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Dual Targeting of Angipoietin- 1 and von 
Willebrand Factor by microRNA- 671- 5p  
Attenuates Liver Angiogenesis and 
Fibrosis
Le Yang,1 Wenhui Yue,1 Hang Zhang,1 Zhi Zhang,1 Renmin Xue,1 Chengbin Dong,2 Fuquan Liu,2 Na Chang,1 Lin Yang,1 and 
Liying Li 1

Angipoietin- 1 (Angpt1) and von Willebrand factor (VWF) are two important angiogenic molecules that can drive 
pathologic angiogenesis and progression of liver fibrosis in our previous study. MicroRNAs (miRs) participate in a 
variety of physiological and pathological processes, including angiogenesis. However, the critical miRs targeting Angpt1 
or VWF and potential molecular mechanism underlying liver fibrosis– associated angiogenesis is not clear yet. Human 
liver tissues were obtained from patients with different chronic liver diseases. Mouse models of liver fibrosis were in-
duced by injection of CCl4 or bile duct ligation (BDL) operation. MiR- 671- 5p was predicted to target Angpt1 and 
VWF from three databases (miRanda, RNA22v2, and miRwalk). MiR- 671- 5p expression was decreased in the fibrotic 
liver of human and mice, with a negative correlation with the levels of Angpt1, VWF, sphingosine kinase- 1 (SphK1, 
the rate- limiting enzyme for sphingosine 1- phosphate [S1P] formation), transforming growth factor β1 (TGFβ1), hy-
poxia inducible factor (Hif )1α, Hif2α, and fibrosis markers. Importantly, miR- 671- 5p expression was down- regulated 
in fluorescence- activated cell sorted liver sinusoidal endothelial cells and hepatic stellate cells (HSCs) in CCl4 mice 
compared with control mice. In vitro miR- 671- 5p expression was also decreased in S1P- stimulated HSCs and TGFβ1- 
activated liver sinusoidal endothelial cells, negatively correlated with Angpt1 and VWF expression. MiR- 671- 5p directly 
targeted Angpt1 and VWF by luciferase reporter assays. In vivo administration of miR- 671- 5p agomir decreased the 
messenger RNA and protein levels of Anpgt1 and VWF, and attenuated CCl4- induced or BDL- induced liver angio-
genesis and fibrosis. Conclusion: We identify the negative regulation of miR- 671- 5p on Angpt1 and VWF and liver 
fibrosis– associated angiogenesis, which may provide promising targets for the prevention and treatment of liver disease. 
(Hepatology Communications 2022;6:1425-1442).

Liver fibrosis is a complicated wound- healing 
response to tissue injury from a wide vari-
ety of etiologies, which might eventually lead 

to cirrhosis, portal hypertension and liver failure, 

and represents the main risk factor for hepatocellu-
lar carcinoma.(1) Liver fibrosis is characterized by the 
excessive deposition of extracellular matrix compo-
nents, increased angiogenesis, and the development of 
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abnormal angioarchitecture in the liver.(2) Therefore, 
targeting the key molecules involved in the develop-
ment of liver fibrosis– associated angiogenesis is viewed 
as a promising intervention strategy for liver diseases.

Angipoietin- 1 (Angpt1), produced by pericytes and 
vascular smooth muscle cells, is a critical factor for vas-
cular morphogenesis and function in various develop-
ment, homeostasis, and disease.(3) For instance, Angpt1 
induces vessel stabilization by inhibiting the permeabil-
ity of endothelial cells and stimulating endothelial cell– 
dependent release of cytokines such as platelet- derived 
growth factor- B, which result in the recruitment of 
pericytes to the nascent vessels.(4) Von Willebrand fac-
tor (VWF) is another important angiogenic molecule, 
which is best known in the regulation of angiogene-
sis.(5) VWF is selectively expressed in endothelial cells, 
and VWF expression is up- regulated by angiogenic 
factors vascular endothelial growth factor, fibroblast 
growth factor- 2, and transforming growth factor β 
(TGFβ).(6) The deficiency or defect of VWF in human 
would lead to von Willebrand disease, characterized by 
a wide range of bleeding disorders (e.g., epistaxis, gingi-
val bleeding, heavy menstrual bleeding, gastrointestinal 
bleeds, postoperative bleeding, hemarthrosis).(7) Our 
previous study has demonstrated that Angpt1, which is 
induced by sphingosine 1- phosphate (S1P) in hepatic 
stellate cells (HSCs) and VWF in liver sinusoidal endo-
thelial cells (LSECs), drive pathologic angiogenesis and 
progression of liver fibrogenesis in CCl4 mouse fibrotic 
models, and inhibition of Angpt1- mediated angio-
genesis results in the attenuation of hepatic fibrosis.(8) 
However, the critical regulator and potential molecular 

mechanism underlying the angiogenic process in liver 
fibrosis is not yet fully understood.

MicroRNAs (miRs) are single- stranded small 
(~21- 25 nucleotides) noncoding RNAs that suppress 
the expression of target genes by base- pairing with 
the 3′- untranslated region (3′- UTR) of their target 
messenger RNAs (mRNAs).(9- 11) MiRNAs have been 
demonstrated to participate in a variety of physiolog-
ical and pathological processes, including angiogen-
esis.(12,13) Deregulation of miRNAs has been shown 
to result in aberrant gene expression and regulate the 
progression of angiogenesis in liver.(14,15) For instance, 
miRNA- 26a inhibits tumor angiogenesis of human 
hepatocellular carcinoma through the hepatocyte 
growth factor– cMet signaling pathway.(16) MiR- 195 
suppresses angiogenesis and metastasis of hepatocel-
lular carcinoma by inhibiting the expression of vascu-
lar endothelial growth factor, vav guanine nucleotide 
exchange factor 2, and CDC42.(17) Exosomal miR- 
25- 3p from colorectal cancer dramatically induces 
vascular leakiness and enhances tumor metastasis in 
liver and lung of mice by targeting Kruppel- like factor 
2 and 4.(18) Our previous study has demonstrated that 
miR- 26b- 5p inhibits liver fibrogenesis and angiogene-
sis by directly targeting platelet- derived growth factor 
receptor- β and interacting with long noncoding RNA 
MEG3 in mesenchymal stromal cells.(19) However, 
the critical miRs targeting Angpt1 and VWF, which 
are the most important regulatory molecules during 
liver fibrosis- associated angiogenesis, are still not clear.

