
FULL PAPER
www.advancedscience.com

Adipocyte Fatty Acid Binding Protein Promotes the Onset
and Progression of Liver Fibrosis via Mediating the
Crosstalk between Liver Sinusoidal Endothelial Cells and
Hepatic Stellate Cells

Xiaoping Wu, Lingling Shu, Zixuan Zhang, Jingjing Li, Jiuyu Zong, Lai Yee Cheong,
Dewei Ye, Karen S. L. Lam, Erfei Song, Cunchuan Wang, Aimin Xu, and Ruby L. C. Hoo*

Development of liver fibrosis results in drastic changes in the liver
microenvironment, which in turn accelerates disease progression. Although
the pathological function of various hepatic cells in fibrogenesis is identified,
the crosstalk between them remains obscure. The present study
demonstrates that hepatic expression of adipocyte fatty acid binding protein
(A-FABP) is induced especially in the liver sinusoidal endothelial cells (LSECs)
in mice after bile duct ligation (BDL). Genetic ablation and pharmacological
inhibition of A-FABP attenuate BDL- or carbon tetrachloride-induced liver
fibrosis in mice associating with reduced collagen accumulation, LSEC
capillarization, and hepatic stellate cell (HSC) activation. Mechanistically,
elevated A-FABP promotes LSEC capillarization by activating Hedgehog
signaling, thus impairs the gatekeeper function of LSEC on HSC activation.
LSEC-derived A-FABP also acts on HSCs in paracrine manner to potentiate the
transactivation of transforming growth factor 𝜷1 (TGF𝜷1) by activating c-Jun
N-terminal kinase (JNK)/c-Jun signaling. Elevated TGF𝜷1 subsequently
exaggerates liver fibrosis. These findings uncover a novel pathological
mechanism of liver fibrosis in which LSEC-derived A-FABP is a key regulator
modulating the onset and progression of the disease. Targeting A-FABP may
represent a potential approach against liver fibrosis.
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1. Introduction

Liver fibrosis is characterized by the ex-
cessive deposition of extracellular matrix
(ECM), which leads to hepatic architec-
tural distortion resulting in pathophysio-
logic damage to the organ.[1] It is the ad-
vanced stage of chronic liver disease which
can proceed to cirrhosis and may ultimately
result in hepatocellular carcinoma[1] while
it is also the last reversible stage.[2] Vari-
ous hepatic cells were shown to modulate
the local microenvironment contributing to
the liver fibrosis[3] while no FDA-approved
medication is available suggesting the in-
teractions between cells and the underlying
mechanism are still poorly understood.

Viral infection, obesity-related nonalco-
holic fatty liver disease (NAFLD) and non-
alcoholic steatohepatitis (NASH), chronic
alcohol abuse, autoimmune disorder, and
cholestatic disorder are the etiologies of
liver fibrosis.[1] Capillarization of liver si-
nusoidal endothelial cells (LSECs) and
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activation of hepatic stellate cells (HSCs) are the key events in
the kickoff and progression of the disease. Upon prolonged dam-
age or stimulation, LSECs undergo phenotypic changes with
the loss of fenestrae (capillarization) and exhibit reduced gate-
keeper function on HSC activation.[4] Quiescent HSCs (qHSCs)
are trans-differentiated into myofibroblast-like activated HSCs
(aHSCs), which are the major producers of ECM proteins such
as fibril-forming collagens, elastin, and fibronectin.[1] HSC acti-
vation consists of two phases: initiation and perpetuation. Initia-
tion majorly results from the paracrine stimulation of neighbor-
ing cells such as damaged hepatocytes, capillarized LSECs, and
activated inflammatory cells. Perpetuation then amplifies the ac-
tivated phenotypes of HSCs to increase ECM accumulation.[5]

Among factors in autocrine or paracrine loops, transforming
growth factor-beta1 (TGF𝛽1) is a key regulator of the expression
and secretion of ECM proteins from HSCs, while suppresses
ECM degradation by increasing the production of tissue inhibitor
of metalloproteinase-1 (TIMP-1).[6] However, the factors that pro-
mote LSEC capillarization, HSC activation, and TGF𝛽1 expres-
sion remain largely unknown.

Adipokines such as leptin, adiponectin, and resistin are impli-
cated in the progression of liver diseases.[7] Adipocyte fatty acid-
binding protein (A-FABP), also known as aP2 and FABP4, is an
adipokine that primarily acts as a lipid chaperone to transport
fatty acids between cellular organelles or in the circulation to reg-
ulate lipid metabolism.[8] It is abundantly expressed in adipocytes
while can also be expressed in endothelial cells, macrophages,
and dendritic cells.[8,9] Treatment with A-FABP selective inhibitor
BMS309403 alleviated high fat diet-induced NASH in mice.[10]

Increased hepatic A-FABP expression is detected in patients with
liver cirrhosis correlating with clinical outcomes[11] and is ob-
served in patients with hepatocellular carcinoma with multiple
metabolic risk factors.[12] Circulating level of A-FABP increases
from steatosis to nonalcoholic steatohepatitis and is positively
correlated with the inflammatory grade and fibrotic stage in pa-
tients with NAFLD.[13] However, whether A-FABP possesses a di-
rect pathophysiological role in hepatic fibrogenesis regardless to
its effect on metabolic syndrome has never been explored.

In the present study, A-FABP knockout (A-FABP KO) mice and
their wild-type (WT) littermates were subjected to cholestasis-
or hepatotoxin-induced liver fibrosis by surgical ligation of the
common bile duct (BDL) or chronic administration of carbon
tetrachloride (CCl4)[14] to determine the exact role and the molec-
ular mechanism that A-FABP involved in hepatic fibrogenesis.
The therapeutic potential of BMS309403 on liver fibrosis was
also explored.

2. Results

2.1. A-FABP Deficiency Ameliorates Liver Fibrosis in Mice

To determine the role of A-FABP in liver fibrosis, A-FABP KO
male mice and their WT littermates were subjected to BDL or
CCl4 treatment to induce fibrosis. After BDL, the hepatic mRNA
and protein levels of A-FABP (encoded by Fabp4 gene) were sig-
nificantly induced in WT mice and the absence of A-FABP in the
A-FABP KO mice was confirmed (Figure 1A,B). Hepatic A-FABP
levels were also significantly elevated in CCl4-exposed mice com-

paring to their relative controls (Figure S1A,B, Supporting Infor-
mation).

BDL-induced hepatic accumulation of mature collagen
fibers,[1] type-I collagen (collagen-I)[1] (Figure 1C), and HSC
activation as indicated by the expression of alpha-smooth muscle
actin (𝛼SMA) (Figure 1D,E),[1] platelet-derived growth factor
receptor-beta (PDGFR𝛽),[15] and vimentin[16](Figure 1D) were
significantly attenuated in A-FABP KO mice when compared to
the WT littermates. Consistently, the mRNA expression of fi-
brogenesis markers including collagen-I𝛼1 (encoded by Col1a1)
and collagen-III𝛼1 (encoded by Col3a1) was significantly de-
creased in A-FABP KO mice comparing to WT mice (Figure 1F).
In female mice after BDL, the induction of hepatic A-FABP
in WT mice and the attenuation of collagen accumulation in
A-FABP KO mouse liver comparing to their control mice were
also observed (Figure S2, Supporting Information). Moreover,
CCl4-induced WT mice exhibited bridging fibrosis[1] as indicated
by the collagen bands extend across lobules between portal
areas was not developed in A-FABP KO mice (Figure S1C,
Supporting Information). These data implicated that A-FABP
plays a pathological role in liver fibrosis.

