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mice by regulating transforming growth
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Abstract: Aim: To elucidate the effect of inhibiting follistatin-like 1 on liver fibrosis and activation of hepatic stel-
late cells in mice. Methods: We generated a follistatin-like 1 neutralizing antibody that can inhibit TGF-B 1-induced
expression of collagenlal in primary mouse liver fibroblasts. All of the mice in our study were induced with carbon
tetrachloride and thioacetamide. In addition, primary hepatic stellate cells from mice were isolated from fresh livers
using density gradient separation. The degree and extent of fibrosis in mouse livers from the different groups were
evaluated by Sirius Red and Masson staining. The effect of the follistatin-like 1 neutralizing antibody on proliferation
and migration of hepatic stellate cells was detected using CCK-8 and Transwell assays, respectively. Results: Expres-
sion of follistatin-like 1 in human cirrhotic liver tissue was higher than that in normal liver tissue. Blocking follistatin-
like 1 resulted in a delay of primary hepatic stellate cell activation and down-regulation of the migratory capacity of
hepatic stellate cells. Blocking follistatin-like 1 also down-regulated TGF-beta signaling in primary hepatic stellate
cells from mice. Finally, inhibition of follistatin-like 1 attenuated liver fibrosis and liver function damage in vivo. Con-
clusions: Inhibiting follistatin-like 1 attenuates liver fibrosis and causes a delay in hepatic stellate cell activation. The
effect of follistatin-like 1 on liver fibrosis is mainly attributed to its role in regulating TGF-beta signaling.
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Introduction cause many unacceptable adverse effects in
animal trials [4]. Based on this, it is important
to find new targets that can influence TGF-beta

signaling as well as liver fibrosis progression.

Liver fibrosis is a common chronic liver disease
that is characterized by the accumulation of
collagen and activation of Hepatic Stellate Cells
(HSCs) in the liver [1]. Liver fibrosis is a common
precursor of liver cirrhosis and even hepatocel-
lular carcinoma [1]. Liver cirrhosis is irreversible
and can only be effectively cured with liver
implantation [2]. Therefore, preventing progres-
sion from liver fibrosis to liver cirrhosis can be
highly beneficial to patients with chronic liver
disease.

Follistatin-like 1 (FSTL1) was initially identified
as a TGF-beta-induced gene that encodes the
secreted protein Fstll [5]. Dong et al. reported
that FSTL1 can regulate fibroblast activation by
affecting TGF-beta signaling and bone morpho-
genetic protein signaling [6]. Lung fibrosis in
mice was attenuated in vivo by a FSTL1 neutral-
izing antibody [7]. The results above suggested
that FSTL1 may play a role in the progression of
liver fibrosis due to similar mechanisms in the
pathogenesis of pulmonary fibrosis and liver
fibrosis.

TGF-beta signaling plays a central role in the
progression of liver fibrosis and activation of
HSCs [3]. Thus, preventing TGF-beta signaling

may theoretically result in the blockage of liver
fibrosis progression [3]. Nevertheless, directly
blocking TGF-beta signaling has been shown to

We conducted this study and found that block-
ing FSTL1 led to attenuation of liver fibrosis in
carbon tetrachloride-treated mice. In addition,
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we confirmed the effect of FSTL1 on TGF-beta
signaling in mouse liver tissues.

Materials and methods
Clinical samples

All human normal liver tissues and cirrhotic
liver tissues were provided by the Department
of Liver Surgery at Shandong Provincial
Hospital. All the human tissues were obtained
with informed content, and approved by the
Ethical Committee of Shandong Provincial
Hospital.

Cell culture

Rat HSC-T6 cells were purchased from Millipore
Corporation. These cells were cultured in Du-
Ibecco’s-modified Eagle medium (DMEM) sup-
plemented with 10% fetal calf serum and 1%
antibiotics at 37°C in a Thermo incubator con-
taining 5% carbon dioxide.

Experimental animals

Female BALB/c mice were purchased from
Shandong University Laboratory Animal Center
and used to produce neutralizing antibodies. In
addition, C57BL/6J mice were purchased from
Shandong University Laboratory Animal Center
and used for carbon tetrachloride-induced liver
fibrosis. All of the mice in our study were housed
and fed in specific-pathogen free (SPF) condi-
tions and received humane care. We ensured
that all animals in our study received humane
care, and all study protocols complied with the
institution’s guidelines.

Carbon tetrachloride- and TAA-induced liver
fibrosis model

C57BL/6J mice were injected with carbon tetra-
chloride (CCl,) (0.5 pL per gram body weight) in
25% olive oil twice per week at equal intervals
for eight weeks. Another group of C57BL/6J
mice were injected with thioacetamide (TAA)
(0.2 mg/g body weight) in double distilled water
three times per week at equal intervals for eight
weeks.