In the present study, we investigate the potential 
regulatory mechanism of miR- 671- 5p on Angpt1 
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and VWF during liver fibrosis– associated angiogen-
esis both in vivo and in vitro. Our data contribute to 
the understanding of molecular mechanism under-
lying liver fibrosis– associated angiogenesis and indi-
cate miR- 671- 5p/Angpt1 and miR- 671- 5p/VWF as 
promising targets for the treatment of liver disease.

Materials and Methods
mouse moDels

Mouse models of liver fibrosis were induced by 
injection of CCl4 or bile duct ligation (BDL) opera-
tion. Male ICR mice aged 6 weeks received intraperi-
toneal injections of 1 μL/g body weight of a CCl4/olive 
oil (OO) mixture, 1:9  vol/vol, twice per week. Mice 
were sacrificed at 1, 2, 7, or 28 days of CCl4 treatment, 
always on the day after the last injection. Another liver 
fibrosis model of mice was allocated randomly to two 
experimental groups, either BDL or sham operations, 
and performed as described previously.(20) Liver tissue 
was collected for quantitative real- time polymerase 
chain reaction (PCR), western blot, immunofluores-
cence analysis, and sirius red staining.

MiR- 671- 5p agomir (miR- 671- 5p mimic in vivo) 
was purchased from Guangzhou RiboBio and was 
delivered in vivo using a “hydrodynamic transfection 
method,” in which 5  nmol or 10  nmol miR- 671- 5p 
agomir was rapidly injected into the tail vein of each 
mouse. Control mice were injected with an equal 
volume of control agomir dissolved in phosphate 
buffered saline. These miR agomirs were injected 
twice per week in CCl4- treated mice for 4  weeks or 
BDL mice for 1  week. All animals received human 
care, and all animal protocols were conformed to the 
Ethics Committee of Capital Medical University and 
in accordance with the approved guidelines (approval 
number AEEI- 2014- 131).

Human liVeR speCimen
Human fibrotic samples (fibrosis stage F2- F4) were 

obtained from livers of 20 patients undergoing liver 
biopsy (12 men, 8 women; mean age: 58 years; range: 
25- 76 years). Fibrosis was consecutive to chronic hep-
atitis B virus (HBV; n = 3), hepatitis C virus (HCV; 
n = 3), alcohol- associated liver disease (n = 4), cryp-
togenic liver disease (n  =  3), cholestatic liver disease 

(n = 3), drug- induced liver disease (n = 1), and auto-
immune liver disease (n  =  3). Normal liver samples 
were collected from 6 patients undergoing hepatic 
resection for hepatic hemangioma. All subjects gave 
their informed consent for inclusion before they par-
ticipated in the study. The study was conducted in 
accordance with the Declaration of Helsinki, and the 
protocol was approved by the Ethics Committee of 
Beijing Shijitan Hospital, Capital Medical University, 
Beijing, China (project identification code 2018EC- 1).

isolation anD CultuRe oF 
pRimaRy mouse HsCs

Primary mouse HSCs were isolated from adult 
male ICR mice by collagenase perfusion and purified 
by density gradient in Nicodenz (AXIS- SHIELD 
PoC; Scotland). LSECs were purchased from Bluefbio 
Biology Technology Company (China).

immunoFluoResCenCe 
staining

Liver samples were fixed in 4% paraformaldehyde 
and embedded in Tissue Tek OCT compound. Five 
micrometers of frozen section were used for immu-
nofluorescence. The liver sections were blocked 
with 2% bovine serum albumin, and then incubated 
with anti- CD31 polyclonal antibody (1:50; BD 
Pharmingen, Franklin Lakes, NJ) and Cy3- conjugated 
AffiniPure goat anti- rabbit immunoglobulin G anti-
body (1:100; Jackson Immunoresearch, West Grove, 
PA) as a secondary antibody. The samples were cov-
ered with Vectashield mounting medium contain-
ing 4´,6- diamidino- 2- phenylindole and observed 
under confocal microscope (LSM510; Carl Zeiss 
MicroImaging GmbH, Germany).

QuantitatiVe Real- time pCR
Total RNA was extracted from cultured HSCs, 

LSECs, and liver tissue using RNeasy kit (Qiagen, 
Hilden, Germany). Real- time reverse- transcription 
PCR was performed in an ABIPrism 7300 sequence 
detecting system (Applied Biosystems, Foster City, 
CA). Primers were as follows: 18SrRNA: sense,  
5′- GTA ACC CGT TGA ACC CCA TT- 3′; 
antisense, 5′- CCA TCC AAT CGG TAG CG- 3′. 
Mouse Angpt1: sense, 5′- GGA TGT GCT GTC 



Hepatology CommuniCations, June 2022LE ET AL.