2.2. Liver Sinusoidal Endothelial cell (LSEC) Is the Major
Hepatocellular Source of A-FABP in Fibrotic Liver

Murine hepatic A-FABP is mainly expressed in the nonparenchy-
mal cell fraction.[10] We next determined the hepatic cellular
source of A-FABP in response to BDL-induced liver fibrosis.
Upon BDL, the expression of A-FABP was mainly colocalized
with stabilin-2+ cells (LSECs)[4,17] with the Pearson’s correlation
coefficient[18] (PCC) = 0.504 ± 0.052. A-FABP also colocalized
with F4/80+ cells (Kupffer cells and infiltrated macrophages)[19]

and 𝛼SMA+ cells (activated HSCs and vascular smooth muscle
cells)[20] with PCC = 0.093 ± 0.038 and 0.041 ± 0.063, respec-
tively, which were significantly lower than that with stabilin-2+

cells (Figure 2A,B).
Primary LSECs (stabilin-2+-cd11b−),[21] macrophages (cd11b+-

F4/80+),[21] and HSCs (retinoid autofluorescence+)[22] were iso-
lated from liver of WT mice after BDL or sham operation with
purity higher than 95% (Figure S3, Supporting Information).
In sham-operated mice, the A-FABP mRNA and protein expres-
sion were detected in all the isolated hepatic cell types and were
most abundant in LSECs (Figure 2C, D). In response to BDL, the
A-FABP expression in LSECs was further induced significantly
while the mRNA expression in macrophages and HSCs was de-
clined and unchanged, respectively, and no difference in protein
expression between BDL and sham-operated mice was observed
(Figure 2C,D). Furthermore, the A-FABP level in the conditioned
media (CM) of LSECs isolated from BDL-induced mice was sig-
nificantly increased while those from macrophages and HSCs
were decreased or not changed, respectively, when compared to
those CM of LSECs from the sham-operated mice (Figure 2E).
Notably, the amount of A-FABP in the CM of LSECs was higher
than that in its cell lysate (Figure 2D,E). These results indicated
that LSEC is the major cellular source of hepatic A-FABP in liver
fibrosis, which can be secreted into the microenvironment con-
tributing to liver fibrosis.
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Figure 1. A-FABP deficiency ameliorates BDL-induced liver fibrosis in mice. A-FABP KO mice and their WT littermates were subjected to BDL or sham
operation for two weeks. A) Relative mRNA abundance of hepatic Fabp4 in WT mice (n = 8). B) Representative immunoblots of the hepatic expression
of A-FABP and GAPDH in mice and the band intensity of A-FABP relative to GAPDH (n = 5). Representative images of C) Sirius red staining and
immunofluorescence (IF) staining of collagen-I, and D) immunohistochemistry (IHC) staining of 𝛼SMA, PDGFR𝛽, and vimentin of mouse liver sections
(100 ×, scale bar 250 µm) (n = 8). Black arrow in panel C indicates the mature collagen stained by Sirius red. Right panels are the densitometry analysis
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2.3. A-FABP Promotes the Onset of HSC Activation via Impairing
the Gatekeeper Function of LSECs

LSECs are known as a determinant of liver fibrosis.[4] Upon
chronic stimulation of damage factors, differentiated LSECs un-
dergo capillarization which leads to the loss of its gatekeeper
function for HSC activation.[4] As A-FABP is mainly elevated
in LSECs in liver fibrosis (Figure 2), we determined whether
A-FABP modulates LSEC capillarization. After BDL, capillariza-
tion of LSECs was significantly induced in WT mice as indicated
by the increased expression of CD31[23] in hepatic lobule (Fig-
ure 3A). However, this induction was attenuated in A-FABP KO
mice (Figure 3A). BDL-induced mRNA expression of LSEC capil-
larization markers[24] including von Willebrand factor (vWF, en-
coded by Vwf), endothelin-1 (ET-1, encoded by Edn-1), and nitric
oxide synthase (iNOS, encoded by Nos2) were also significantly at-
tenuated in LSECs of A-FABP KO mice when compared to those
of WT mice (Figure S4, Supporting Information).

Primary A-FABP KO LSECs were isolated and followed by
purity check using its unique endocytic capacity of ac-LDL up-
take and counter-staining for macrophages (F4/80+). LSECs
were defined as Ac-LDL+-F4/80− cells[21] (Figure S5A,B, Support-
ing Information). LSECs (purity > 95%) were subsequently in-
fected with adenovirus-overexpressing-A-FABP (Ad-A-FABP) or
-luciferase (Ad-Luci) as control. The phenotypic change of LSECs
was assessed using electronic microscopy. Previous study re-
vealed that numerous fenestrae and sieve plates were maintained
in day 1 cultured LSECs and were gradually decreased in day 2
and 3 cultured LSECs. In day 4 and day 5 cultured LSECs, fen-
estrae could only be observed occasionally.[24] In line with previ-
ous findings,[24] freshly isolated A-FABP KO LSECs exhibited nu-
merous fenestrae and sieve plates which were gradually reduced
after 2 day culture suggesting spontaneous capillarization in A-
FABP KO LSECs while they are not fully capillarized. A-FABP
KO LSECs with luciferase overexpression showed a compara-
ble number of fenestrae and sieve plates as that of two-day cul-
tured A-FABP KO LSECs while A-FABP overexpression further
decreased the number of fenestrae and sieves plates comparing
to its relative controls (Figure 3B). Consistently, overexpression
of A-FABP in A-FABP KO LSECs induced iNOS protein expres-
sion (Figure 3C) as well as the mRNA expression of LSECs capil-
larization markers[24] Nos2 and Edn-1 while downregulated those
of endothelial nitric oxide synthase (eNOS, encoded by Nos3)[23]

and Kruppel-like factor 2 (KLF2, encoded by Klf2),[25] the essen-
tial factors for maintaining the differentiated phenotype of LSECs
(Figure 3D). LSEC capillarization is mediated by the activation of
Hedgehog (Hh) signaling.[24] Upon A-FABP overexpression, the
mRNA expression of Hh signaling downstream targets including
protein patched homolog 1 (Ptch1, encoded by Ptch1) and Zinc
finger protein Gli2 (Gli2, encoded by Gli2) (Figure 3E) and its
protein (Figure 3C), were significantly elevated. Taken together,
these results indicated that A-FABP potentiates LSEC capillariza-
tion via activating Hh signaling.

Previous in vitro coculture study[26] demonstrated that differ-
entiated LSECs prevents

HSC activation, we next determined whether A-FABP overex-
pression in LSEC impairs its gatekeeper function on HSC acti-
vation. The purity and identity of LSECs and HSCs subjected to
the in vitro experiment were confirmed (Figure S5, Supporting
Information). Consistent with previous study,[26] coculture of pri-
mary HSCs with LSECs suppressed the expression of 𝛼SMA and
collagen-I in HSCs (Figure 3F,G). When HSCs were cocultured
with LSECs overexpressing A-FABP, the expression of 𝛼SMA and
collagen-I was significantly induced when compared to those co-
cultured with LSECs infected with adenovirus overexpressing lu-
ciferase (Ad-Luci) (Figure 3F,G). These findings implicated that
the elevation of A-FABP in LSECs stimulates LSEC capillariza-
tion thus impairs its gatekeeper function on HSC activation.

2.4. A-FABP Deficiency Attenuates BDL-Induced Activation of
TGF𝜷1/Smad Signaling

To further determine the linking factors between A-FABP and
liver fibrosis, the hepatic expression of fibrogenic cytokines was
examined.[6,27] BDL-induced mRNA levels of TGF𝛽1 (encoded
byTgfb1), connective tissue growth factor (CTGF, encoded by
Cnn2), and TIMP-1 (encoded by Timp1) were significantly atten-
uated in A-FABP KO mice, while that of platelet-derived growth
factor subunit B (PDGFB, encoded by Pdgfb) was not altered
when compared to those in WT mice (Figure 4A). Among these
cytokines, TGF𝛽 exerts a pivotal role in hepatic fibrogenesis and
modulates the expression of CTGF and TIMP-1.[6] TGF𝛽1 mod-
ulates the transcription of its target genes by binding to the
TGF𝛽 receptors (T𝛽Rs) and the subsequent activation of Smads
signaling.[6] The expression of T𝛽R-I is also regulated in a ligand-
dependent manner.[28] We showed that BDL induced the protein
expression of TGF𝛽1 and its downstream target CTGF in both
WT and A-FABP KO mice but the magnitude of induction in A-
FABP KO mice was significantly lower (Figure 4B). Attenuated
expression of TGF𝛽1 in A-FABP KO mice was associated with
reduced hepatic mRNA expression of T𝛽R-I (encoded by Tgfbr1)
(Figure 4C). A-FABP deficiency also suppressed CCl4-induced
hepatic expression of TGF𝛽1 in mice (Figure S6, Supporting In-
formation). Consistently, the activation of Smads signaling, as
indicated by Smad3 phosphorylation, was attenuated in the A-
FABP KO mice comparing to the WT mice (Figure 4D). These
data implicated that A-FABP modulates the hepatic expression of
TGF𝛽1 which further potentiates its downstream T𝛽R-I/Smad3
signaling contributing to liver fibrosis.

