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Huang X, Cai H, Ammar R, Zhang Y, Wang Y, Ravi K,
Thompson J, Jarai G. Molecular characterization of a precision-cut
rat liver slice model for the evaluation of antifibrotic compounds. Am
J Physiol Gastrointest Liver Physiol 316: G15–G24, 2019. First
published November 8, 2018; doi:10.1152/ajpgi.00281.2018.—Preci-
sion-cut liver tissue slice (PCLS) contains all major cell types of the
liver parenchyma and preserves the original cell-cell and cell-matrix
contacts. It represents a promising ex vivo model to study liver
fibrosis and test the antifibrotic effect of experimental compounds in
a physiological environment. In this study using RNA sequencing, we
demonstrated that various pathways functionally related to fibrotic
mechanisms were dysregulated in PCLSs derived from rats subjected
to bile duct ligation. The activin receptor-like kinase-5 (Alk5) inhib-
itor SB525334, nintedanib, and sorafenib each reversed a subset of
genes dysregulated in fibrotic PCLSs, and of those genes we identified
608 genes whose expression was reversed by all three compounds.
These genes define a molecular signature characterizing many aspects
of liver fibrosis pathology and its attenuation in the model. A panel of
12 genes and 4 secreted biomarkers including procollagen I, hyal-
uronic acid (HA), insulin-like growth factor binding protein 5
(IGFBP5), and WNT1-inducible signaling pathway protein 1 (WISP1)
were further validated as efficacy end points for the evaluation of
antifibrotic activity of experimental compounds. Finally, we showed
that blockade of �V-integrins with a small molecule inhibitor attenu-
ated the fibrotic phenotype in the model. Overall, our results suggest
that the rat fibrotic PCLS model may represent a valuable system for
target validation and determining the efficacy of experimental com-
pounds.

NEW & NOTEWORTHY We investigated the antifibrotic activity
of three compounds, the activin receptor-like kinase-5 (Alk5) inhibitor
SB525334, nintedanib, and sorafenib, in a rat fibrotic precision-cut
liver tissue slice model using RNA sequencing analysis. A panel of 12
genes and 4 secreted biomarkers including procollagen I, hyaluronic
acid (HA), insulin-like growth factor binding protein 5 (IGFBP5), and
WNT1-inducible signaling pathway protein 1 (WISP1) were then
established as efficacy end points to validate the antifibrotic activity of
the �V-integrin inhibitor CWHM12. This study demonstrated the
value of the rat fibrotic PCLS model for the evaluation of antifibrotic
drugs.

bile duct ligation; fibrosis; precision-cut liver tissue slice

INTRODUCTION

Chronic liver injury due to various etiologies, such as
chronic hepatitis virus infections, excessive alcohol consump-
tion, and nonalcoholic steatohepatitis, leads to the development
of liver fibrosis (10). Progressive liver fibrosis may ultimately
lead to cirrhosis characterized by disrupted hepatic architec-
ture, vascular structure, and aberrant regeneration (39). Liver
fibrosis and in particular cirrhosis are among the leading causes
of morbidity and mortality worldwide (32). Although tremen-
dous progress has been made in our understanding of the
pathogenic mechanisms of liver fibrosis, effective antifibrotic
therapies for liver fibrosis are still lacking. One challenge in the
development of effective therapies is the lack of in vitro
models that may better predict the translation of preclinical
findings to human disease. In recent years, several research
groups reported the use of precision-cut liver tissue slice
(PCLS) as an ex vivo model to study liver fibrosis. For
example, healthy PCLSs were exposed to various fibrogenic
chemicals including ethanol (38), bile acids (4), CCL4 (46, 47),
and thioacetamide (12) to induce fibrotic responses. Sadasivan
et al. (37) developed a PCLS fibrosis model using a cocktail of
transforming growth factor-� (TGF-�), platelet-derived
growth factor, lysophosphatidic acid, sphingosine 1 phosphate,
lipopolysaccharide, and palmitate. More importantly, Veidal et
al. (48) and Westra et al. (49) investigated antifibrotic activity
of various compounds on the fibrotic PCLSs derived from rats
that were administered with CCL4 or subjected to bile duct
ligation (BDL). PCLS fibrosis models allow the study of liver
fibrogenesis in a multicellular system with complex tissue-like
structures in which cell-cell and cell-matrix interactions are
maintained. It represents a promising ex vivo model to study
liver fibrosis and to evaluate the efficacy of experimental
compounds in a physiological environment.