1428

TAG GCA GAA- 3′; antisense, 5′- TTC ATG TTC 
CGG CTT TCC TTT- 3′. Mouse VWF: sense, 
5′- GCG CTA TCA TGT ATG AAG TCA GGT 
T- 3′; antisense, 5′- CAC AGA TTC CGC AAA 
GAC CAT- 3′. Mouse TGFβ1: sense, 5′- TGC 
GCT TGC AGA GAT TAA AA- 3′; antisense,  
5′- TCA CTG GAG TTG TAC GGC AG- 3′. Mouse  
sphingosine kinase- 1 (SphK1): sense, 5′- TGT CAC 
CCA TGA ACC TGC TGT CCC TGC ACA- 3′; 
anti- sense, 5′- AGA AGG CAC TGG CTC CAG 
AGG AAC AAG- 3′. Mouse α- smooth muscle 
actin (α- SMA): sense, 5′- ATG CTC CCA GGG 
CTG TTT T- 3′; antisense, 5′- TTC CAA CCA 
TTA CTC CCT GAT GT- 3′. Mouse procolla-
gen α1(I) (Colα1[I]): sense, 5′- AGG GCG AGT 
GCT GTG CTT T- 3′; antisense, 5′- CCC TCG 
ACT CCT ACA TCT GA- 3′. Mouse procollagen 
α1(III) (Colα1[III]): sense, 5′- TGA AAC CCC 
AGC AAA ACA AAA- 3′; antisense, 5′- TCA CTT 
GCA CTG GTT GAT AAG ATT AA- 3′. Mouse 
hypoxia inducible factor 1α (Hif1α): sense, 5′- ACC 
TTC ATC GGA AAC TCC AAA G- 3′; antisense, 
5′- ACT GTT AGG CTC AGG TGA ACT- 3′. 
Mouse Hif2α: sense, 5′- CTG AGG AAG GAG 
AAA TCC CGT- 3′; antisense, 5′- TGT GTC CGA 
AGG AAG CTG ATG- 3′. Mouse vascular endo-
thelial growth factor α (VEGFα): sense, 5′- CTG  
CCG TCC GAT TGA GAC C- 3′; antisense,  
5′- CCC CTC CTT GTA CCA CTG TC- 3′. Mouse  
tek receptor tyrosine kinase (Tie2): sense, 5′- GAG 
TCA GCT TGC TCC TTT ATG G- 3′; antisense; 
5′- AGA CAC AAG AGG TAG GGA ATT GA- 
3′. Mouse fibroblast growth factor (FGF): 5′- CCC 
TGA CCG AGA GGT TCA AC- 3′; antisense;  
5′- GTC CCT TGT CCC ATC CAC G- 3′. Human 
Angpt1: sense, 5′- GGA AGG GAA CCG AGC 
CTA TT- 3′; antisense, 5′- TTC CTG TCC CAG 
TGT GA- 3′. Human VWF: sense, 5′- GAG TGA 
CAG TGT TCC CTA TTG GAA- 3′; antisense,  
5′- TCT TCG ATT CGC TGG AGC TT- 3′. Human  
TGFβ1: sense, 5′- AGT TCA AGC AGA GTA 
CAC ACA GCA T- 3′; antisense, 5′- AGA GCA 
ACA CGG GTT CAG GTA- 3′. Human SphK1: 
sense, 5′- GCT CTG GTG GTC ATG TCT GG- 
3′; antisense, 5′- CAC AGC AAT AGC GTG CAG 
T- 3′. Human α- SMA: sense, 5′- CTG GCA TCG 
TGC TGG ACT CT- 3′; antisense, 5′’- GAT CTC 
GGC CAG CCA GAT C- 3′. Human Colα1(I): 
sense, 5′- AGG AAG GGC CAC GAC AAA G- 3′; 

antisense, 5′- ACA CAG TTA CAC AAG GAA 
CAG AAC AGT- 3′. Human Colα1(III): sense,  
5′- GGG AAT GGA GCA AAA CAG TCT T- 3′; 
antisense, 5′- CCA ACG TCC ACA CCA AAT 
TCT- 3′. Human Hif1α: sense, 5′- GAA CGT CGA 
AAA GAA AAG TCT CG- 3′; antisense, 5′- CCT 
TAT CAA GAT GCG AAC TCA CA- 3′. Human 
Hif2α: sense, 5′- CGG AGG TGT TCT ATG 
AGC TGG- 3′; antisense, 5′- AGC TTG TGT 
GTT CGC AGG AA- 3′.

WesteRn Blot analysis
Western blot analysis of Angpt1 was performed 

with 50  μg of protein extract using polyclonal anti-
bodies to Angpt1 (1:100; Abcam, Cambridge, United 
Kingdom), VWF (1:1,000; ABclonal, China), and 
the appropriate IRDyeTM 800- conjugated second-
ary antibody (1:10,000). Signals were detected using 
the Odyssey Imaging System (LI- COR Biosciences, 
Lincoln, NE) and analyzed with Odyssey software. 
Results were normalized relative to the glyceraldehyde- 
3- phosphate dehydrogenase (GAPDH) (rabbit 
anti- GAPDH monoclonal antibody, 1:1,000; Sigma- 
Aldrich, St. Louis, MO) expression to correct for vari-
ations in protein loading and transfer.

FluoResCenCe- aCtiVateD Cell 
soRting

Liver nonparenchymal cells were isolated from 
mouse liver as previously described.(21) Subsequently, 
antibodies (Brilliant Violet 421- CD31 [BioLegend, 
San Diego, CA] and PE- PDGFRβ [BioLegend]) 
and their isotype- matched negative control antibodies 
were added to the cell suspension. After 30  minutes 
of incubation in the dark, the cells were washed with 
phosphate- buffered saline and subjected to fluorescence- 
activated cell sorting (FACS), which was performed on 
FACSAria IIIu and analyzed with FACSDiva software 
v8.0 (BD Biosciences, Franklin Lakes, NJ).