2.5. LSEC-Derived A-FABP Promotes the Perpetuation of HSC
Activation via Stimulating TGF𝜷1 Expression in HSCs

Next, we determined the target cell type of LSEC-derived A-FABP
that is responsible for TGF𝛽1 production contributing to liver

of the positive area of Sirius red, collagen-I, 𝛼SMA, PDGFR𝛽, and vimentin of mice in BDL group, respectively (n = 8). E) Representative immunoblots
of the hepatic expression of 𝛼SMA and GAPDH in mice. Lower panel is the band intensity of 𝛼SMA of mice in BDL group relative to GAPDH (n = 4). F)
Relative mRNA abundance of hepatic Col1a1 and Col3a1 (n = 8). Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. Mann-Whitney
U test was used in (A) and (E). Unpaired Student’s t test was used in (B), (C), and (D). Two-way ANOVA followed by Tukey’s test was used in (F).
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Figure 2. LSEC is the major hepatocellular source of A-FABP in BDL-induced liver fibrosis. WT mice were subjected to sham operation or BDL for 2 weeks.
A) Representative images of immunofluorescence co-staining of A-FABP with stabilin-2, F4/80, or 𝛼SMA of liver sections from BDL-induced mice (scale
bar 100 µm) (n = 10). B) Colocalization analysis of A-FABP+ cells with stabilin-2+, F4/80+, or 𝛼SMA+ cells in co-staining of panel A, data presented as
Pearson’s correlation coefficient (PCC) (n = 10). LSECs, macrophages (M𝜑), and HSCs were isolated from WT mice after BDL or sham operation. C)
Relative mRNA abundance of Fabp4 in various cell types (n = 5). D) The concentration of A-FABP in various cell types normalized with the total protein
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fibrosis. In sham-operated WT and A-FABP KO mice, TGF𝛽1
mRNA was most abundantly expressed in macrophages while
moderately in LSECs and HSCs. BDL significantly induced the
mRNA expression of TGF𝛽1 in all the isolated cell types with
the greatest induction in HSCs (≈55-fold relative to its sham-
WT cells) (Figure 5A). However, in the absence of A-FABP, BDL-
induced TGF𝛽1 mRNA expression was significantly attenuated
in all the tested hepatic cells and the magnitude of reduction in
HSCs was the greatest (Figure 5A) indicating that LSEC-derived
A-FABP is mainly responsible for the regulation of TGF𝛽1 trans-
activation in HSCs in response to BDL.

We then examined if LSEC-derived A-FABP is secreted
and acts on HSCs to induce TGF𝛽1 transactivation. Culture-
activated[29] A-FABP KO HSCs were treated with conditioned
media (CM) of LSECs isolated from WT or A-FABP KO mice
after BDL or sham operation (see the procedure in Figure S7
in Supporting Information). The expression of TGF𝛽1 was in-
duced significantly in HSCs treated with CM of BDL-WT-LSECs
but not in those treated with CM of BDL-KO-LSECs (Figure 5B).
Notably, the presence of A-FABP was detected in the cell lysate
of A-FABP KO HSCs treated with CM of BDL-WT-LSECs and
was much more than those treated with CM of Sham-WT-LSECs
(Figure 5B). Thus, tracing experiment was performed to evaluate
if A-FABP diffuses into HSCs. Fluorescent signal was observed
in HSCs treated with Alexa 488-labeled recombinant mouse A-
FABP protein (rA-FABP)[30] but not in that treated with Alexa
Fluor 488-labeled immunoglobulin G (IgG) or Alexa Fluor 488
dye alone (Figure 5C) indicating exogenous A-FABP can diffuse
into HSCs.

To further confirm the direct role of A-FABP in exaggerat-
ing TGF𝛽1 expression, culture-activated A-FABP KO HSCs were
stimulated with rA-FABP or its vehicle (Veh, PBS). Treatment
with rA-FABP induced the protein expression of TGF𝛽1 in HSCs
in a dose-dependent manner (Figure 5D). The mRNA expres-
sion of TGF𝛽1 was also markedly upregulated after rA-FABP
treatment (Figure 5E). These data demonstrated that upon BDL,
LSEC-derived A-FABP releases and diffuses into HSCs to upreg-
ulate the transactivation of TGF𝛽1 gene.

2.6. A-FABP Stimulates the Transactivation of TGF𝜷1 in HSCs by
Activating JNK/c-Jun Pathway

The transactivation of the TGF𝛽1 gene is regulated by the tran-
scription factor AP-1[31] which is mainly composed of c-Jun and
c-Fos. A-FABP is part of a finely tuned positive feedback loop
with JNK and AP-1 to exacerbate LPS-induced inflammatory re-
sponses in macrophages.[32] Thus, the possibility was explored
that A-FABP induces TGF𝛽1 transactivation in HSCs in liver fi-
brosis through potentiating JNK/c-Jun signaling. Comparing to
WT mice, BDL-induced phosphorylation of c-Jun (p-c-Jun) in the
liver was attenuated significantly in A-FABP KO mice (Figure S8,
Supporting Information). On the contrary, treatment with rA-
FABP induced the phosphorylation of JNK and c-Jun in HSCs

in a time-dependent manner, which was accompanied by the in-
creased expression of TGF𝛽1 (Figure 6A,B). These results impli-
cated that the presence of A-FABP potentiates the activation of
JNK/c-Jun signaling cascade in HSCs.

Furthermore, electrophoretic mobility shift assay (EMSA)
demonstrated the binding of AP-1 to its cis-regulatory motifs
on TGF𝛽1 promoter (biotin-labeled probe), was enhanced in
cultured-activated HSCs treated with rA-FABP when compared
to those treated with vehicle, while this enhanced binding was
abolished with the increasing concentration of specific competi-
tor (the unlabeled oligonucleotides with the same sequence as
probe) (Figure 6C). These data indicated that A-FABP potenti-
ates the JNK/c-Jun activation thus promotes AP-1 binding activ-
ity and its specific interaction with the AP-1 cis-acting motifs on
the TGF𝛽1 promoter.

We further interrogated if the binding of AP-1 to the pro-
moter is responsible for the induction of TGF𝛽1 expression by
A-FABP. Two luciferase-reporter constructs, phTG-5 (-453/+11)
and phTG-6 (-323/+11),[33] containing truncated mutants of
human TGF𝛽1 promoter with two AP-1 binding sites located
between nucleotide -432 to -323 or no AP-1 binding site, respec-
tively (Figure S9, Supporting Information), and the control vector
(pGL-3 basic vector) were transfected into HEK293 cells and
followed by treatment with rA-FABP or vehicle. The luciferase
activities of phTG-5 and phTG-6 were similar at their basal
levels while treatment with rA-FABP significantly induced the
luciferase activity of phTG-5, but not that of phTG-6 (Figure 6D).
Taken together with the result of EMSA, these data indicated that
the binding of AP-1 to its cis-acting site on the TGF𝛽1 promoter
is essential for the A-FABP-mediated TGF𝛽1 transactivation.

Furthermore, the induction of mRNA expression (Figure S10,
Supporting Information), intracellular protein expression, and
secretion of TGF𝛽1 in media (Figure 6E,F) upon rA-FABP treat-
ment were abolished in the presence of JNK specific inhibitor
SP600125 (5 × 10-6 m). The effectiveness of SP600125 in sup-
pressing JNK/c-Jun signaling was confirmed by its inhibitory ef-
fect on c-Jun phosphorylation (Figure 6E). These data indicated
that A-FABP promotes TGF𝛽1 transactivation in HSCs by poten-
tiating JNK/c-Jun signaling.