While PCLS fibrosis models are being increasingly used, to
our knowledge, global gene expression analysis of the fibrotic
PCLS in response to antifibrotic compounds has not been
reported. In this study, we used RNA Sequencing (RNA-seq)
to investigate the antifibrotic activity of three compounds,
SB525334, nintedanib, and sorafenib, in the fibrotic PCLSs
derived from rats subjected to BDL. BDL causes cholestatic
injury and periportal biliary fibrosis. The BDL model is one of
the most commonly used in vivo models of experimental
fibrosis to test concepts and exploratory treatments due to its
robust fibrotic phenotype (19). SB525334, nintedanib, and
sorafenib have been demonstrated to attenuate fibrosis in mul-
tiple preclinical fibrosis models including models of liver
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fibrosis (7, 14, 15, 31, 45). SB525334 is an activin receptor-
like kinase-5 (Alk5) inhibitor, and both nintedanib and
sorafenib are multikinase inhibitors that are also being used in
the clinical practice for the treatment lung fibrosis and of
various cancers including liver cancer. A gene expression
signature including 608 genes that were dysregulated in fibrotic
PCLSs and inversely modulated by all three antifibrotic com-
pounds was identified. A panel of 12 genes and 4 secreted
factors including procollagen I, hyaluronic acid (HA), insulin-
like growth factor binding protein 5 (IGFBP5), and WNT1
inducible signaling pathway protein 1 (WISP1) were selected
as efficacy end points to validate the antifibrotic activity of a
small molecule inhibitor of �V-integrins. Overall, our study
provides a detailed transcriptomic characterization of the BDL-
induced rat fibrotic PCLS model and demonstrates its value for
the testing of antifibrotic drugs.

METHODS

PCLS preparation and culture. All animal procedures were per-
formed in adherence with the National Institute of Health guidelines
on the use of laboratory animals and were approved by the Institu-
tional Animal Care and Use Committee of Bristol Myers Squibb.
Male Sprague-Dawley rats weighing between 250 and 300 g were
purchased from Charles River Laboratories. They were housed in a
humidity- and temperature-controlled room on a 12-h:12-h light-dark
cycle with free access to chow and water. To perform BDL, rats were
anesthetized with isoflurane and a midline laparotomy was performed.
The common bile duct was then ligated twice with 4.0 silk. Sham-
operated rats were subjected to laparotomy without BDL. Four weeks
after surgery, the livers were excised. The livers were either used to
make PCLS or snap frozen in liquid nitrogen for RNA extractions. To
make PCLS, liver tissue cores with a diameter of 8 mm were prepared
from liver tissues using tissue corning press, which were then loaded
into Alabama R&D tissue slicer (Alabama Research & Development,
Munford, AL) to make PCLSs at a thickness of 220 �m. The PCLSs
were then placed on stainless-steel roller inserts and loaded into glass
vials containing 2.5 ml of Williams’ Media E with glutaMAX (Life
Technologies, Carlsbad, CA) supplemented with 50 U penicillin-
streptomycin. The vials containing the PCLS were incubated in the
dynamic organ culture incubator (Vitron, Tucson, AZ) gassed with
carbogen (95% O2-5% CO2) with gentle rotation at 37°C for 48 h. For
each ex vivo study, three sham or BDL-operated rats were used to
make PCLSs. PCLSs from the same surgical procedure were pooled
and randomized to treatment groups. To determine the antifibrotic
effect of compounds, PCLSs were treated with vehicle DMSO, the
Alk5 inhibitor SB525334 (1.0 �M), nintedanib (1.0 �M), sorafenib
(1.0 �M) (Selleckchem, Houston, TX), or CWHM12 (1.0 and 3.0
�M) (synthesized at Bristol Myers Squibb). All compounds were
dissolved in DMSO. After a 48-h incubation, PCLSs were snap frozen
and the conditioned medium was collected for future use.

Real-time quantitative PCR. Total RNA was prepared from PCLSs
or liver using the RNeasy 96 kit (Qiagen) according to the manufac-
turer’s instructions. cDNA synthesis was performed with high-capac-
ity RNA to cDNA kit (Life Technologies, Carlsbad, CA). Real-time
PCR was performed using the ViiA 7 (Life Technologies).

Gene expression profiling and bioinformatics analysis. RNA-seq
was used to determine gene expression. Sequencing libraries were
generated using the Illumina TruSeq Stranded Total RNA Library
Prep Kit with Ribo-Zero (Illumina, San Diego, CA) following the
manufacturer’s instruction. RNA-Seq libraries were run on an Illu-
mina HiSeq 2500 platform producing 75-bp paired-end reads. We
generated on average 40 million PE read for each sample. Reads were
aligned to the Rattus norvegicus Rnor_6.0 reference genome (Na-
tional Center for Biotechnology Information Assembly Accession No.
GCF_000001895.5) (11) with the Omicsoft Sequence Aligner (16).