Primary hepatic stellate cell isolation from
mice

C57BL/6J mice were sacrificed after anesthe-
sia, and their livers were removed from the
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abdominal cavities. The fresh livers were per-
fused with a digestive solution comprising 0.1%
collagenase, 0.25% pronase E and 0.01%
DNase and mechanically dissected. The digest-
ed livers were incubated in the same digestive
solution at 37°C for approximately 25 to 30
minutes. The suspension was then removed
and filtered through an iron mesh with 100 um
pores. The filtered suspension was centrifuged
through a Nycodenz gradient (Axis-Shield) at
8.2% concentration. The isolated primary HSCs
were resuspended in DMEM supplemented
with 20% fetal calf serum and 1% antibiotics
and cultured at 37°C overnight in an environ-
ment containing 5% carbon dioxide. After 24
hours, cell debris and non-adherent cells were
removed.

Generation of FSTL1-neutralizing antibodies

FSTL1 neutralizing antibody generation was
performed using conventional hybridoma tech-
niques. His-tag fusion constructs of FSTL1
(which encoded amino acids 37-306 of the full-
length mouse FSTL1 protein, NP_009016)
were cloned into PET28 vectors and expressed
according to previously established protocols.
The purified His-tag fusion protein was used as
an antigen to immunize BALB/c mice for gener-
ation of anti-FSTL1 monoclonal antibodies.
Afterwards, one monoclonal antibody was iden-
tified that effectively blocked TGF-betal-in-
duced expression of Collagenlal in hepatic
fibroblasts and this mAb was used as the pri-
mary FSTL1 neutralizing antibody for all subse-
quent animal experiments.

Immunohistochemical and Sirius Red staining

Paraffin-embedded liver tissue from mice and
humans were sliced into 5-um thick sections
followed by deparaffinization and step-wise
rehydration in preparation for IHC and Sirius
Red staining. For Sirius Red staining, the sec-
tions were stained by Sirius Red for approxi-
mately three minutes and dehydrated step-
wise. For immunohistochemical staining, the
sections were incubated with 0.3% hydrogen
peroxide for thirty minutes and blocked with
10% bovine serum albumin. The sections were
then incubated using antibody targeting FSTL1
(1:200, Abcam) at 4°C overnight and labeled by
HRP-conjugated secondary mouse antibody
(Abcam) at room temperature for approximately
one hour. Afterwards, the sections were incu-
bated with a DAB substrate liquid (Thermo) and
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Figure 1. (A) IHC images of FSTL1 expression in human cirrhotic liver tissues

Immunofluorescence staining

For cell staining, primary mo-
use HSCs were seeded onto
rounded coverslips in 24-well
plates and incubated at 37°C
for approximately seven days
in an environment containing
5% CO,. For F-actin staining,
cells were incubated with ph-
alloidin-FITC (Sigma) for sev-
enty minutes at room temper-
ature. For o-SMA staining,
cells were incubated with
ao-SMA antibody (Sigma) for
seventy-five minutes at room
temperature and subsequent-
ly treated with Alexa Flu-
or 594-conjugated secondary
antibody. The nuclei were
stained using DAPI (Sigma),
and the immunofluorescence
images were recorded using a
fluorescence microscope (Carl
Zeiss).

(a) and normal liver tissues (b). FSTL1 expression was mainly localized to

cirrhotic lesions of liver tissues; (B) Western blot assay showed that FSTL1
protein expression was higher in human cirrhotic liver tissue than in normal

Western blotting

liver tissue; (C) ICC assay showed that localization of FSTL1 expression (a) in

liver tissue was highly similar to that of a-SMA expression (b).

stained with hematoxylin for two minutes. All
the sealed slides were imaged and recorded on
a microscope manufactured by Carl Zeiss.

Masson staining

The slides were deparaffinized and rehydrated
step-wise before Masson staining. The slides
were first stained with Weigert hematoxylin for
5 minutes and washed with water. The slides
were then stained with acid ponceau for six
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Cells were lysed in lysis solu-

tion (50 mM Tris-HCI, 150 mM

NaCl, 1% Triton-X 100, 1 mM
MgCl,, 1 mM PMSF) and boiled for five minutes.
The proteins were separated by SDS-PAGE and
transferred onto a nitrocellulose membrane
that was blocked using in 1% bovine serum
albumin in TBS. The NC membrane was incu-
bated with antibodies targeting FSTL1 (Abcam),
Smad2 (Cell Signaling Technology, CST), phos-
pho-Smad2 (CST), Smad3 (CST), phospho-
Smad3 (CST), Smad4 (CST), and GAPDH (Si-
gma) followed by the addition of fluorescence-
conjugated secondary antibodies. All the fluo-
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Figure 2. Primary HSCs isolated from mice were fixed at five days. ICC images showed that the activation of HSCs
treated with IgG was faster than that of HSCs treated with FSTL1.

rescence signals were captured on an Odyssey
imaging system (LI-COR).

Cell migration assay

Cell migration assays were performed using
Transwell chambers (purchased from Millipore).
Primary hepatic stellate cells (5x104%/well) from
mice were suspended in 200 pyL serum-free
DMEM and seeded into the upper chamber;
700 uL of DMEM supplemented with 10% fetal
bovine serum was added into the lower cham-
ber. The migrated cells were fixed using para-
formaldehyde and stained with 0.1% crystal
violet. The images were recorded through a
microscope and at least three fields per sample
were photographed and counted.