2.7. Treatment with BMS309403 Alleviates BDL-Induced Liver
Fibrosis

We next elucidated the therapeutic effect of selective A-FABP in-
hibitor BMS309403 on liver fibrosis. BMS309403 is an orally ac-
tive small molecule compound specifically designed to compete
with fatty acids for the hydrophobic binding pocket of A-FABP.[34]

BMS309403 binds to A-FABP with high affinity (Ki < 2 × 10-9

m) and shows significantly greater selectivity over other FABPs
(>100 fold), such as heart FABP (H-FABP or FABP3, Ki = 250 ×
10-9 m) and epidermal FABP (E-FABP or FABP5, Ki = 350 ×
10-9 m).[34] With the treatment of BMS309403 (BMS; 15 mg kg−1

day−1),[10] the severity of BDL-induced liver fibrosis in C57BL6/N

content of cells (n = 5). E) LSECs, macrophages, and HSCs were isolated from WT mice with BDL or sham operation and cultured for 12 hours. The
concentration of A-FABP in conditioned media (CM) normalized with total protein content in cell lysate (n = 5). Data are presented as mean ± SD.
*P < 0.05, **P < 0.01, ***P < 0.001. One-way ANOVA followed by Tukey’s test was used in (B). Unpaired Student’s t test or Mann-Whitney U test was
used in (C), (D), and (E).
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Figure 3. A-FABP potentiates LSEC capillarization leading to initiation of HSC activation. A-FABP KO mice and their WT littermates were subjected to BDL
or sham operation for two weeks. A) Representative images of immunofluorescent staining of CD31 of mouse liver sections (scale bar 200 µm) (n = 8).
Right panel is the densitometry analysis of CD31 positive area (n = 8). B–E) Primary A-FABP KO LSECs were infected with adenovirus-overexpressing
luciferase (Ad-Luci) or adenovirus-overexpressing A-FABP (Ad-A-FABP) (50 MOI) for 2 d after isolation. B) Phenotypic change of freshly isolated LSECs
(3 hours after isolation), two-day cultured LSECs, and adenovirus-infected LSECs were examined by scanning electron microscopy (scale bar 10 µm). Red
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mice was significantly alleviated with reduced accumulation of
mature collagen, repressed LSEC capillarization indicated by
CD31, and attenuated HSC activation indicated by reduced ex-
pression of 𝛼SMA, PDGFR𝛽, and vimentin (Figure 7A–C). BDL-
induced TGF𝛽1 expression and the subsequent activation of
Smad3 signaling were also attenuated after BMS309403 treat-
ment (Figure 7D) and were associating with the impaired JNK/c-
Jun signaling (Figure 7E). These data suggested the beneficial ef-
fect of BMS309403 on liver fibrosis is at least partially attributable
to its alleviation on the LSEC capillarization and the subsequent
HSC activation through its suppression on JNK/c-Jun pathway
thus reducing the expression of BDL-induced TGF𝛽1 and its
downstream signaling.

3. Discussion

Liver fibrosis is potentially reversible while no FDA-approved
medication is available. Interaction between hepatic non-
parenchymal cells was shown contributing to liver fibrosis. Thus,
identifying the factor(s) that modulates the cell–cell interaction
is of critical importance to develop effective therapeutic strate-
gies for the disease. In the present study, evidence from both ge-
netic ablation and pharmacological inhibition in animals demon-
strates, for the first time, that A-FABP is a key mediator of liver
fibrosis by coordinating the crosstalk between LSECs and HSCs
to initiate and perpetuate HSC activation, thus exaggerates the
production of the fibrogenic cytokine TGF𝛽1 from HSCs.

Elevation of A-FABP in different hepatic cell lineages ex-
erts distinct pathogenic effects and has been implicated in
different stages of chronic liver disease.[10–13] A-FABP insti-
gates the inflammatory response in Kupffer cells and infiltrated
macrophages contributing to NASH and cirrhosis[10,11] while
its elevation in intratumoral HSCs and endothelial cells asso-
ciates with the development of hepatocellular carcinoma.[12,35]

The present study reveals an increased expression of A-FABP,
especially in the LSECs, in mouse BDL model of liver fi-
brosis. LSEC is the most abundant non-parenchymal cell
type in the liver, which is essential for blood filtration and
endocytosis.[36] Two distinct subsets of LSECs were identified.
Type 1 LSECs are CD36hiCD32−CD14−LYVE-1− and are located
in the periportal area (Zone 1) while type 2 LSECs are LYVE-
1+CD32hiCD14+CD54+CD36mid-lo and are distributed in the cen-
trilobular region (Zone 3) and the area between Zone 1 and
Zone3 (Zone 2).[37] Previous studies revealed that large fenes-
trae disappear in periportal LSECs (Zone 1) in the fetal period
while persist in LSECs in centrilobular zones (Zone 3).[38] By us-
ing single-cell transcriptomics, Zone 3 LSECs in cirrhotic mouse
liver was found to be most susceptible to capillarization as CD34,
a marker of LSEC capillarization, and the genes of extracellular

matrix were most upregulated in Zone 3 LSECs among the three
clusters of LSECs in Zones 1, 2, and 3.[39] In the present study,
LSECs (stabilin-2+/CD11b−) were sorted and used in the in vitro
system. As more than 95% stabilin-2+ LSECs were reported to be
LYVE-1 positive,[17] thus the LSECs used in our in vitro studies
are mainly type 2 LSECs, which include the Zone 3 LSECs with
large fenestrae and exhibited the highest potential to capillariza-
tion. Differentiated LSECs, with open fenestrae arranged in sieve
plates,[36] maintain the quiescent phenotype of HSCs and pro-
mote the restoration of activated HSCs to the quiescent stage.[26]

Upon the stimulation of damage factor, differentiated LSECs un-
dergo capillarization leading to reduced fenestrae and enhanced
expression of LSEC activation marker CD31,[23] thus losing its
suppressive effect on HSC activation and potentiating the fibro-
genic events in HSCs and impair the regression of fibrosis.[26]

Our data showed that A-FABP deficiency protects against LSEC
capillarization in BDL-induced liver fibrosis in mice while over-
expression of A-FABP in LSECs enhanced the capillarization pro-
cess which was accompanied by the activation of the Hh signal-
ing pathway that is responsible for LSEC capillarization.[24] Most
importantly, overexpression of A-FABP in LSEC impaired its pro-
tective effect on HSC activation. Here we identified A-FABP as
a novel factor that mediates LSECs capillarization thus initiates
HSC activation.

Numerous factors derived from capillarized LSECs modulate
the progression of liver fibrosis.[40] Capillarized LSEC-derived fi-
bronectin, EIIIA, and platelet-derived growth factor induce HSC
activation and motility.[41–43] Capillarized LSECs also mediate an-
giocrine signals such as FGFR1-CXCR4 to promote fibrosis.[40]

In addition to induce LSEC capillarization, the present study also
identified that A-FABP is a novel LSEC-derived pro-fibrotic fac-
tor which diffused into HSCs and induced the expression and
secretion of TGF𝛽1 in a paracrine manner. The paracrine effects
of A-FABP have been associated with the pathogenesis of vari-
ous diseases. For instance, epicardial adipose tissue-derived A-
FABP acts on cardiomyocytes and results in heart remodeling
and failure.[44] A-FABP also acts on cancer cells to promote their
proliferation and aggressiveness.[45]