Gene and transcript abundance was determined with Ensembl R89 rat
gene models (50) using RSEM (24). All RNA-Seq data were pro-
cessed in R with Bioconductor packages (18). RNA-Seq samples were
TMM normalized (36) with the edgeR package (26, 35). Outlier
detection was performed using t-distributed Stochastic Neighbor Em-
bedding (t-SNE). All the gene expression data were deposited in
National Center for Biotechnology Information Gene Expression
Omnibus Accession No. GSE120804. Differential gene expression
contrasts between treatment groups were performed using the limma
package (34). Pathway enrichment was computed using MetaBase
(Clarivate Analytics) version 6.34.69200.

ELISA. Secreted biomarkers including procollagen I, HA, IGFBP5,
and WISP1 in the conditioned medium were measured using procol-
lagen I (Ab210579; Abcam, Cambridge, UK), hyaluronan quantikine
(DHYAL0; R&D Systems, Minneapolis, MN), IGFBP5 (Ab208345;
Abcam), and WISP1 quantikine (MWSP10; R&D Systems) ELISA
kits following manufacturer’s instructions.

Statistical analysis. The results (means � SE) were subjected to
statistical analysis by ANOVA using Graphpad Prism software. P �
0.05 determined statistical significance.

RESULTS

Antifibrotic compounds suppressed the fibrotic phenotype in
the rat PCLSs. PCLSs from sham or BDL rats were prepared
and treated with vehicle or 1.0 �M of various compounds for
48 h. Compound treatments did not affect viability of PCLSs as
shown by comparable ATP contents in the PCLSs with or
without compound treatments (data not shown). Compared
with PCLSs derived from sham rats, the expression of the
fibrotic markers Col1a1 and Col3a1 was significantly elevated
in the vehicle-treated fibrotic PCLSs. Similarly, expression of
Acta2, a key marker of fibroblast to myofibroblast transdiffer-
entiation, was also upregulated (Fig. 1A). All three compounds,
SB525334, nintedanib, and sorafenib, demonstrated antifi-
brotic effects as shown by the suppression of Col1a1 and
Col3a1 gene expression (Fig. 1A). However, only SB525334
was able to abrogate upregulation of Acta2. We next investi-
gated the effect of these compounds on procollagen I protein
levels in the conditioned medium. Consistent with the gene
expression results, procollagen I protein levels in the condi-
tioned medium were significantly increased in fibrotic PCLSs
and treatment with all three compounds decreased its levels
(Fig. 1B). Together, these results demonstrated that SB525334,
nintedanib, and sorafenib attenuated the fibrotic phenotype in
the rat fibrotic PCLS model.

Transcriptome analysis. Having shown the antifibrotic effect
of these compounds, we then performed RNA-seq analysis to
evaluate the global gene expression changes in fibrotic PCLSs
with or without compound treatments. Compared with sham
PCLSs, 3,788 genes were differentially expressed in fibrotic
PCLSs derived from BDL rats (absolute fold change � 3.0,
false discovery rate � 0.05). Pathway analysis indicated that
genes involved in profibrotic mechanisms including cell adhe-
sion, extracellular matrix (ECM) remodeling, various immune
responses, epithelial-to-mesenchymal (EMT) transition, oxida-
tive stress, and stimulation of TGF-� signaling were exten-
sively dysregulated in fibrotic PCLSs (Fig. 2A). Over 400
genes encoding matrisome proteins including 130 core matri-
some and 280 matrisome-associated proteins according to the
definition by MatrisomeDB 2.0 (28) were dysregulated in
fibrotic PCLSs, 379 of which were upregulated and 31 were
downregulated (Supplemental Table S1; Supplemental Mate-
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rial for this article is available online at the Journal website).
One-hundred twenty-six of 130 core matrisome genes were
upregulated in fibrotic PCLSs, which reflected increased syn-
thesis of structural ECM proteins under the fibrotic condition.
Both innate and adaptive immune mechanisms contribute to
fibrogenesis (25). Accordingly, genes encoding various cyto-
kines and chemokines that are known to promote fibrogenesis
including Il-1�, Il-6, Il-10, Il-13, Il-17, Ccl2, Ccl17, and Tnf
were found upregulated in fibrotic PCLSs. EMT, a process
during which epithelial cells gradually transform into mesen-
chymal-like cells and lose their epithelial functionality and
characteristics, is thought to play an important role in the
development of fibrosis (22). In agreement with the results of
the pathway analysis, the expression of many EMT-associated
genes including Fn1, Snail1, Snail2, Twist1, Vim, Zeb2, as well
as many members of Wnt family were upregulated in fibrotic
PCLSs. Oxidative stress is implicated as an important molec-
ular mechanism underlying fibrogenesis (27). Consistently,
genes encoding NADPH oxidases including Cybb, Duox1,
Duox2, and Nox4 and their regulatory subunits including Cyba,
Ncf1, Ncf4, Noxa1, Noxo1, and Rac2 were significantly ele-
vated in fibrotic PCLSs, which strongly suggested increased
production of reactive oxygen species under the fibrotic con-
dition. TGF-� is a central mediator that drives fibrosis by
regulating important biological processes such as cellular pro-
liferation, ECM production, and EMT (3). Genes encoding
three isoforms of the TGF-� family including TGF�1, 2, and
3, and their receptor TGFBR1 as well as downstream targets of
TGF-� signaling including Fn1, Serpine1, Snail, and Vim were
significantly elevated in fibrotic PCLSs. This was consistent
with the induction of TGF-� signaling in fibrotic PCLSs.