Histology analysis
Liver paraffin sections (5  µm) were stained with 

sirius red for collagen visualization. The fibrotic areas 
were assessed using the software Image- Pro Plus. The 
mean value of 15 randomly selected areas per sample 
was used as the expressed percentage of fibrotic areas.
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luCiFeRase RepoRteR assays
Cells were seeded in 96- well plates for 24  hours, 

then subsequently co- transfected with 5 ng wild- type or 
mutant reporter plasmid (Guangzhou RiboBio, China) 
and 50  nM miR- 671- 5p mimic or miR- control using 
Lipofectamine 2000. Firefly and Renilla luciferase activ-
ities were measured 48 hours after transfection using the 
Dual Luciferase Assay (Promega, Madison, WI), accord-
ing to the manufacturer’s protocol. Firefly luciferase activ-
ity was normalized to Renilla, and the value of Firefly 
luciferase activity/Renilla luciferase activity was analyzed.

miR pReDiCtion
To identify the miRNAs targeting Angpt1 and 

VWF, we predicted miRNAs from databases (www.
micro rna.org/micro rna/home.do, https://cm.jeffe rson.
edu/rna22/, http://mirwa lk.umm.uni- heide lberg.de/) 
that combine thermodynamics- based modeling of 
RNA: RNA duplex interactions with comparative 
sequence analysis to predict miR targets conserved 
across multiple genomes according to the structures, 
energies, and scoring.

statistiCal analysis
The results were expressed as mean ± SEM. 

Statistical analyses were carried out using a Statistical 
Package for Social Sciences (SPSS, version 17.0) soft-
ware. A two- sided Student t test was used to analyze 
differences between two groups, and one- way anal-
ysis of variance followed by a post hoc LSD test was 
used when more than two groups were compared. 
Correlation coefficients were calculated by Pearson test. 
P  <  0.05 was considered to be statistically significant 
(*P < 0.05; **P < 0.01; #P < 0.05; ##P < 0.01). All results 
were verified in at least three independent experiments.

Results
miR- 671- 5p eXpRession Was 
DeCReaseD in tHe FiBRotiC 
liVeR oF miCe anD Human, 
WitH negatiVe CoRRelations 
to angpt1 anD VWF leVels

Angpt1 and VWF had been proved to be crit-
ical factors driving pathologic angiogenesis and 

liver fibrosis by our previous study.(8) To explore 
the potential molecular mechanism underlying liver 
fibrosis– associated angiogenic process, we screened 
potential miRs targeting these two key molecules 
involved in angiogenesis from an intersection of 
three prediction databases (miRwalk, miRanda, and 
RNA22v2), and chose miR- 671- 5p as our candidate 
to focus on its regulation on angiogenesis during 
liver fibrosis in the following study. The binding 
sites of miR- 671- 5p in the 3′- UTR of Angpt1 and 
VWF mRNAs are shown (Fig. 1A). The hepatic 
expression of miR- 671- 5p continuously reduced in a 
time- dependent manner throughout the entire stage 
of liver injury in CCl4- treated mice (Fig. 1B). We 
then analyzed the correlation between the hepatic 
levels of miR- 671- 5p and its potential targets 
Angpt1 and VWF. A straight- line fit was obtained 
between the expression of miR- 671- 5p and Angpt1 
(Fig. 1C, left), miR- 671- 5p, and VWF (Fig. 1C 
right) in mouse liver, indicating that there was a 
close relationship among them.

We also tested the expression of miR- 671- 5p in 
patient liver tissue of different etiologies, including 
chronic HBV and HCV infections, alcohol abuse, 
drug- induced liver disease, and autoimmune liver 
disease. Our results showed a remarkable decrease 
of miR- 671- 5p expression in the fibrotic liver of 
patients compared with that in normal liver tissue 
(Fig. 1D). A negative correlation between miR- 
671- 5p and the mRNA expression of Angpt1  
(Fig. 1E left) and VWF (Fig. 1E right) was obtained 
in human liver as well. Because angiogenesis was 
usually activated by hypoxia,(22) we further measured 
the expression of Hif1α and Hif2α, and analyzed 
their correlation with miR- 671- 5p levels in liver. 
The results showed a negative correlation between 
the levels of miR- 671- 5p and Hif1α or Hif2α in 
mouse and human liver (Table 1). Taken together, 
these results showed a correlation between the 
expression of miR- 671- 5p and Angpt1, and miR- 
671- 5p and VWF, in both human and mouse liver, 
indicating the potential regulation of miR- 671- 5p 
on angiogenesis during liver injury.

In addition, FACS was performed to sort quies-
cent HSC (vitamin A+), activated HSC (PDGFRβ+), 
and EC/LSEC (CD31+) among liver nonparenchy-
mal cells (Fig. 2A). Sorted vitamin A+ cells were 
detected by light and fluorescent microscopy for 
vitamin A expression after adherence for 5  hours 

http://www.microrna.org/microrna/home.do
http://www.microrna.org/microrna/home.do
https://cm.jefferson.edu/rna22/
https://cm.jefferson.edu/rna22/
http://mirwalk.umm.uni-heidelberg.de/
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and paraformaldehyde fixation (Fig. 2A). The levels 
of miR- 671- 5p in sorted HSC and EC/LSEC of 
fibrotic livers were examined by quantitative real- time 

PCR. The results showed that miR- 671- 5p expres-
sion was decreased in EC/LSEC (by 21%) and HSC 
(by 8%) in CCl4 mice compared with control mice, 

Fig. 1. Expression of miR- 671- 5p and its correlation with Angpt1 or VWF in human and mouse liver. (A) The miR- 671- 5p binding 
sites in the 3′- UTR of Angpt1 or VWF mRNA. (B) MiR- 671- 5p expression in CCl4- treated fibrotic liver. (C) The correlation between 
miR- 671- 5p and Angpt1, and miR- 671- 5p and VWF, in mouse liver. (D) MiR- 671- 5p expression in the fibrotic liver of patients. (E) 
Correlation between miR- 671- 5p and Angpt1, and miR- 671- 5p and VWF, in human liver. Data are presented as the mean ± SEM (n = 6 
per group). All results were verified in at least three independent experiments. **P < 0.01 versus control.
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further verifying the critical role of miR- 671- 5p in 
these two cell types (Fig. 2B).