TGF𝛽1-Smads signaling is the critical driver of collagen ac-
cumulation in fibrotic disease.[6] TGF𝛽1 is synthesized intracel-
lularly in HSCs as a latent complex, which is released and con-
verted to active form by proteolytic cleavage.[6] Active TGF𝛽1 acts
on the cell surface receptor T𝛽Rs complex on HSCs in an au-
tocrine manner to activate Smads signaling and induce the pro-
duction of TIMPs and collagens contributing to the accumula-
tion of ECM.[6] Among the Smad proteins, Smad3 and Smad4
exert profibrotic function while Smad2 and Smad7 are protec-
tive in the context of hepatic fibrosis.[46] The present study indi-
cated that BDL-induced TGF𝛽1 was associated with the increased

arrows indicate the fenestrae and sieve plates. Right panel is the quantification of the percentage of fenestrae to total surface area and represented as
percentage of porosity (n = 3). C) Representative immunoblots of A-FABP, iNOS, Gli2, and HSP90 in LSECs. D,E) mRNA abundance of D) LSEC
capillarization-related markers (Nos2, Edn-1) and differentiated phenotype-related markers (Nos3 and Klf2) and E) Hh signaling target genes (Ptch1 and
Gli2). F,G) A-FABP KO HSCs were cultured alone (HSC alone), cocultured with A-FABP KO LSECs (HSC+LSEC), cocultured with A-FABP KO LSECs
infected with Ad-Luci (HSC+LSEC/Ad-Luci), or cocultured with A-FABP KO LSECs infected with Ad-A-FABP (HSC+LSEC/Ad-A-FABP), respectively. F)
Representative immunoblots of 𝛼SMA and HSP90 in HSCs (upper), and A-FABP and HSP90 in LSECs (lower). G) Representative images of immunoflu-
orescent staining of 𝛼SMA and collagen-I in HSCs (scale bar 50 µm). Lower panels are the densitometry analysis of 𝛼SMA and collagen-I positive area
normalized to nucleus number and presented as fold change (n = 6). Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. Two-way
ANOVA followed by Tukey’s test was used in (A). Unpaired Student’s t test or Mann-Whitney U test was used in (B), (D), (E) and (G).
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Figure 4. A-FABP deficiency attenuates BDL-induced activation of TGF𝛽1/Smad signaling in the liver of mice. A-FABP KO mice and their WT littermates
were subjected to BDL or sham operation for two weeks (n = 8). A) Relative mRNA abundance of hepatic Tgfb1, Ccn2, Timp1, and Pdgfb (n = 8). B)
Representative immunoblots of hepatic TGF𝛽1, CTGF, and GAPDH and the band intensities of various proteins relative to GAPDH (n = 3–6). C) Relative
mRNA abundance of Tgfbr1 in mouse liver (n = 8). D) Representative immunoblots of hepatic p-Smad3 (Ser 423/425), t-Smad3, and GAPDH and the
band intensities of p-Smad3 relative to t-Smad-3 (n = 5). Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. Two-way ANOVA
followed by Tukey’s test was used in (A), (B), (C), and (D).

expression of T𝛽Rs and the subsequent activation of Smad3 sig-
naling in WT mice which were attenuated in the A-FABP KO
mice. Taken together with the evidence that HSCs predominately
secrete TIMPs contributing to liver fibrosis[47] whereas pharma-
cological inhibition of A-FABP attenuates the hepatic expression
of TIMP-1 in diet-induced obese mice,[10] this evidence support

the detrimental action of A-FABP in liver fibrosis is at least par-
tially exerted through its regulation on TGF𝛽1 expression.

Activation of JNK signaling pathway is observed in activated
HSCs in patients with liver fibrosis[48] while blocking JNK activity
with SP600125 inhibited HSC activation associating with de-
creased expression of 𝛼SMA and reduced HSC proliferation.[49]
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Figure 5. LSEC-derived A-FABP exaggerates TGF𝛽1 expression in activated HSCs. A) LSECs, macrophages (M𝜑), and HSCs were isolated from WT
or A-FABP KO mice after BDL or sham operation for two weeks. Relative mRNA abundance of Tgfb1 in various cell types (n = 5). B) Representative
immunoblots of TGF𝛽1, A-FABP, and HSP90 of culture-activated A-FABP KO HSCs incubated with conditioned media (CM) of LSECs isolated from
BDL- or sham-operated mice for 24 hours. Lower panel is the band intensities of TGF𝛽1 relative to HSP90 (n = 6). C) The representative images of
culture-activated A-FABP KO HSCs treated with vehicle (veh, PBS), Alexa Fluor 488 dye, Alexa Fluor 488 labeled rA-FABP (2 µg mL−1), or Alexa Fluor 488
labeled IgG (2 µg mL−1) for 30 min (200 ×, scale bar 25 µm) (n = 5). D) Representative immunoblots of TGF𝛽1, A-FABP, and HSP90 in culture-activated
A-FABP KO HSCs treated with different doses of rA-FABP or vehicle (veh, PBS) for 24 hours. E) The mRNA abundance of Tgfb1 in the culture-activated
A-FABP KO HSCs treated with rA-FABP (2 µg mL−1) or vehicle (veh, PBS) for 24 h (n = 5). Data are presented as mean ± SD. *P < 0.05, **P < 0.01.
Unpaired Mann-Whitney U test was used in (A). Two-way ANOVA followed by Tukey’s test was used in (B). Unpaired Student’s t test was used in (E).
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Figure 6. A-FABP induces TGF𝛽1 expression in HSCs by activating JNK/c-Jun pathway. A,B) Culture-activated A-FABP KO HSCs were treated with rA-
FABP (2 µg mL−1) for different time durations. Representative immunoblots of A) TGF𝛽1, p-c-Jun (Ser 63), t-c-Jun, and HSP90, and B) p-JNK (Thr 183/
Tyr 185), t-JNK, and HSP90 in HSCs. Right panel of (B) is the band intensities of p-JNK relative to t-JNK (n = 3). C) Culture-activated A-FABP KO HSCs
were treated with rA-FABP (2 µg mL−1) or vehicle (veh, PBS) for 24 h. Nuclear lysates were subjected to EMSA with the biotin-labelled probe containing
AP-1 motif of mouse TGF𝛽1 promoter with or without 200-, 150-, 100-, and 50-fold molar excess specific competitors. D) The relative luciferase activities
of luciferase-reporter constructs control vector (pGL3 basic), phTG-5, or phTG-6 in HEK293 cells treated with rA-FABP (2 µg mL−1) or vehicle (veh, PBS)
for 24 h normalized to renilla values (n = 6). E,F) Culture-activated A-FABP KO HSCs were pre-incubated with or without SP600125 (5 × 10-6m) for 1 h
and followed by treatment with rA-FABP (2 µg mL−1) for 24 h. E) Representative immunoblots of TGF𝛽1, p-c-Jun (Ser 63), t-c-Jun, and HSP90 in HSCs.
F) Concentration of TGF𝛽1 in the conditioned media (CM) of HSCs (n = 5). Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
One-way ANOVA followed by Tukey’s test was used in (B). Unpaired Student’s t test was used in (D) and (F).
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Figure 7. Pharmacological inhibition of A-FABP alleviates BDL-induced liver fibrosis. C57BL6/N mice were subjected to BDL or sham operation. From
day four after surgery, sham-operated or BDL-subjected mice were treated with BMS309403 (BMS, 15 mg kg−1 day−1) or vehicle (veh, 4% Tween 80)
daily by oral gavage for 10 d and sacrificed after 24 h of last gavage (n = 6). Representative images of A) Sirius red staining, B) IF staining of CD31, and
C) IHC staining of 𝛼SMA, PDGFR𝛽, and vimentin of mouse liver sections (scale bar, 250 µm). Right panels are densitometry analysis of positive area of
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Indeed, A-FABP promotes the transactivation of TGF𝛽1 by
potentiating JNK/c-Jun signaling. A-FABP deficiency attenu-
ated JNK/c-Jun activation associated with a reduced hepatic
expression of TGF𝛽1 in BDL-subjected mice. On the contrary,
recombinant A-FABP induced JNK/c-Jun activation accom-
panied by increased TGF𝛽1 production, which was abolished
in the presence of JNK inhibitor SP600125. These data were
supported by the previous findings showing A-FABP is required
for the full activation of JNK signaling[32] and c-Jun mediates the
expression of TGF𝛽1.[31] A-FABP has been shown to regulate the
expression of various genes through modulating the activities of
several transcription factors such as Janus kinase 2, peroxisome
proliferator-activated receptor gamma, and liver X receptor-
alpha either by direct interacting with the transcription factor
or inducing ubiquitination and/or subsequent proteasomal
degradation.[30] Further investigations are warranted to explore
how A-FABP potentiates JNK/c-Jun signaling. Beside our find-
ings that JNK promotes TGF 𝛽1 expression, TGF 𝛽1 also stimu-
lates HSC activation and migration through activating JNK.[48,50]

Thus, A-FABP-JNK-TGF𝛽1 may form a positive feedback loop
which becomes a vicious cycle to exaggerate liver fibrosis.

