow cytometry was performed to assess the cell cycle 
distribution in HSCs. (E) The protein expression levels of epithelial marker E‑cadherin, mesenchymal markers Snail and Vimentin, and hedgehog signaling 
pathway‑related molecules Hhip, Shh and Gli2. **P<0.01 and ***P<0.001 vs. pre‑NC. miR, microRNA; HSC, hepatic stellate cell; EMT, epithelial‑mesenchymal 
transition; NC, negative control; α‑SMA, α‑smooth muscle actin; Col1A1, collagen type I‑α1; RAC1, Rac family small GTPase 1; Snail, snail family transcrip‑
tional repressor 1; Hhip, hedgehog interacting protein; Shh, sonic hedgehog signaling molecule; Gli2, GLI family zinc finger 2.

Figure 3. miR‑375 affects mouse HSC viability and EMT via the Hh signaling pathway. Primary‑1‑day HSCs were transfected with miR‑375 mimic and 
at 48 h post‑transfection, cells were cultured in DMEM supplemented with 0.3 µM SAG (an exogenous Hh agonist) for 24 h. (A) α‑SMA and Col1A1 
mRNA and protein expression levels. (B) E‑cadherin, Snail, Vimentin, Hhip, Shh and Gli2 protein expression levels. (C) The MTT assay was performed 
to assess HSC viability. (D) Flow cytometry was performed to assess the cell cycle distribution in HSCs. **P<0.01 and ***P<0.001 vs. pre‑NC; #P<0.05 and 
##P<0.01 vs. miR‑375 mimic. miR, microRNA; HSC, hepatic stellate cell; EMT, epithelial‑mesenchymal transition; Hh, hedgehog; SAG, smoothened agonist; 
α‑SMA, α‑smooth muscle actin; Col1A1, collagen type I‑α1; Snail, snail family transcriptional repressor 1; Hhip, hedgehog interacting protein; Shh, sonic 
hedgehog signaling molecule; Gli2, GLI family zinc finger 2; NC, negative control.
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demonstrated that compared with the pre‑NC group, miR‑375 
overexpression significantly inhibited mouse HSC viability, which 
was significantly reversed by treatment with SAG (Fig. 3C). The 
cell cycle analysis results demonstrated that compared with the 
pre‑NC group, miR‑375 overexpression significantly inhibited cell 
cycle progression in mouse HSCs, which was also significantly 
reversed by treatment with SAG (Figs. 3D and S1B). The results 
further indicated that miR‑375 inhibited mouse HSC viability and 
EMT via the Hh signaling pathway.

miR‑375 negatively regulates RAC1 expression. To determine 
the mechanism underlying miR‑375‑mediated regulation of 
HSC viability and EMT in mice, the online bioinformatics 
software TargetScan was used. The results indicated that RAC1 
was a potential target gene of miR‑375 (Fig. 4A). The transfec‑
tion efficiency of miR‑375 inhibitor was presented in Fig. 4B. 
The dual‑luciferase reporter gene assay results indicated that 
miR‑375 negatively regulated the luciferase activity of RAC1 
3'UTR‑WT (Fig. 4B and C). Moreover, miR‑375 negatively 
regulated the mRNA and protein expression levels of RAC1 
(Fig. 4B and C). Therefore, the aforementioned results indi‑
cated that miR‑375 negatively regulated RAC1 expression by 
binding to the 3'UTR of RAC1.

miR‑375 inhibits mouse HSC viability and EMT by regulating 
the Hh signaling pathway via RAC1. To further assess whether 

miR‑375 regulated mouse HSC viability and EMT via targeting 
RAC1, miR‑375 mimic, miR‑375 mimic + pcDNA‑RAC1 and 
their corresponding controls were transfected into mouse 
primary‑1‑day HSC.

Compared with the corresponding control groups, RAC1 
overexpression significantly increased RAC1 expression, 
indicating successful overexpression of RAC1 in mouse 
primary‑1‑day HSCs (Fig. 5A). The RT‑qPCR and western 
blotting results indicated that compared with the pre‑NC 
group, miR‑375 overexpression markedly decreased the 
mRNA and protein expression levels of RAC1, α‑SMA 
and Col1A1, which was reversed by co‑transfection with 
pcDNA‑RAC1 (Fig.  5B‑D). Moreover, compared with the 
pre‑NC group, miR‑375 overexpression notably increased 
the protein expression levels of E‑cadherin and Hhip, and 
decreased the protein expression levels of Snail, Vimentin, 
Shh and Gli2. miR‑375 overexpression‑mediated effects on 
protein expression were reversed by co‑transfection with 
pcDNA‑RAC1 (Fig. 5D and E). Furthermore, compared with 
the pre‑NC group, miR‑375 overexpression significantly inhib‑
ited mouse HSC viability, which was significantly reversed by 
co‑transfection with pcDNA‑RAC1 (Fig. 5F). The cell cycle 
analysis results suggested that compared with the pre‑NC 
group, miR‑375 overexpression significantly restrained cell 
cycle progression in mouse HSCs, which was reversed by 
co‑transfection with pcDNA‑RAC1 (Figs. 5G and S1C). The 

Figure 4. miR‑375‑mediated regulation of RAC1 expression. (A) TargetScan was used to identify the binding sites between miR‑375 and RAC1. A dual‑lucif‑
erase reporter gene assay was performed to assess the effects of (B) miR‑375 inhibitor and (C) miR‑375 mimic on the luciferase activity of RAC1 and RAC1 
expression. ***P<0.001 vs. NC; ###P<0.001 vs. pre‑NC. miR, microRNA; RAC1, Rac family small GTPase 1; NC, negative control; WT, wild‑type; Mut, mutant; 
UTR, untranslated region.
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results indicated that miR‑375 inhibited mouse HSC viability 
and EMT by regulating the Hh signaling pathway via RAC1.