miR- 671- 5p eXpRession Was 
DeCReaseD in aCtiVateD HsCs 
anD lseCs, WitH a negatiVe 
CoRRelation to angpt1 anD 
VWF eXpRession

S1P is a bioactive lipid mediator that can regulate 
many physiological processes, including angiogene-
sis and vascular permeability.(23) Our previous study 
has shown that S1P could induce the expression of 
Angpt1 in HSCs, leading to the formation of patho-
logical angiogenesis and progression of liver fibrosis in 
mouse models of liver injury.(8) We then analyzed the 
correlation between the hepatic levels of miR- 671- 5p 
and the rate- limiting enzyme for S1P formation, 
SphK1.(24) A negative correlation between the expres-
sion of miR- 671- 5p and SphK1 was obtained in both 
mouse and human liver (Table 1), indicating that S1P 
might be a potent mediator in the regulation of miR- 
671- 5p on angiogenesis during liver injury. Based on 

the critical role of S1P in angiogenesis and the close 
relationship between miR- 671- 5p and S1P in injured 
liver (Table 1), primary HSCs were stimulated with 
different concentrations of S1P. The expression of 
miR- 671- 5p displayed a decrease in a dose- dependent 
manner after S1P stimulation in HSCs (Fig. 3A, 
left), whereas miR- 671- 5p expression was almost 
unchanged under the treatment of TGFβ1 in HSCs 
(Fig. 3A, right). Angpt1 expression was up- regulated 
in S1P- treated cells (Fig. 3B), showing a negative cor-
relation between the expression of miR- 671- 5p and 
its potential target Angpt1 (Fig. 3E).

VWF, an angiognic molecule produced by endo-
thelial cells, plays a pivotal role in the modulation 
of angiogenesis.(6) Next, we explored the regulatory 
effect of miR- 671- 5p on VWF mRNA expression in 
TGFβ1- activated LSECs. We analyzed the correla-
tion between the hepatic levels of miR- 671- 5p and 
TGFβ1, showing a negative correlation between them 
in the liver of mice and human (Table 1). Furthermore, 
TGFβ1 stimulation reduced the expression of miR- 
671- 5p in LSECs (Fig. 3C, right), whereas S1P had 
no obvious effect on miR- 671- 5p level in LSECs 
(Fig. 3C, left). TGFβ1 stimulation also increased the 
expression of VWF in cultured LSECs (Fig. 3D), dis-
playing a negative correlation between them (Fig. 3F). 
Altogether, these results suggest that miR- 671- 5p 
might be a potential regulator targeting both Angpt1 
and VWF in activated HSCs and LSECs during liver 
fibrosis- associated angiogenesis.

miR- 671- 5p DiReCtly taRgeteD 
angpt1 anD VWF in HsCs anD 
lseCs

To confirm that Angpt1 and VWF were directly 
targeted and regulated by miR- 671- 5p, HSCs and 
LSECs were transfected with miR- 671- 5p mimic or 
inhibitor to alter its expression, respectively, and the 
transfected efficiency was verified by quantitative real- 
time PCR analysis (Fig. 4A,C,E,G). Overexpression 
of miR- 671- 5p with its mimic inhibited the S1P- 
induced increase of Angpt1 mRNA expression in 
HSCs (Fig. 4B), whereas miR- 671- 5p inhibition 
resulted in the up- regulation of Angpt1 (Fig. 4D). 
Consistently, transfection of miR- 671- 5p mimics in 
LSECs suppressed the TGFβ1- induced increase of 
VWF mRNA expression (Fig. 4F), while miR- 671- 5p 
inhibitor showed the opposite effect (Fig. 4H).

taBle 1. CoRRelation BetWeen miR- 671- 5p 
anD sphK1, tgFβ1, FiBRosis maRKeRs, anD HiF 