Pharmacological inhibition of A-FABP by treatment with
BMS309403 attenuates BDL-induced cholestatic liver fibrosis
and LPS-induced acute liver injury and diet-induced chronic
steatohepatitis,[10] through suppressing JNK/c-Jun signaling
leading to the attenuation of TGF𝛽1/Smad3 signaling in HSCs,
and impairment of inflammatory response in Kupffer cells,[10]

respectively. In addition to the elevated A-FABP, activation of
JNK/c-Jun signaling is always observed at different stages dur-
ing the progression of chronic liver diseases in animal and hu-
man studies.[51] Activation of JNK signaling in myeloid cells ex-
aggerates the development of hepatitis and hepatocellular carci-
noma by promoting inflammatory responses.[52] In patients with
liver fibrosis, sustained JNK activation was found in activated
HSCs.[48] As A-FABP is required for the full activation of JNK/c-
Jun signaling,[32] therefore, A-FABP-JNK/c-Jun represents a key
pathological axis in the progression of liver disease.

It is suggested that direct targeting JNK or TGF𝛽1 may not
be an effective therapeutic strategy for liver fibrosis as these
two signaling molecules exert multifunctional effects on vari-
ous biological processes including tissue homeostasis, cell pro-
liferation and differentiation, and protein synthesis.[6,51] Global
knockout mice of TGF𝛽1 and JNK-1/JNK-2 double knockout
mice are embryonic lethal.[53,54] On the contrary, treatment with
BMS309403 attenuated the BDL-induced activation of JNK/c-Jun
and TGF𝛽1/Smad3 signaling while retained their basal activi-
ties. BMS309403 possesses multiple beneficial effects on vari-
ous metabolic diseases in animal studies.[8] Global A-FABP KO
mice are also metabolic healthy.[8] The present findings support
that inhibition of A-FABP is an effective and relatively safe ther-
apeutic strategy for liver fibrosis through suppressing the over-
activated JNK/c-Jun and the subsequent TGF𝛽1/Smad3 signal-

ing, which implicates that targeting A-FABP may be an effective
approach against liver fibrosis caused by different etiologies but
not only restricted to cholestasis.

Other than A-FABP, liver fatty acid-binding protein (L-FABP,
also known as FABP1) is the major isoform of FABPs that
highly expressed in the liver, and is suggested to regulate hepatic
lipid homeostasis.[8] L-FABP is predominantly expressed in
hepatocytes[8] but also expressed in quiescent HSCs.[55] Global
L-FABP deletion was shown to protect against hepatic steatosis
and fibrogenesis in mice fed with trans-fat fructose (TFF) diet.[55]

In terms of the cell-specific function of L-FABP, albumin-Cre-
mediated L-FABP deletion in both hepatocytes and HSCs
exhibited protective effect in steatotic model (TFF diet)-induced
mild fibrogenic injury but not in nonsteatotic models (BDL
or CCl4)-induced liver fibrosis[56] while HSC-specific L-FABP
deletion did not alter the fibrogenesis in either steatotic model-
or nonsteatotic model-induced liver fibrosis.[56] These findings
suggested that hepatocyte-derived L-FABP potentiates lipid-
associated fibrogenic injury. On the contrary, resolution from
CCl4-induced fibrosis was impaired in mice with hepatocyte-
and HSCs- L-FABP deletion but not altered in mice with either
hepatocyte- or HSC-alone L-FABP deletion.[56] In the in vitro
study, L-FABP was found to decrease in concomitant with the
loss of lipids during HSC activation while its overexpression
restored lipid formation and inhibited HSC activation.[55,57

These findings implicated the beneficial effect of L-FABP in the
resolution of liver fibrosis by restoring quiescence in HSC. In
clinical studies, the proteomic screen indicated that L-FABP was
induced in patients with simple steatosis while reduced in the
progressive form of NASH (fibrosis stage 2–4) when compared
to the mild form (fibrosis stage 0–1).[58] The paradoxical effect of
L-FABP in hepatic fibrogenesis and reversal from liver fibrosis
as well as its protective role in in vitro HSC activation reveals
its complexity in hepatic pathogenesis and distinct cell-specific
function. By comparing to L-FABP and combining previous and
present findings,[10–13,35] the pathogenic role of A-FABP in the
whole spectrum of liver disease from NAFLD to hepatocellular
carcinoma is more straightforward, which further highlights the
specificity and potential of A-FABP as the therapeutic target in
liver diseases among the lipid-binding proteins.

The present study demonstrated the direct pathophysiological
role of A-FABP in hepatic fibrogenesis using nonsteatotic animal
models. However, LSEC capillarization is known to precede fibro-
genesis in different kinds of liver diseases including NAFLD and
NASH[59] and the circulating level of A-FABP is positively corre-
lated to the fibrosis stages in patients with NASH.[13] Thus, the
role of A-FABP in fibrogenesis during the progression of NASH
warrants further investigation. Studies on the hepatic localization
of A-FABP using specimen of NASH patients and the correlation
of A-FABP expression to the LSEC capillarization and the sever-
ity of liver fibrosis in NASH may provide clinical relevance of the
current findings.

Sirius red, CD31, 𝛼SMA, PDGFR𝛽, and vimentin, respectively (n = 6). Representative immunoblots of D) TGF𝛽1, p-Smad3 (Ser 423/425), t-Smad3, and
GAPDH, and E) p-JNK (Thr 183/ Tyr 185), t-JNK, p-c-Jun (Ser 63), t-c-Jun, and GAPDH in mouse liver. Right panels are the band intensities of various
proteins relative to GAPDH or their total protein (n = 4). Data are presented as mean ± SD. *P < 0.05, **P < 0.01. Unpaired Student’s t test was used
in (A), (B), and (C). Unpaired Mann-Whitney U test was used in (D) and (E).
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Figure 8. Schematic diagram illustrating the mechanism whereby A-FABP potentiates liver fibrosis. In response to chronic liver injury, the expression
and the subsequent secretion of A-FABP from LSECs are induced. Elevated A-FABP potentiates LSEC capillarization through activating Hh signaling
pathway thus initiates HSC activation. On the other hand, LSEC-derived A-FABP acts in a paracrine manner which diffuses into HSCs and stimulates the
transactivation of TGF𝛽1 gene through activating the JNK/c-Jun signaling. Enhanced TGF𝛽1 perpetuates HSC activation and facilitates the fibrogenic
events such as fibrogenic cytokine expression and deposition of scar matrix, therefore exaggerating liver fibrosis.

4. Conclusion

In summary, the present study uncovered that A-FABP potenti-
ates liver fibrosis by enhancing LSEC capillarization and acting as
a paracrine factor to exaggerate TGF𝛽1 production in HSCs (Fig-
ure 8). The expression of A-FABP in LSECs is elevated in mice
with liver fibrosis. Enhancement of intracellular A-FABP poten-
tiates the LSEC capillarization through inducing Hh signaling
leading to initiation of HSC activation. On the other hand, LSEC-
derived A-FABP releases and acts on HSCs to potentiate the
transactivation of TGF𝛽1 by activating the JNK/c-Jun signaling.
Increased HSCs-derived TGF𝛽1 further promotes the expression
of ECMs in both paracrine and autocrine manner, which perpet-

uates the HSC activation. Genetic ablation of A-FABP protects
against BDL- and CCl4-induced liver fibrosis. Treatment with
selective A-FABP inhibitor also alleviates the severity of BDL-
induced liver injury. These findings define that A-FABP is a novel
therapeutic target of liver fibrosis.

5. Experimental Section
The full description of the experimental section is provided in the Sup-

porting Information.
Animals and Experimental Models for Liver Fibrosis: A-FABP KO mice

with C57BL/6N background and their WT littermates were generated as
previously described.[60] Mice were housed in NKP mouse cages with
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woodchip bedding and placed in the temperature-controlled facility (23 °C,
12 h light/dark cycle, 60–70% humidity) with free access to water and
food. Mice were allocated to their experimental groups according to their
genotypes. No randomization of mice was used. The investigators were
not blinded to the experimental groups. All the mice were not fasted
before the surgery, treatment, blood collection, or sacrifice were carried
out. All mouse experiments were conformed to the ARRIVE guidelines
(http://www.nc3rs.org.uk/ARRIVEpdf). All experimental protocols were
approved by the Committee on the Use of Live Animals in Teaching and
Research at the University of Hong Kong (number: 4306-17).