Cell counting kit (CCK-8) assay

Primary mouse hepatic stellate cells were
seeded into 96-well plates at a density of 4000
cells per 100 pL and incubated at 37°C in an
environment containing 5% CO,. The CCK-8 re-
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agent (10 yL) was added into each well, and the
plates were incubated at 37°C for one to two
hours. The absorbance at 450 nm was detect-
ed using a microplate reader and recorded for
statistical analysis.

Statistical analysis

All the data are presented as the mean + stan-
dard error of the mean (SEM). Statistical analy-
sis was performed using SPSS 16.0 software.
Two-tailed Student’s t-test was used for com-
parisons between groups. A P value less than
0.05 was considered statistically significant.

Results

FSTL1 was up-regulated in cirrhotic liver tis-
sues compared with normal liver tissues

We first detected the expression of FSTL1 in
human liver tissues using IHC and found that
expression of FSTL1 in cirrhotic liver tissue was
significantly higher than that in normal liver
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Blocking follistatin-like 1 attenuates liver fibrosis

A CCK-8 assay
2.5

2.0+

1.0

0.5+

Proliferation A450 value

Figure 3. (A) Treatment of HSCs with an FSTL1 mAb had no significant effect
on cell proliferation in vitro; (B) Transwell assay showed that HSC-T6 cells
treated with the FSTL1 mAb (c, d) exhibited reduced migration compared

with cells treated with 1gG (a, b) in vitro.

(Figure 1A). In addition, expression of FSTL1
was mainly localized in cirrhotic lesions of liver
tissue, which indicated a correlation between
FSTL1 and liver cirrhosis (Figure 1A). The
Western blot assay showed that the protein lev-
els of FSTL1 in cirrhotic liver tissue were
remarkably higher than those in normal liver
tissues (Figure 1B). Immunofluorescence stain-
ing revealed that the localization of FSTL1
expression was nearly coincident with a-SMA,
which reflects activation of HSCs (Figure 1C).
These results indicated that FSTL1 may play an
important role in activation of HSCs and liver
cirrhosis.

1116

FSTL1 mAb inhibited the acti-
vation of mouse HSCs in vitro

m 1gG
B FSTL1 mAb

a-SMA expression is closely
correlated with HSC activation
and is considered an HSC acti-
vation marker. We successful-
ly isolated primary HSCs from
mouse livers and subjected
the cells to aberrant treat-
ment for five to seven days.
Primary HSCs were fixed at
five days and stained for
immunofluorescence imaging.
The results showed that the
cell morphology of HSCs treat-
ed with FSTL1 mAb were dif-
ferent from HSCs treated with
control IgG. The FSTL1 mAb-
treated HSCs showed a low-
er activation state compared
with cells in the IgG group
(Figure 2). The a-SMA expres-
sion levels in IgG-treated
HSCs were significantly higher
than those in the FSTL1 mAb-
treated group (Figure 2).

FSTL1 mAb inhibited HSC
migration but not proliferation

The CCK-8 assay revealed
that the FSTL1 mAb exerted
no influence on proliferation
of primary mouse hepatic st-
ellate cells (Figure 3A). How-
ever, primary mouse hepatic
stellate cells incubated with
FSTL1 mAb showed a lower
migratory capacity compared
with IgG-treated HSCs (Figure 3B). Compared
with quiescent HSCs, activated HSCs had high-
er capacities of migration, contraction, and
vitality. From this experiment, we show the
inhibitory effect of FSTL1 mAb on the migration
of HSCs.

FSTL1 mAb attenuated liver fibrosis in mice

Sirius Red and Masson staining are considered
as standard methods for evaluating liver fibro-
sis. The two methods can accurately show col-
lagen accumulation in fibrotic liver tissues.
From the Sirius Red staining, we revealed that
FSTL1 mAb-treated fibrotic mice had attenuat-

Int J Clin Exp Pathol 2018;11(3):1112-1122
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Figure 4. (A) Sirius Red staining showed that CCl -induced mice treated with
an FSTL1 mAb (c, d) exhibited reduced collagen accumulation, and attenu-
ation of liver fibrosis compared with CCI -induced mice treated with 1gG (a,
b) in vivo; (B) Masson staining showed that treatment of CCl,-induced mice
with the FSTL1 mAb (b) resulted in attenuation of liver fibrosis in vivo; (C) The
ALT and AST detection results showed that treatment of mice with the FSTL1
mADb resulted in attenuation of liver injury caused by CCI,.

From the Masson staining, we
showed that collagen accumu-
lation area in IgG-treated mice
was significantly larger than
that in the FSTL1 mAb-treated
group (Figures 4B, 5B). Liver
injury can usually be evaluat-
ed by detecting ALT and AST
levels in the serum, which
reflects the degree of liver
injury in both humans and
mice. The results showed that
ALT and AST levels were sig-
nificantly lower in FSTL1 mAb-
treated mice compared with
those in the IgG-treated group
(Figures 4C, 5C). The results
indicate that the degree of
liver injury in FSTL1 mAb-treat-
ed mice was ameliorated com-
pared with IgG-control group
under CCl,-induced or TAA-in-
duced conditions (Figures 4C,
5C).