Discussion

A previous study explored the potential mechanism underlying 
miRNAs in liver fibrosis (20). The present study demonstrated 
that miR‑375 expression was significantly downregulated in 
liver fibrosis tissues and cells compared with healthy control 
tissues and HCs, respectively. Moreover, the results suggested 
that miR‑375 interacted with RAC1. The further mechanistic 
studies indicated that miR‑375 regulated the Hh signaling 
pathway via RAC1 to inhibit HSC viability and EMT, thus 
inhibiting liver fibrosis.

A previous study indicated that miRNAs bind to the 3'UTR 
of their target mRNAs to negatively regulate the expression of 
the target mRNA, thus serving key regulatory functions in the 
occurrence and development of liver fibrosis (21). For example, 
miR‑146a is downregulated in liver fibrosis tissues, and 
miR‑146a overexpression reduces hepatic EMT by targeting 
SMAD4, thus inhibiting the progression of liver fibrosis (22). 
Moreover, miR‑375 has been reported to be downregulated 
in the liver fibrosis rat model (10). However, the function of 
miR‑375 in liver fibrosis is not completely understood. The 
present study demonstrated that miR‑375 expression was 
significantly downregulated in mouse liver fibrosis tissues 
and cells compared with sham tissues and HCs, respectively. 
Moreover, compared with the pre‑NC group, miR‑375 overex‑
pression inhibited mouse HSC viability and EMT via the Hh 

signaling pathway, thus alleviating liver injury in liver fibrosis 
model mice.

RAC1, an important member of the Rho family of 
small GTPase proteins, is associated with the occurrence 
and development of various human diseases, including 
Alzheimer's disease (23,24). A previous study reported that 
RAC1 knockdown inhibits the development of liver fibrosis in 
mice (25). Choi et al reported that RAC1 activation induces 
HSC activation and promotes HSC EMT by mediating the 
Hh signaling pathway, thus improving liver fibrosis) and 
suggesting that RAC1 is involved in the development of liver 
fibrosis. Moreover, Venugopal et al demonstrated that RAC1 
expression is negatively regulated by miR‑194 and serves a 
role in liver fibrosis by regulating HSC activation (26). The 
present study identified binding sites between RAC1 and 
miR‑375 using TargetScan online bioinformatics prediction 
software. Moreover, the results indicated that RAC1 expres‑
sion was negatively regulated by miR‑375. Further in‑depth 
studies suggested that miR‑375 affected the Hh signaling 
pathway by downregulating RAC1 to restrain HSC viability 
and EMT. 

To conclude, the present study demonstrated that miR‑375 
expression was significantly downregulated in liver fibrosis 
tissues and cells compared with healthy control tissues and 
HCs, respectively. The results indicated that miR‑375 regu‑
lated the Hh signaling pathway via RAC1 to inhibit HSC 
viability and EMT, thus relieving liver fibrosis. The results of 
the present study suggested that the miR‑375/RAC1 axis may 
serve as a novel therapeutic target for liver fibrosis.

Figure 5. miR‑375 affects mouse HSC viability and EMT by regulating the hedgehog signaling pathway via RAC1. Primary‑1‑day HSCs were transfected with 
miR‑375 mimic, miR‑375 mimic + pcDNA‑RAC1 or their corresponding controls. Transfection efficiency of (A) pcDNA‑RAC1. (B) RAC1 mRNA expression 
levels. (C) α‑SMA and Col1A1 mRNA and protein expression levels. (D) RAC1, Hhip, Shh, Gli2, (E) E‑cadherin, Snail and Vimentin protein expression 
levels. (F) The MTT assay was performed to assess HSC viability. (G) Flow cytometry was performed to assess the cell cycle distribution in HSCs. **P<0.01 
and ***P<0.001 vs. pcDNA or pre‑NC; #P<0.05, ##P<0.01 and ###P<0.001 vs. miR‑375 mimic + pcDNA. miR, microRNA; HSC, hepatic stellate cell; EMT, 
epithelial‑mesenchymal transition; RAC1, Rac family small GTPase 1; α‑SMA, α‑smooth muscle actin; Col1A1, collagen type I‑α1; Hhip, hedgehog inter‑
acting protein; Shh, sonic hedgehog signaling molecule; Gli2, GLI family zinc finger 2; Snail, snail family transcriptional repressor 1; NC, negative control.
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