Family memBeRs in mouse anD Human liVeR

Gene
Correlation 

Coefficients (r) P Value

Mouse SphK1 −0.832 <0.01

TGFβ1 −0.532 <0.01

Fibrosis 
markers

α- SMA −0.697 <0.01

Col α1(I) −0.622 <0.01

Col α1(III) −0.775 <0.01

Hif Hif1α −0.554 <0.01

Hif2α −0.431 <0.05

Human SphK1 −0.662 <0.01

TGFβ1 −0.480 <0.05

Fibrosis 
markers

α- SMA −0.605 <0.01

Col α1(I) −0.540 <0.05

Col α1(III) −0.565 <0.01

Hif Hif1α −0.578 <0.01

Hif2α −0.619 <0.01

Note: The hepatic expression of miR- 671- 5p and SphK1 (the 
rate- limiting enzyme for S1P formation), TGFβ1, fibrosis markers 
(α- SMA, Col α1[I], and Col α1[III]), and Hif family members 
was quantified using quantitative real- time PCR. The relationship 
between miR- 671- 5p and SphK1, TGFβ1, fibrosis markers, Hif1α 
and Hif2α was analyzed by regression analysis (n = 30 for mice, 
n = 20 for patients).
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Fig. 2. Expression of miR- 671- 5p in sorted HSCs and EC/LSECs. FACS was performed to sort HSC (vitamin A+, PDGFRβ+) and 
EC/LSEC (CD31+) among liver nonparenchymal cells using BD FACSAria IIIu. (A) FACS dot blots show the sorting gates for EC/
LSECs and HSCs from liver nonparenchymal cells. EC/LSECs were defined as CD31+ cells, and HSCs were defined as vitamin A+ 
or PDGFRβ+ cells. Sorted vitamin A+ cells were detected by light and fluorescent microscopy. (B) Expression of miR- 671- 5p in sorted 
HSCs and EC/LSECs of CCl4 mice. Data are presented as the mean ± SEM (n = 6 per group). All results were verified in at least three 
independent experiments. *P < 0.05 versus control.
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Fig. 3. Expression of miR- 671- 5p and its correlation with Angpt1 or VWF expression in HSCs and LSECs. HSCs or LSECs were 
treated with different concentration of S1P for 6 hours or TGFβ1 for 24 hours to examine the expression of Angpt1, VWF, and miR- 671- 
5p. (A) MiR- 671- 5p expression in S1P- treated or TGFβ1- treated HSCs. (B) Angpt1 expression in S1P- treated HSCs. (C) MiR- 671- 5p 
expression in S1P- treated or TGFβ1- treated LSECs. (D) VWF expression in TGFβ1- treated LSECs. (E) Correlation between miR- 671- 
5p and Angpt1 in HSCs. (F) Correlation between miR- 671- 5p and VWF in LSECs. Data are presented as the mean ± SEM (n = 3 per 
group). All results were verified in at least three independent experiments. *P < 0.05 versus control; **P < 0.01 versus control.
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Luciferase reporter assays were performed to validate 
that Angpt1 and VWF were the direct targets of miR- 
671- 5p. Luciferase reporter genes were constructed 
using the Angpt1 or VWF 3′- UTR and the mutant 
counterpart at the miR- 671- 5p binding regions, and 
then miR- 671- 5p mimic was co- transfected into the 
HEK293T cells. The results showed that miR- 671- 5p 
overexpression significantly inhibited the luciferase 
activity of Angpt1 with the wild- type 3′- UTR, but not 
with mutant 3′- UTR (Fig. 5A). Similar results were 
obtained with VWF (Fig. 5B). These results provided 
evidence that Angpt1 and VWF were both direct and 
functional downstream targets of miR- 671- 5p.

We also evaluated the effect of miR- 671- 5p on 
HSC migration using Transwell chambers and pro-
liferation using the Cell Counting Kit- 8 assay. The 
migration and proliferation ability of HSCs was 
unchanged in the presence of miR- 671- 5p mimics in 
S1P- treated cells (Supporting Fig. S1).

miR- 671- 5p attenuateD liVeR 
angiogenesis By taRgeting 
angpt1 anD VWF IN VIVO

The regulation of miR- 671- 5p on the expression 
of Angpt1 and VWF and liver angiogenesis was fur-
ther confirmed in vivo through the injection of miR- 
671- 5p agomir (mimic in vivo, 5 or 10 nmol/ mouse) 
into CCl4- treated mice for 28  days. FACS was per-
formed to sort HSC (PDGFRβ+) and EC/LSEC 
(CD31+) among liver nonparenchymal cells to con-
firm the successful induction of miR- 671- 5p in HSCs 
and EC/LSEC after the administration of miR- 
671- 5p agomir, verifying the effectiveness and speci-
ficity of miRNA agomir in these two cell types in vivo  
(Fig. 6A). The expression of miR- 671- 5p in liver was 
also up- regulated, examined by quantitative real- time 
PCR (Fig. 6A). Then the mRNA expression of target 
genes Angpt1 and VWF was analyzed by quantitative 

real- time PCR, showing that the hepatic Angpt1  
(Fig. 6B) and VWF (Fig. 6C) mRNA levels were 
significantly reduced in a dose- dependent manner 
after the injection of miR- 671- 5p agomir in CCl4- 
treated mice. The mRNA expression of additional 
pro- angiogenic markers, including VEGFa (Fig. 6D), 
Tie2 (Fig. 6E) and FGF (Fig. 6F), was also markedly 
declined after the administration of miR- 671- 5p ago-
mir in CCl4 mice, suggesting the alleviation of patho-
logical angiogenesis after miR- 671- 5p administration.

The protein expression of Angpt1 presented a 
similar drop in the presence of miR- 671- 5p agomir 
in CCl4- treated mice (Fig. 7A). The protein level of 
VWF was also markedly declined after miR- 671- 5p 
agomir administration in CCl4 mice (Fig. 7B). In 
addition, immunofluorescent staining for CD31 
showed the decreasing density of newly formed ves-
sels after the administration of miR- 671- 5p agomir 
in CCl4- treated mice (Fig. 7C,D). Altogether, these 
results confirmed that miR- 671- 5p targeted Angpt1 
and VWF and attenuated liver angiogenesis in vivo.

miR- 671- 5p attenuateD liVeR 
FiBRosis By taRgeting angpt1 
anD VWF IN VIVO

To investigate the potential role of miR- 671- 5p 
in liver injury, we undertook correlation analysis to 
determine the relationship between miR- 671- 5p and 
liver fibrosis markers. There was a negative correla-
tion between the hepatic expression of miR- 671- 5p 
and fibrosis markers, including α- SMA, Colα1(I), 
and Colα1(III) in CCl4- treated liver injury mice 
(Table 1). Consistently, a negative correlation between 
miR- 671- 5p and fibrosis markers in human liver was 
obtained as well (Table 1). These results indicate 
the potential role of miR- 671- 5p in liver fibrosis, 
which might result from its effect on Angpt1/VWF- 
mediated angiogenesis.