To induce cholestatic liver fibrosis, 8 week old male A-FABP KO mice
and their WT littermates were subjected to BDL or sham operation for
2 weeks as previously described.[61] In brief, ligation of mouse common
bile duct was conducted with two surgical knots using 5-0 suture. Mice
received sham operation were served as relative control. To induce carbon
tetrachloride (CCl4) toxicity-induced liver fibrosis,[62] 8 week old male
A-FABP KO mice and their WT littermates were subjected to intraperi-
toneal injection of CCl4 (0.3 µL g−1 body weight, dissolved in olive oil at
a ratio of 1:7) (289116, Sigma-Aldrich, USA) or olive oil as relative control
twice a week for eight weeks. Mice were sacrificed three days after the last
injection.

To determine the effect of pharmacological inhibition of A-FABP on
liver fibrosis, 8 week old male C57BL/6N mice were subjected to BDL or
sham operation for 2 weeks supplemented with treatment of BMS309403
(15 mg kg−1 day−1 dissolved in 4% Tween 80 in PBS)[9,10] (BM0015,
Sigma-Aldrich, WI, USA) or vehicle (4% Tween 80 in PBS) by daily oral
gavage from day four after surgery for a total period of ten days. Mice were
sacrificed 24 h after the last oral gavage administration.

Fractionation and Culture of Primary LSECs, Macrophages, and HSCs:
Various primary hepatic cells were isolated from male mouse liver by a
combination of pronase-collagenase digestion, density-gradient centrifu-
gation, and subsequent purification using magnetic-activated cell sort-
ing (MACs) or fluorescence-activated cell sorting (FACs) as previously
described.[21,22] Isolated primary cells with purity above 95% were further
subjected to experiments. The full description is provided in the supple-
mentary experimental section (Supporting Information).

Statistical Analysis: All the replicate experiments including in vivo and
in vitro experiments were repeated at least two times. All statistical anal-
yses were performed using Prism 8.0 software (GraphPad Software, San
Diego, CA, USA). All data are expressed as mean ± SD. The animal sample
size for each study was selected on the basis of literature documenting
similar well-characterized experiments.[10,63] For mouse experiments,
n = 6 to 8 for each group, for in vitro experiments, n ≥ 3 for each
group. No data were excluded from statistical analysis. Data normality
was accessed by the Shapiro-Wilk test. Differences between two groups
were evaluated using the Student’s t test for normal distributions or the
Mann-Whitney U test for non-normal distributions. Differences between
multiple groups were compared using ANOVA, followed by the Tukey’s
test. Details are shown in the figure legends. All statistical tests were
two-tailed. p-values less than 0.05 were considered to indicate statistically
significant differences. Pearson’s correlation coefficient (PCC) calculated
by Image-J software (NIH, USA) was used to express the colocalization of
the two fluorophores in the immunofluorescence costaining experiment.
Representation of the p-value was *p < 0.05, **p < 0.01, ***p < 0.001.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
This study was supported by Health and Medical Research Fund
(02131906), Shenzhen Basic Research Grant (201605303000678), Col-
laborative research fund (C7037-17W) and Area of Excellence Scheme
(AOE/M-707/18) from the Research Grants Council of the Hong Kong
Special Administrative Region.

Conflict of Interest
The authors declare no conflict of interest.

Author Contributions
X.W. and R.H. completed conception and design of this study. X.W. and
R.H. drafted the manuscript and prepared the figures. X.W., L.S., Z.Z., J.L.,
J.Z., and L.Y.C. conducted the experiments. E. S., C.W., D.Y., K.L., A.X., and
R.H. edited the manuscript. A.X. and R.H. approved the final version of
the manuscript.

Data Availability Statement
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords
A-FABP, hepatic stellate cells, liver fibrosis, liver sinusoidal endothelial
cells, TGF𝛽1

Received: September 30, 2020
Revised: February 10, 2021

Published online: March 27, 2021

[1] R. Bataller, D. Brenner, J. Clin. Invest. 2005, 115, 209.
[2] S. L. Friedman, J. Hepatol. 2003, 38, S38.
[3] E. Seki, R. F. Schwabe, Hepatology 2015, 61, 1066.
[4] L. D. DeLeve, A. C. Maretti-Mira, Semin. Liver Dis. 2017, 37, 377.
[5] S. L. Friedman, Physiol. Rev. 2008, 88, 125.
[6] A. M. Gressner, R. Weiskirchen, K. Breitkopf, S. Dooley, Front. Biosci.

2002, 7, d793.
[7] F. Marra, C. Bertolani, Hepatology 2009, 50, 957.
[8] M. Furuhashi, G. S. Hotamisligil, Nat. Rev. Drug Discovery 2008, 7,

489.
[9] M. Y. Lee, H. Li, Y. Xiao, Z. Zhou, A. Xu, P. M. Vanhoutte, Br. J. Phar-

macol. 2011, 162, 1564.
[10] R. L. C. Hoo, I. P. C. Lee, M. Zhou, J. Y. L. Wong, X. Hui, A. Xu, K. S.

L. Lam, J. Hepatol. 2013, 58, 358.
[11] I. Graupera, M. Coll, E. Pose, C. Elia, S. Piano, E. Solà, D. Blaya, P.

Huelin, C. Solé, R. Moreira, G. de Prada, N. Fabrellas, A. Juanola, M.
Morales-Ruiz, P. Sancho-Bru, C. Villanueva, P. Ginès, Sci. Rep. 2017,
7, 1829.

[12] N. Chiyonobu, S. Shimada, Y. Akiyama, K. Mogushi, M. Itoh, K. Aka-
hoshi, S. Matsumura, K. Ogawa, H. Ono, Y. Mitsunori, D. Ban, A.
Kudo, S. Arii, T. Suganami, S. Yamaoka, Y. Ogawa, M. Tanabe, S.
Tanaka, Am. J. Pathol. 2018, 188, 1213.

[13] K.-L. Milner, D. van der Poorten, A. Xu, E. Bugianesi, J. G. Kench, K.
S. L. Lam, D. J. Chisholm, J. George, Hepatology 2009, 49, 1926.

[14] C. Weiler-Normann, J. Herkel, A. W. Lohse, Z. Gastroenterol. 2007, 45,
43.

[15] P. Kocabayoglu, A. Lade, Y. A. Lee, A. C. Dragomir, X. Sun, M. I. Fiel, S.
Thung, C. Aloman, P. Soriano, Y. Hoshida, S. L. Friedman, J. Hepatol.
2015, 63, 141.

[16] A. Geerts, C. Eliasson, T. Niki, A. Wielant, F. Vaeyens, M. Pekny, Hep-
atology 2001, 33, 177.

[17] D. Klein, A. Demory, F. Peyre, J. Kroll, H. G. Augustin, W. Helfrich,
J. Kzhyshkowska, K. Schledzewski, B. Arnold, S. Goerdt, Hepatology
2008, 47, 1018.

Adv. Sci. 2021, 8, 2003721 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2003721 (15 of 16)



www.advancedsciencenews.com www.advancedscience.com

[18] K. W. Dunn, M. M. Kamocka, J. H. McDonald, Am. J. Physiol.-Cell Phys-
iol. 2011, 300, C723.

[19] J. M. Austyn, S. Gordon, Eur. J. Immunol. 1981, 11, 805.
[20] K. Yamaoka, T. Nouchi, F. Marumo, C. Sato, Dig. Dis. Sci. 1993, 38,

1473.
[21] J. Meyer, S. Lacotte, P. Morel, C. Gonelle-gispert, Exp. Cell Res. 2016,

349, 291.
[22] I. Mederacke, D. H. Dapito, S. Affò, H. Uchinami, R. F. Schwabe, Nat.

Protoc. 2015, 10, 305.
[23] L. D. DeLeve, X. Wang, L. Hu, M. K. McCuskey, R. S. McCuskey, Am.

J. Physiol.: Gastrointest. Liver Physiol. 2004, 287, G757.
[24] G. Xie, S. S. Choi, W. K. Syn, G. A. Michelotti, M. Swiderska, G. Karaca,

I. S. Chan, Y. Chen, A. M. Diehl, Gut 2013, 62, 299.
[25] G. Marrone, L. Russo, E. Rosado, D. Hide, G. García-Cardeña, J. C.