FSTL1 mAb inhibited Colla-
genlAl and a-SMA expres-
sion in the fibrotic livers from
CCl -or TAA-treated mice

We performed qPCR on CCl,-
and TAA-induced fibrotic mice
liver tissues in order to dete-
ct expression of Collagen1Al1
and o-SMA in the different
groups. Both collagen1Al and
o-SMA are up-regulated in
fibrotic and cirrhotic liver tis-
sues and are positively corre-
lated with the severity of liver
fibrosis. In addition, a-SMA is
an activation marker of HSCs,
and collagen1Al is strongly
expressed in activated HSCs.
Our results show that expres-
sion of a-SMA and collage-
n1A1 are down-regulated due
to FSTL1 mAb treatment both
in CCl,-induced and TAA-indu-
ced fibrotic livers (Figure 6).
Moreover, we observed that

ed liver fibrosis compared with that of IgG- expression of TGF-beta is down-regulated by
treated fibrotic mice regardless of the induction FSTL1 mAb treatment in CCl,-induced and TAA-
conditions (i.e., CCl, vs. TAA) (Figures 4A, 5A). induced fibrotic liver tissues (Figure 6).
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Figure 5. (A) Sirius Red staining showed that TAA-induced mice treated with
an FSTL1 mAb (c, d) exhibited reduced collagen accumulation and attenua-
tion of liver fibrosis compared with TAA-induced mice treated with IgG (a, b)
in vivo; (B) Masson staining showed that treatment of mice with the FSTL1
mAb (b) resulted in attenuation of liver fibrosis induced by TAA in vivo; (C) The
ALT and AST detection results showed that treatment of mice with the FSTL1
mADb resulted in attenuation of liver injury induced by TAA.

treated with FSTL1 mAb sh-
owed lower phospho-Smad2
and phospho-Smad3 levels,
which reflect TGF-beta signal-
ing activity, compared with
IgG-treated primary mouse
hepatic stellate cells (Figure
7). This result indicates that
FSTL1 may play a role in accel-
erating HSC activation and
liver fibrosis by facilitating the
TGF-beta signaling pathway.

Discussion

Liver fibrosis occurs during the
early stages of liver cirrhosis
and is mainly characterized by
intrahepatic structural rear-
rangement, hepatic cell regen-
eration, and excess accumula-
tion of collagen [8-10]. Liver
fibrosis is a reversible process
until the development of liver
cirrhosis. Progressive liver fi-
brosis causes increased mor-
bidity and mortality in patients
with chronic liver disease [11,
12]. The therapeutic methods
for liver fibrosis are limited
and have minimal effective-
ness to date [13].

Hepatic stellate cells (HSCs),
also known as fat-storing
cells, vitamin A storing cells
[14], or Ito cells, play a central
role in the progression of liver
fibrosis [15, 16]. HSCs are a
major source of extracellular
matrix proteins during the li-
ver fibrosis process [17, 18].
HSCs are intralobular conn-
ective tissue cells that pre-
senting either myofibroblast-
like [19] or lipocytephenotypes
[20] when converting from a
quiescent state to an activat-
ed state [21]. All of the pro-
fibrotic factors that target
HSCs affect the progression

FSTL1 modulated HSC activation and liver of liver fibrosis [22-24]. Activated HSCs can
fibrosis by facilitating TGF-beta signaling lead to excess secretion of extracellular matrix,

which participates in intrahepatic structural
We used primary mouse hepatic stellate cells rearrangement [25] and contributes to the
to detect signaling. The hepatic stellate cells increase of hepatic sinusoid pressure via self-

1118 Int J Clin Exp Pathol 2018;11(3):1112-1122
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Figure 6. qPCR assay showed that in both CCl,- and TAA-induced fibrotic
liver tissues, the expression of a-SMA, collagen1A1, and TGF-beta are down-
regulated in mice treated with an FSTL1 mAb compared with that in mice

liver fibrosis [42]. However,
directly blocking TGF-beta
signaling causes severe ad-
verse effects in animal mod-
els and cannot be instituted
in clinical trials [42].