Fig. 4. MiR- 671- 5p directly targeted Angpt1 and VWF in HSCs and LSECs. (A) Transfection efficiency of miR- 671- 5p mimic in 
HSCs. (B) Angpt1 mRNA expression was examined by quantitative real- time PCR with the transfection of miR- 671- 5p mimic in HSCs. 
(C) Transfection efficiency of miR- 671- 5p inhibitor in HSCs. (D) Angpt1 mRNA expression was examined by quantitative real- time 
PCR with the transfection of miR- 671- 5p inhibitor in HSCs. (E) Transfection efficiency of miR- 671- 5p mimic in LSECs. (F) VWF 
mRNA expression was examined by quantitative real- time PCR with the transfection of miR- 671- 5p mimic in LSECs. (G) Transfection 
efficiency of miR- 671- 5p inhibitor in LSECs. (H) VWF mRNA expression was examined by quantitative real- time PCR with the 
transfection of miR- 671- 5p inhibitor in LSECs. Data are presented as the mean ± SEM (n = 3 per group). All results were verified in at 
least three independent experiments. *P < 0.05 versus control. **P < 0.01 versus control; #P < 0.05 versus S1P- treated or TGFβ1- treated 
alone; ##P < 0.01 versus S1P- treated or TGFβ1- treated alone.
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Based on these results, we examined the degree of 
liver fibrosis after the administration of miR- 671- 5p 
agomir in CCl4- treated mice. The mRNA expres-
sion of typical fibrosis markers, including α- SMA  
(Fig. 8A), Colα1(I) (Fig. 8B), and Colα1(III) (Fig. 8C)  
in liver, was markedly suppressed in the presence of 
different dosages of miR- 671- 5p agomir compared 
with that in CCl4- treated mice. Hepatic collagen 
deposition was further evaluated by morphometric 
analysis of sirius red staining (Fig. 8D) and quanti-
fied by digital image analysis, showing that area of 

collagen deposition was dramatically reduced after 
the administration of miR- 671- 5p agomir in CCl4- 
treated mice (Fig. 8E). The serum biochemical 
parameters (alanine aminotransferase and aspartate 
aminotransferase) were also significant inhibited in 
the presence of miR- 671- 5p agomir compared with 
that in CCl4- treated mice (Fig. 8F). In addition, we 
performed another experimental model of liver fibro-
sis by BDL operation to verify the anti- angiogenic 
and antifibrotic effects of miR- 671- 5p agomir. 
Similar to the results in CCl4 mice, administration 

Fig. 5. MiR- 671- 5p directly targeted Angpt1 and VWF. (A) Luciferase reporter assay to demonstrate Angpt1 was a target of miR- 671- 
5p. (B) Luciferase reporter assay to demonstrate VWF was a target of miR- 671- 5p. Data are presented as the mean ± SEM (n = 3 per 
group). All results were verified in at least three independent experiments. **P < 0.01 versus control.
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Fig. 6. Effect of miR- 671- 5p on liver angiogenesis in vivo. A total of 5 or 10 nmol/ mouse miR- 671- 5p agomir (mimic in vivo) or 
agomir negative control was injected into the tail vein twice per week in 28- day CCl4 mice. (A) The expression of miR- 671- 5p in liver, 
sorted HSC, and EC/LSEC after the administration of miR- 671- 5p agomir in CCl4 mice. (B) Angpt1 mRNA levels in liver tissue 
were measured by quantitative real- time PCR with or without miR- 671- 5p agomir injection in CCl4 mice. (C) VWF mRNA levels 
in liver tissue were measured by quantitative real- time PCR. The mRNA expression of VEGFa (D), Tie2 (E), and FGF (F) after the 
administration of miR- 671- 5p agomir in CCl4 mice. Data are presented as the mean ± SEM (n = 6 per group). *P < 0.05 versus control; 
**P < 0.01 versus control; #P < 0.05 versus CCl4- treated alone. ##P < 0.01 versus CCl4- treated alone.
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Fig. 7. Effect of miR- 671- 5p on liver angiogenesis in vivo. miR- 671- 5p agomir (mimic in vivo) or agomir negative control was injected 
into the tail vein twice per week in 28- day CCl4 mice. (A) Angpt1 protein levels in liver tissue were measured by western blot. (B) VWF 
protein levels in liver tissue were measured by western blot. (C) Representative images of immunofluorescence analysis to track CD31 
(red) expression in the fibrotic liver. (D) The number of CD31- positive cells per field was calculated by Image- Pro Plus software. Data are 
presented as the mean ± SEM (n = 6 per group). **P < 0.01 versus control; ##P < 0.01 versus CCl4- treated alone.
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of miR- 671- 5p agomir also resulted in the attenua-
tion of liver angiogenesis and fibrosis in BDL mouse 
models in vivo (Supporting Fig. S2). Taken together, 

these results suggest that the regulation of miR- 
671- 5p on Angpt1/VWF and liver angiogenesis led 
to the attenuation of liver fibrosis in vivo.
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Discussion
Here we explore the potential role of miR- 671- 5p 

in liver fibrosis– associated angiogenesis by directly 
targeting Angpt1 and VWF. The present work pro-
vides several findings (Fig. 8G): (1) MiR- 671- 5p is 
decreased in the fibrotic liver of human and mice, 
with a negative correlation with Angpt1 and VWF 
levels; (2) MiR- 671- 5p, which displays a significant 
decrease in activated HSCs and LSECs, directly tar-
gets Angpt1 and VWF by the transfections of miR 
mimics/inhibitors and luciferase reporter assays; and 
(3) in vivo miR- 671- 5p agomir negatively regulates 
the expression of Angpt1 and VWF, resulting in the 
alleviation of liver angiogenesis and fibrosis in CCl4- 
treated and BDL mice.