García-Pagán, J. Bosch, J. Gracia-Sancho, J. Hepatol. 2013, 58, 98.
[26] L. D. Deleve, X. Wang, Y. Guo, Hepatology 2008, 48, 920.
[27] S. L. Friedman, J. Biol. Chem. 2000, 275, 2247.
[28] D. Roulot, A. M. Sevcsik, T. Coste, A. Strosberg, S. Marullo, Hepatol-

ogy 1999, 29, 1730.
[29] S. L. Friedman, F. J. Roll, Anal. Biochem. 1987, 161, 207.
[30] L. Shu, R. L. C. Hoo, X. Wu, Y. Pan, I. P. C. Lee, L. Y. Cheong, S. R.

Bornstein, X. Rong, J. Guo, A. Xu, Nat. Commun. 2017, 8, 14147.
[31] S. J. Kim, F. Denhez, K. Y. Kim, J. T. Holt, M. B. Sporn, A. B. Roberts,

J. Biol. Chem. 1989, 264, 19373.
[32] X. Hui, H. Li, Z. Zhou, K. S. L. Lam, Y. Xiao, D. Wu, K. Ding, Y. Wang,

P. M. Vanhoutte, A. Xu, J. Biol. Chem. 2010, 285, 10273.
[33] H. W. Bae, A. G. Geiser, D. H. Kim, M. T. Chung, J. K. Burmester, M.

B. Sporn, A. B. Roberts, S. Kim, J. Biol. Chem. 1988, 270, 29460.
[34] R. Sulsky, D. R. Magnin, Y. Huang, L. Simpkins, P. Taunk, M. Patel,

Y. Zhu, T. R. Stouch, D. Bassolino-Klimas, R. Parker, T. Harrity, R.
Stoffel, D. S. Taylor, T. B. Lavoie, K. Kish, B. L. Jacobson, S. Sheriff, L.
P. Adam, W. R. Ewing, J. A. Robl, Bioorg. Med. Chem. Lett. 2007, 17,
3511.

[35] S. Laouirem, A. Sannier, E. Norkowski, F. Cauchy, S. Doblas, P. E.
Rautou, M. Albuquerque, P. Garteiser, L. Sognigbé, J. Raffenne, B.
E. van Beers, O. Soubrane, P. Bedossa, J. Cros, V. Paradis, Oncogene
2019, 38, 3033.

[36] E. Wisse, R. B. de Zanger, K. Charels, P. van der Smissen, R. S. Mc-
Cuskey, Hepatology 1985, 5, 683.

[37] O. Strauss, A. Phillips, K. Ruggiero, A. Bartlett, P. R. Dunbar, Sci. Rep.
2017, 7, 44356.

[38] F. Braet, E. Wisse, Comp. Hepatol. 2002, 1, 1.
[39] T. Su, Y. Yang, S. Lai, J. Jeong, Y. Jung, M. McConnell, T. Utsumi, Y.

Iwakiri, Cell. Mol. Gastroenterol. Hepatol. 2020, 11, 1139.
[40] C. Boulanger, F. Durand, R. Moreau, D. Valla, J. Poisson, P.-E. Rautou,

S. Lemoinne, J. Hepatol. 2016, 66, 212.
[41] A. L. Olsen, B. K. Sackey, C. Marcinkiewicz, D. Boettiger, R. G. Wells,

Gastroenterology 2012, 142, 928.
[42] S. L. June, D. Semela, J. Iredale, V. H. Shah, Hepatology 2007, 45, 817.

[43] W. R. Jarnagin, D. C. Rockey, V. E. Koteliansky, S. S. Wang, D. Mont-
gomery Bissell, J. Cell Biol. 1994, 127, 2037.

[44] M. Furuhashi, T. Fuseya, M. Murata, K. Hoshina, S. Ishimura, T.
Mita, Y. Watanabe, A. Omori, M. Matsumoto, T. Sugaya, T. Oikawa, J.
Nishida, N. Kokubu, M. Tanaka, N. Moniwa, H. Yoshida, N. Sawada,
K. Shimamoto, T. Miura, Arterioscler., Thromb., Vasc. Biol. 2016, 36,
825.

[45] J. Hao, Y. Zhang, X. Yan, F. Yan, Y. Sun, J. Zeng, S. Waigel, Y. Yin, M.
M. Fraig, N. K. Egilmez, J. Suttles, M. Kong, S. Liu, M. P. Cleary, E.
Sauter, B. Li, Cell Metab. 2018, 28, 689.

[46] L. Zhang, C. Liu, X. ming Meng, C. Huang, F. Xu, J. Li, Mol. Cell.
Biochem. 2015, 400, 17.

[47] M. J. Arthur, D. A. Mann, J. P. Iredale, J. Gastroenterol. Hepatol. 1998,
13, S33.

[48] J. Kluwe, J. P. Pradere, G. Y. Gwak, A. Mencin, S. De Minicis, C. H.
Österreicher, J. Colmenero, R. Bataller, R. F. Schwabe, Gastroenterol-
ogy 2010, 138, 347.

[49] B. Schnabl, C. A. Bradham, B. L. Bennett, A. M. Manning, B. Ste-
fanovic, D. A. Brenner, Hepatology 2001, 34, 953.

[50] K. Yoshida, K. Matsuzaki, S. Mori, Y. Tahashi, H. Yamagata, F. Fu-
rukawa, T. Seki, M. Nishizawa, J. Fujisawa, K. Okazaki, Am. J. Pathol.
2005, 166, 1029.

[51] E. Seki, D. A. Brenner, M. Karin, Gastroenterology 2012, 143, 307.
[52] S. Win, T. A. Than, J. Zhang, C. Oo, R. W. M. Min, N. Kaplowitz, Hep-

atology 2018, 67, 2013.
[53] P. Ten Dijke, H. M. Arthur, Nat. Rev. Mol. Cell Biol. 2007, 8, 857.
[54] K. Sabapathy, W. Jochum, K. Hochedlinger, L. Chang, M. Karin, E. F.

Wagner, Mech. Dev. 1999, 89, 115.
[55] A. Chen, Y. Tang, V. Davis, F.-F. Hsu, S. M. Kennedy, H. Song, J. Turk,

E. M. Brunt, E. P. Newberry, N. O. Davidson, Hepatology 2013, 57,
2202.

[56] E. P. Newberry, Y. Xie, C. Lodeiro, R. Solis, W. Moritz, S. Kennedy, L.
Barron, E. Onufer, G. Alpini, T. Zhou, W. S. Blaner, A. Chen, N. O.
Davidson, FASEB J. 2019, 33, 4610.

[57] J. Lin, S. Zheng, A. D. Attie, M. P. Keller, D. A. Bernlohr, W. S. Blaner,
E. P. Newberry, N. O. Davidson, A. Chen, J. Lipid Res 2018, 59, 416.

[58] M. Charlton, K. Viker, A. Krishnan, S. Sanderson, B. Veldt, A. J. Kaals-
beek, M. Kendrick, G. Thompson, F. Que, J. Swain, M. Sarr, Hepatol-
ogy 2009, 49, 1375.

[59] K. Furuta, Q. Guo, P. Hirsova, S. H. Ibrahim, Biology 2020, 9, 395.
[60] M. Zhou, Y. Bao, H. Li, Y. Pan, L. Shu, Z. Xia, D. Wu, K. S. L. Lam, P.

M. Vanhoutte, A. Xu, W. Jia, R. L.-C. Hoo, Clin. Sci. 2015, 129, 547.
[61] C. G. Tag, S. Sauer-lehnen, S. Weiskirchen, E. Borkham-kamphorst,

R. H. Tolba, F. Tacke, R. Weiskirchen, J. Vis. Exp. 2015, 96, 52438.
[62] S. C. Yanguas, B. Cogliati, J. Willebrords, M. Maes, I. Colle, B. van Den

Bossche, C. P. M. S. de Oliveira, W. Andraus, V. A. Alves, I. Leclercq,
M. Vinken, Arch. Toxicol. 2016, 90, 1025.

[63] E. Seki, S. De Minicis, C. H. Österreicher, J. Kluwe, Y. Osawa, D. A.
Brenner, R. F. Schwabe, Nat. Med. 2007, 13, 1324.

Adv. Sci. 2021, 8, 2003721 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2003721 (16 of 16)