FSTL1 was initially identified
as a TGF-beta-induced gene
that plays a key role during
lung development [43]. FSTL1
was shown to regulate TGF-
beta signaling and lead to
fibroblast activation in pul-
monary fibrosis [44]. Inhibit-
ing FSTL1 with a neutraliz-
ing antibody attenuates lung
fibrosis in vivo [44]. Accord-
ing to a previous report, FS-
TL1 can modulate myofibro-
blast activation by facilitat-
ing TGF-betal signaling in
a BMP4-independent mann-
er [44, 45]. In pulmonary fi-
brosis studies, FSTL1 was fo-
und to bind TGF-betal and
positively regulate TGF-beta/
Smad signaling in vitro [44,
45]. Pulmonary fibrosis stud-
ies have reported that FSTL1
promotes TGF-betal-induced
phosphorylation of Smad2/3,
expression of a-SMA, and pr-
oduction of type | collagen
[44, 45]. In addition, it has
been reported that targeting

treated with IgG.

contraction [26-28]. Activation of HSCs is regu-
lated by many cytokines such as tumor necro-
sis factor-a (TNF-a) [29], transforming growth
factor-beta (TGF-beta) [30], insulin-like growth
factor-1 (IGF-1) [31], hepatic growth factor
(HGF) [32], platelet-derived growth factor
(PDGF) [33], and endothelin-1 (ET-1) [34].
Among these cytokines, TGF-beta [35] and
related cell signaling pathways play a central
role in regulating the activation of HSCs [36].
TGF-beta and related cell signals can acceler-
ate HSC activation [37] as well as enhance HSC
proliferation [38], migration [39], contraction
[40], and secretion of ECM proteins [41].
Therefore, TGF-beta and other related cell sig-
nals are ideal therapeutic targets in treating
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FSTL1 results in the preven-
tion of bone tumor metasta-
sis. FSTL1 can also protect
cardiomyoblasts from injury by modulating
Smadl1/5/9 signaling [46]. FSTL1 is produced
by cells of mesenchymal origin and has been
shown to play an important role in inflammatory
diseases [46, 47]. FSTL1 promotes the synthe-
sis of pro-inflammatory cytokines and chemo-
kines both in vitro and in vivo [47] and has been
reported to mediate collagen-induced arthritis
in mice and to be up-regulated in rheumatoid
arthritis [46, 47]. Moreover, FSTL1 was shown
to play an important role in cellular proliferation
and apoptosis in lung cancer cells [46, 47]. The
mechanism of pulmonary fibrosis is similar to
that of liver fibrosis to some extent [47, 48].
These FSTL1 studies in pulmonary fibrosis and
other diseases are enlightening. Because of

Int J Clin Exp Pathol 2018;11(3):1112-1122
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Figure 7. Western blot assay shows that treatment of
mouse primary hepatic stellate cells with an FSTL1
mAb resulted in the inhibition of Smad2 and Smad3
phosphorylation.

the reported pro-fibrotic effect of FSTL1 in pul-
monary fibrosis [46-49], we chose FSTL1 as a
target for preventing liver fibrosis.

In our study, we present evidence for a pro-
fibrotic effect of FSTL1 in liver fibrogenesis.
Blocking FSTL1 with a neutralizing antibody
remarkably reduced liver injury and attenuated
liver fibrosis in the CCl -induced liver fibrosis
mouse model. The activation of primary mouse
HSCs treated with the FSTL1 neutralizing anti-
body was slower compared with that of the IgG-
treated control group. We found that the FSTL1
mAb had no effect on HSC proliferation but
reduced the migratory capacity of HSCs in vitro.
We also showed that FSTL1 regulated liver
fibrosis in vivo via TGF-beta signaling. Activation
of TGF-beta signaling has already been shown
to play a central role in regulating the progres-
sion of tissue fibrosis. According to previous
reports and our study results, positive regula-
tion of FSTL1 on TGF-beta signaling can be rec-
ognized as the main mechanism to explain the
progressive effect of FSTL1 on liver fibrosis.

In summary, our research supports a role for
FSTL1 as a therapeutic target in attenuating
liver fibrosis. In our study, no severe adverse
effects were caused by inhibition of FSTL1 in
either liver fibrosis mouse model. We confirmed
positive effects of FSTL1 on HSC activation and
liver fibrosis.

Acknowledgements

This work is funded by National Natural Sci-
ence Foundation of China (No. 81370554,

1120

81570551), Key research and development
program of Shandong Province (2016GS-
F201018), Ji'nan science and technology pr-
oject (201503043). Key research and dev-
elopment program of Shandong Province
(2016GSF201004,).

Disclosure of conflict of interest

None.

Abbreviations

HSC, Hepatic Stellate cells; TNF-a, tumor necro-
sis factor-o; TGF-beta, Transforming growth
factor-beta; IGF-1, Insulin-like growth factor-1;
HGF, Hepatic growth factor; PDGF, Platelet
derived growth factor; ET-1, Endothelin-1;
FSTL1, Follistatin-like 1; BMP4, Bone Mor-
phogenetic Protein4; a-SMA, a-Smooth Muscle
Antigen; mAb, monoclonal Antibody; IHC, Im-
munohistochemical stain; TAA, Thioacetamide.

Address correspondence to: Ming-Ze Ma, Depar-
tment of Infectious Diseases, Shandong Provincial
Hospital Affiliated to Shandong University, 324 Jing
Wu Road, Jinan 250021, Shandong Province, China.
Tel: +86-13793179830, +86-531-68778250; Fax:
+86-531-87902348; E-mail: gipengmay@163.com

References

[1] Abu-Elsaad NM and Elkashef WF. Modified cit-
rus pectin stops progression of liver fibrosis by
inhibiting galectin-3 and inducing apoptosis of
stellate cells. Can J Physiol Pharmacol 2016;
94: 554-562.