Recent studies have reported that miR- 671- 5p 
plays a critical role in multiple biological processes. 
For instance, miR- 671- 5p promotes prostate cancer 
cell proliferation by inhibiting SRY (sex determining 
region Y)- box 6.(25) Long noncoding Rpa and circular 
Rar1 jointly target miR- 671- 5p to promote neuronal 
apoptosis through up- regulation of the pro- apoptotic 
proteins caspase8 and p38 in lead- induced neuronal 
apoptosis.(26) MiR- 671- 5p influences nucleotide- 
binding oligomerization domain containing 2 gene 
expression as well as its downstream nuclear factor 
kappa B activity and immune responses in intesti-
nal epithelial cells.(27) MiR- 671 serves as a prognos-
tic biomarker for patients with kidney cancer, with 
wild- type breast cancer 1– associated protein- 1.(28) 
However, the functional role of miR- 671- 5p in liver 
disease is unclear up until now. In the current study, 
we document the role of miR- 671- 5p in liver fibro-
sis and angiogenesis by targeting two important 
angiogenic molecules, Angpt1 and VWF, showing 
that miR- 671- 5p overexpression remarkably inhibits 
the up- regulation of Angpt1 and VWF and attenu-
ates liver fibrosis and angiogenesis in CCl4- treated 
mice. Here we display the decreased expression of 

miR- 671- 5p in injured liver and the negative cor-
relation between the expression of Angpt1 and miR- 
671- 5p, and VWF and miR- 671- 5p, in both mouse 
and human liver. In our study, mouse liver injury 
models are induced by CCl4 injection or BDL oper-
ation, which are two typical liver injury models.(29) 
Human liver samples are obtained from patients with 
chronic liver disease of different etiologies, including 
chronic HBV, HCV infections, alcohol- associated 
liver disease, cryptogenic liver disease, cholestatic liver 
disease, drug- induced liver disease, and autoimmune 
liver disease. Thus, our results reveal the universal reg-
ulation of miR- 671- 5p on angiogenesis regardless of 
species and the etiology of liver diseases, suggesting 
the great potential of miR- 671- 5p/Angpt1 and miR- 
671- 5p/VWF- based intervention targets for liver 
diseases. As for the upstream cause of miR- 671 dys-
regulation, there have been few published reports dis-
cussing this question. We demonstrated that in vitro 
S1P stimulation decreased miR- 671- 5p expression in 
a dose- dependent manner in HSCs, whereas TGFβ1 
treatment down- regulated miR- 671- 5p expression 
in LSECs. In vivo, we speculated that multiple liver 
injury– related factors or signals could be contributing 
to the mechanism controlling miR- 671 dysregulation 
in the complex internal environment of fibrotic liver. 
Therefore, further studies will be needed to establish 
this issue.

Liver fibrosis and pathological angiogenesis are 
interdependent processes that occur in parallel.(30) 
During hepatic fibrogenesis, new vascular struc-
tures are formed to provide oxygen and nutrients 
to areas of active scarring and tissue remodeling, 
thereby driving chronic inflammation and fibrosis 
progression.(31) In the present study, protein– protein 
interaction network by STRING shows the close 
relationship between angiogenesis and liver fibrosis, 
and the participation of S1P system in the network 
of Angpt1- mediated and VWF- mediated angio-
genesis. At the molecular level, angiogenesis results 

Fig. 8. Effect of miR- 671- 5p on liver fibrosis in vivo. miR- 671- 5p agomir (mimic in vivo) or agomir negative control was injected into 
the tail vein twice per week in 28- day CCl4 mice. The mRNA levels of fibrosis markers, including α- SMA (A), Colα1(I) (B), and Col 
α1(III) (C), in the fibrotic liver with the injection of miR- 671- 5p agomir was measured by quantitative real- time PCR. (D) Representative 
sirius red– stained liver sections and quantification of fibrotic areas in CCl4 mice with the injection of miR- 671- 5p agomir. Inset: Sirius red 
staining for control livers. (E) Quantitation of collagen deposition by sirius red staining. (F) Serum alanine aminotransferase and aspartate 
aminotransferase activity in CCl4 mice with or without the injection of miR- 671- 5p agomir. (G) Summary of the overall findings. Data 
are presented as the mean ± SEM (n = 6 per group). **P < 0.01 versus control; #P < 0.05 versus CCl4- treated alone; ##P < 0.01 versus CCl4- 
treated alone. Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase.
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from an imbalance between drivers of vessel growth 
and maturation (e.g., angiopoietin, VEGF, FGF, 
platelet- derived growth factor, hepatocyte growth 
factor, endoglin) and inhibitors (e.g., angiosta-
tin, endostatin, thrombospondin- 1).(32,33) Angpt1, 
a member of angiopoietin family, has been proved 
to be a critical driver in liver fibrosis– associated 
angiogenesis in mouse fibrotic liver by our previ-
ous study,(8) and its mechanism of action is ana-
lyzed in the present study, which is associated with 
miR- 671- 5p. Angpt1 is a secretory ligand of tyro-
sine kinase with immunoglobulin and epidermal 
growth factor homology domain 2 (Tie2), which 
is primarily expressed by vascular endothelial cells, 
and Angpt1/Tie2 pathways are crucial for vascular 
maturation and stability.(34- 36) Further studies are 
required to establish the effect of Tie2 receptor on 
Angpt1- drived angiogenesis during liver injury.

HSCs, which have been well established as 
collagen- producing cells in liver, are increasingly rec-
ognized for their role in angiogenesis and vascular 
remodeling during liver disease.(37,38) In fact, HSCs 
are recognized as liver- specific pericytes that are dis-
persed along the sinusoids with spatial extensions, 
and thus are sufficient to cover the entire sinusoi-
dal microcirculatory network.(39,40) They are able 
to participate in angiogenesis and contribute to the 
development of liver fibrosis by directly secreting pro-
angiogenic cytokines Angpt1.(39,40) Here we investi-
gate the mechanisms underlying the angiogenic role 
of HSCs mediated by Angpt1, and identify a key role 
for miR- 671- 5p in this context. In addition, we find 
that miR- 671- 5p also exerts a negative regulatory 
effect on VWF, which is primarily expressed by endo-
thelial cells and has been used extensively to quantify 
angiogenesis in a variety of tumors.(41) Given the close 
anatomic relationship between HSCs and sinusoidal 
endothelial cells, the interaction of HSCs with endo-
thelial cells needs to be further explored.

Altogether, we identify the negative regulation of 
miR- 671- 5p on its targets Angpt1 and VWF in liver 
fibrosis– associated angiogenesis, which may open new 
perspectives for pharmacological treatment of liver 
disease.
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