[2] Adams D, Larman B and Oxburgh L. Develop-
mental expression of mouse Follistatin-like 1
(Fstl1): Dynamic regulation during organogen-
esis of the kidney and lung. Gene Expr Pat-
terns 2007; 7: 491-500.

[3] Affo S, Rodrigo-Torres D, Blaya D, Morales-
Ibanez O, Coll M, Millan C, Altamirano J, Arroyo
V, Caballeria J, Bataller R, Gines P and Sancho-
Bru P. Chemokine receptor Ccr6 deficiency al-
ters hepatic inflammatory cell recruitment and
promotes liver inflammation and fibrosis. PLoS
One 2015; 10: e0145147.

[4] Ahn J, Son MK, Jung KH, Kim K, Kim GJ, Lee
SH, Hong SS and Park SG. Aminoacyl-tRNA
synthetase interacting multi-functional protein
1 attenuates liver fibrosis by inhibiting TGFbeta
signaling. Int J Oncol 2016; 48: 747-755.

[5] Altekoester AK and Harvey RP. Bioengineered
FSTL1 patches restore cardiac function follow-
ing myocardial infarction. Trends Mol Med
2015; 21: 731-733.

Int J Clin Exp Pathol 2018;11(3):1112-1122


mailto:qipengmay@163.com

(8]

(9]

[10]

(12]

(13]

(14]

(15]

(16]

(17]

Blocking follistatin-like 1 attenuates liver fibrosis

Black SM, Woodley FW, Tumin D, Mumtaz K,
Whitson BA, Tobias JD and Hayes D Jr. Cystic
fibrosis associated with worse survival after
liver transplantation. Dig Dis Sci 2016; 61:
1178-1185.

Brener S. Transient elastography for assess-
ment of liver fibrosis and steatosis: An evi-
dence-based analysis. Ont Health Technol As-
sess Ser 2015; 15: 1-45.

Chaly Y, Marinov AD, Oxburgh L, Bushnell DS
and Hirsch R. FSTL1 promotes arthritis in mice
by enhancing inflammatory cytokine/chemo-
kine expression. Arthritis Rheum 2012; 64:
1082-1088.

Chen L, Li L, Chen J, Li L, Zheng Z, Ren J and
Qiu Y. Oleoylethanolamide, an endogenous
PPAR-alpha ligand, attenuates liver fibrosis tar-
geting hepatic stellate cells. Oncotarget 2015;
6: 42530-42540.

Chen PJ, Cai SP, Yang Y, Li WX, Huang C, Meng
XM and Li J. PTP1B confers liver fibrosis by
regulating the activation of hepatic stellate
cells. Toxicol Appl Pharmacol 2016; 292: 8-18.
Cheng J, Hou J, Ding H, Chen G, Xie Q, Wang Y,
Zeng M, Ou X, Ma H and lJia J. Validation of ten
noninvasive diagnostic models for prediction
of liver fibrosis in patients with chronic hepati-
tis B. PLoS One 2015; 10: e0144425.

Coskun BD, Altinkaya E, Sevinc E, Ozen M,
Karaman H, Karaman A and Poyrazoglu O. The
diagnostic value of a globulin/platelet model
for evaluating liver fibrosis in chronic hepatitis
B patients. Rev Esp Enferm Dig 2015; 107:
740-744.,

Ding K, Liu MR, Li J, Huang K, Liang Y, Shang X,
Chen J, Mu J and Liu H. Establishment of a liv-
er fibrosis model in cynomolgus monkeys. Exp
Toxicol Pathol 2014; 66: 257-261.

Ding N, Hah N, Yu RT, Sherman MH, Benner C,
Leblanc M, He M, Liddle C, Downes M and Ev-
ans RM. BRD4 is a novel therapeutic target for
liver fibrosis. Proc Natl Acad Sci U S A 2015;
112: 15713-15718.

Fiore EJ, Bayo JM, Garcia MG, Malvicini M,
Lloyd R, Piccioni F, Rizzo M, Peixoto E, Sola MB,
Atorrasagasti C, Alaniz L, Camilletti MA, Engui-
ta M, Prieto J, Aquino JB and Mazzolini G. Mes-
enchymal stromal cells engineered to produce
IGF-I by recombinant adenovirus ameliorate
liver fibrosis in mice. Stem Cells Dev 2015; 24:
791-801.

Ge L, Shi B, Song YE, Li Y, Wang S and Wang X.
Clinical value of real-time elastography quanti-
tative parameters in evaluating the stage of
liver fibrosis and cirrhosis. Exp Ther Med 2015;
10: 983-990.

Geng Y, Dong Y, Yu M, Zhang L, Yan X, Sun J,
Qiao L, Geng H, Nakajima M, Furuichi T, Ikega-
wa S, Gao X, Chen YG, Jiang D and Ning W.

1121

[20]

(21]

[22]

(23]

(24]

[25]

[26]

(27]

(28]

Follistatin-like 1 (Fstl1) is a bone morphoge-
netic protein (BMP) 4 signaling antagonist in
controlling mouse lung development. Proc Natl
Acad Sci U S A2011; 108: 7058-7063.

Geng Y, Li L, Dong Y, Liu X, Li XH and Ning W.
Impaired elastin deposition in Fstl1-/- lung al-
lograft under the renal capsule. PLoS One
2013; 8: €81368.

Glinska-Suchocka K, Orlowska A, Spuzak J,
Jankowski M and Kubiak K. Suitability of using
serum hialuronic acid concentrations in the di-
agnosis of canine liver fibrosis. Pol J Vet Sci
2015; 18: 873-878.

Hatori A, Yui J, Xie L, Kumata K, Yamasaki T,
Fujinaga M, Wakizaka H, Ogawa M, Nengaki N,
Kawamura K, Wang F and Zhang MR. Utility of
translocator protein (18 kDa) as a molecular
imaging biomarker to monitor the progression
of liver fibrosis. Sci Rep 2015; 5: 17327.
Hatori A, Yui J, Xie L, Kumata K, Yamasaki T,
Fujinaga M, Wakizaka H, Ogawa M, Nengaki N,
Kawamura K, Wang F and Zhang MR. Utility of
translocator protein (18 kDa) as a molecular
imaging biomarker to monitor the progression
of liver fibrosis. Sci Rep 2015; 5: 17327.
Kawabata D, Tanaka M, Fujii T, Umehara H, Fu-
jita 'Y, Yoshifuji H, Mimori T and Ozaki S. Amelio-
rative effects of follistatin-related protein/TSC-
36/FSTL1 on joint inflammation in a mouse
model of arthritis. Arthritis Rheum 2004; 50:
660-668.

Kudo-Saito C, Fuwa T, Murakami K and
Kawakami Y. Targeting FSTL1 prevents tumor
bone metastasis and consequent immune dys-
function. Cancer Res 2013; 73: 6185-6193.
Kumagai K, Tabu K, Sasaki F, Takami Y, Mori-
naga Y, Mawatari S, Hashimoto S, Tanoue S,
Kanmura S, Tamai T, Moriuchi A, Uto H, Tsub-
ouchi H and Ido A. Glycoprotein nonmetastatic
melanoma B (Gpnmb)-positive macrophages
contribute to the balance between fibrosis and
fibrolysis during the repair of acute liver injury
in mice. PLoS One 2015; 10: e0143413.
Kumar P, Smith T, Rahman K, Thorn NE and
Anania FA. Adiponectin agonist ADP355 atten-
uates CCl4-induced liver fibrosis in mice. PLoS
One 2014; 9: €110405.

Lee JI, Wright JH, Johnson MM, Bauer RL, Sorg
K, Yuen S, Hayes BJ, Nguyen L, Riehle KJ and
Campbell JS. Role of Smad3 in platelet-derived
growth factor-C-induced liver fibrosis. Am J
Physiol Cell Physiol 2016; 310: C436-445.
Leite SB, Roosens T, ElI Taghdouini A, Mann-
aerts |, Smout AJ, Najimi M, Sokal E, Noor F,
Chesne C and van Grunsven LA. Novel human
hepatic organoid model enables testing of
drug-induced liver fibrosis in vitro. Biomaterials
2016; 78: 1-10

Li L, Chen N, He L and Wen X. [Significance of
P53 and high mobility group box 1 protein in

Int J Clin Exp Pathol 2018;11(3):1112-1122



[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Blocking follistatin-like 1 attenuates liver fibrosis

different levels of liver fibrosis in chronic hepa-
titis B]. Zhong Nan Da Xue Xue Bao Yi Xue Ban
2015; 40: 1217-1222

Li 'Y, Lua I, French SW and Asahina K. Role of
TGF-beta signaling in differentiation of meso-
thelial cells to vitamin A-poor hepatic stellate
cells in liver fibrosis. Am J Physiol Gastrointest
Liver Physiol 2016; 310: G262-272.

Liu J, Ji'Y, Ai H, Ning B, Zhao J, Zhang Y and Dun
G. Liver shear-wave velocity and serum fibrosis
markers to diagnose hepatic fibrosis in pa-
tients with chronic viral hepatitis B. Korean J
Radiol 2016; 17: 396-404

Liu SB, lkenaga N, Peng ZW, Sverdlov DY,
Greenstein A, Smith V, Schuppan D and Popov
Y. Lysyl oxidase activity contributes to collagen
stabilization during liver fibrosis progression
and limits spontaneous fibrosis reversal in
mice. FASEB J 2016; 30: 1599-1609.

Louka ML and Ramzy MM. Involvement of fi-
broblast-specific protein 1 (S100A4) and ma-
trix metalloproteinase-13 (MMP-13) in CCl4-
induced reversible liver fibrosis. Gene 2016;
579: 29-33.

Marfa S, Crespo G, Reichenbach V, Forns X,
Casals G, Morales-Ruiz M, Navasa M and
Jimenez W. Lack of a 5.9 kDa peptide C-termi-
nal fragment of fibrinogen alpha chain pre-
cedes fibrosis progression in patients with liver
disease. PLoS One 2014; 9: €e109254.
Maruyama H, Shiha G, Yokosuka O, Kumar A,
Sharma BC, Ibrahim A, Saraswat V, Lesmana
CR and Omata M. Non-invasive assessment of
portal hypertension and liver fibrosis using
contrast-enhanced ultrasonography. Hepatol
Int 2016; 10: 267-276.

Miller M, Beppu A, Rosenthal P, Pham A, Das S,
Karta M, Song DJ, Vuong C, Doherty T, Croft M,
Zuraw B, Zhang X, Gao X, Aceves S, Chouiali F,
Hamid Q and Broide DH. Fstl1 promotes asth-
matic airway remodeling by inducing on-
costatin M. J Immunol 2015; 195: 3546-3556.
Mitra A, Satelli A, Yan J, Xueqing X, Gagea M,
Hunter CA, Mishra L and Li S. IL-30 (IL27p28)
attenuates liver fibrosis through inducing NK-
G2D-rael interaction between NKT and acti-
vated hepatic stellate cells in mice. Hepatology
2014; 60: 2027-2039.

Mouillet JF, Mishima T, Paffaro AM, Parks TW,
Ziegler JA, Chu T and Sadovsky Y. The expres-
sion and post-transcriptional regulation of
FSTL1 transcripts in placental trophoblasts.
Placenta 2015; 36: 1231-1238.

Osawa Y, Oboki K, Imamura J, Kojika E, Hayas-
hi'Y, Hishima T, Saibara T, Shibasaki F, Kohara
M and Kimura K. Inhibition of cyclic adenosine
monophosphate (cAMP)-response element-
binding protein (CREB)-binding protein (CBP)/
beta-catenin reduces liver fibrosis in mice.
EBioMedicine 2015; 2: 1751-1758.

1122

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

Ouchi N, Asaumi Y, Ohashi K, Higuchi A, Sono-
Romanelli S, Oshima Y and Walsh K. DIP2A
functions as a FSTL1 receptor. J Biol Chem
2010; 285: 7127-7134.

Rockstroh JK, Mohr R, Behrens G and Spen-
gler U. Liver fibrosis in HIV: which role does HIV
itself, long-term drug toxicities and metabolic
changes play? Curr Opin HIV AIDS 2014; 9:
365-370.

Rosenberg MI, Georges SA, Asawachaicharn A,
Analau E and Tapscott SJ. MyoD inhibits Fstl1
and Utrn expression by inducing transcription
of miR-206. J Cell Biol 2006; 175: 77-85.
Rowland M, Gallagher C, Gallagher CG, Laoide
RO, Canny G, Broderick AM, Drummond J, Gre-
ally P, Slattery D, Daly L, McElvaney NG and
Bourke B. Outcome in patients with cystic fibro-
sis liver disease. J Cyst Fibros 2015; 14: 120-
126.

Saliba F and Nevens F. Progression of liver fi-
brosis in HCV-positive liver transplant recipi-
ents randomized to everolimus with reduced
calcineurin inhibitor (CNI) therapy or a stan-
dard CNI regimen. Transpl Int 2015; 28: 373-
374

Soares JC, Borgonovo A, Maggi DC, Pasinato
AP, Ramos FG, Dantas Correa EB, Schiavon LL
and Narciso-Schiavon JL. Liver dysfunction and
fibrosis as predictors of biochemical response
to autoimmune hepatitis treatment. Minerva
Gastroenterol Dietol 2016; 62: 138-147.
Sundaram GM, Common JE, Gopal FE, Srikan-
ta S, Lakshman K, Lunny DP, Lim TC, Tanavde
V, Lane EB and Sampath P. ‘See-saw’ expres-
sion of microRNA-198 and FSTL1 from a single
transcript in wound healing. Nature 2013;
495: 103-106.

Tao LL, Zhai YZ, Ding D, Yin WH, Liu XP and Yu
GY. The role of C/EBP-alpha expression in hu-
man liver and liver fibrosis and its relationship
with autophagy. Int J Clin Exp Pathol 2015; 8:
13102-13107.

Turhan NK, llikhan SU, Hamamcioglu AC, Us-
tundag Y, Dursun A and Kokturk F. Angiotensin-
converting enzyme gene polymorphism (inser-
tion/deletion) and liver fibrosis in Turkish
patients from the western Black Sea region,
Turkey. Genet Mol Res 2015; 14: 17079-
17090.

Wu Y, Zhou S and Smas CM. Downregulated
expression of the secreted glycoprotein fol-
listatin-like 1 (Fstll) is a robust hallmark of
preadipocyte to adipocyte conversion. Mech
Dev 2010; 127: 183-202.

Yagai T, Miyajima A and Tanaka M. Semapho-
rin 3E secreted by damaged hepatocytes regu-
lates the sinusoidal regeneration and liver fi-
brosis during liver regeneration. Am J Pathol
2014; 184: 2250-2259.

Int J Clin Exp Pathol 2018;11(3):1112-1122