To understand the molecular mechanism of how these com-
pounds attenuated the fibrotic phenotype, we focused on genes
whose expression was dysregulated in fibrotic PCLSs and
inversely modulated by SB525334, nintedanib, or sorafenib
(fold-change � 1.5 or � �1.5, false discovery rate � 0.05).
With the use of these criteria, over 8,000 genes were found to
be dysregulated in fibrotic PCLSs and 3,150, 1,100, and 1,401
of those were inversely modulated by SB525334, nintedanib,
or sorafenib, respectively. Overall, a total of 3,761 genes were
inversely modulated by at least one of these compounds.
Hierarchical clustering of these genes clearly illustrated the
difference in the subset of genes reversed by each compound
(Fig. 2B). Nintedanib- and sorafenib-treated groups were clus-

tered together indicating their more similar mechanism of
action when compared with SB525334. Gene pathway analysis
revealed that these inversely modulated genes were highly
enriched in pathways related to cell adhesion, ECM remodel-
ing, immune responses, and EMT, which highlighted the anti-
fibrotic effect of these compounds (Fig. 2C). The Venn dia-
gram analysis further depicts numbers of common and differ-
ential reversely modulated genes in response to drug treatments
(Fig. 2D). Of the 3,761 genes, 2,189, 89, and 201 genes were
uniquely reversely-modulated by SB525334, nintedanib, and
sorafenib. A total of 608 genes were found to be reversely
modulated by all three drugs. Of these 608 genes, 433 were
upregulated in fibrotic PCLSs and downregulated with com-
pound treatments, while 175 were downregulated in fibrotic
PCLSs and upregulated with compound treatments. The list of
genes reversed by all three compounds is shown in Supple-
mental Table S2. Many of these 608 genes were functionally
associated with ECM homeostasis and/or fibrogenesis. Indeed,
106 of these 608 genes encode matrisome proteins and the
majority of them (94 out of 106) were upregulated in fibrotic
PCLSs and suppressed by the test compounds. The matrisome
genes identified include 38 core matrisome genes and 68
matrisome-associated genes. Further pathway analysis of these
608 genes highlighted pathways related to cell adhesion, ECM
remodeling, platelet regulations, EMT, and resolution of in-
flammation and were commonly regulated by these compounds
(Fig. 2E). Overall, our transcriptomic analysis showed that
genes functionally related to fibrotic pathways were dysregu-
lated in fibrotic PCLSs and they could at least be partially
reversed by antifibrotic compounds. In addition, a set of 608
genes that were dysregulated in fibrotic PCLSs and inversely
modulated by all 3 antifibrotic compounds were identified.
They represent a gene signature that is associated with the
pathology of liver fibrosis and whose expression can be re-
versed upon liver fibrosis resolution.

Establishment of end points for evaluation of antifibrotic
compounds. To further use the BDL-induced rat fibrotic PCLS
model as a preclinical model for the evaluation of antifibrotic
experimental compounds, it is important to establish robust and
sensitive end points with translational relevance. We therefore
focused on the top 60 genes that were most strongly upregu-
lated in the fibrotic PCLSs and were also downregulated by all
three compounds tested. Of the top 60 genes, 15 had been
reported to be dysregulated and/or functionally involved in
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Fig. 1. Antifibrotic compounds attenuated the fibrotic phenotype in rat fibrotic precision-cut liver tissue slices (PCLSs) after 48 h of incubation. SB525334,
nintedanib, and sorafenib suppressed fibrotic gene expression in rat fibrotic PCLSs (A) and procollagen I secretion in the conditioned medium (B). Data are
means � SE; n 	 3 rats for both sham and bile duct ligation (BDL); n 	 8–10 liver slices for each condition. *P � 0.05, **P � 0.01, ***P � 0.001.
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liver fibrosis. Eleven of them including cytokine receptor like
factor 1 (Crlf1), fibroblast activation protein alpha (Fap),
hyaluronan synthase 2 (Has2), Igfbp5, matrix metallopeptidase
7 (Mmp7), Pappalysin 1 (Pappa), periostin (Postn), pentraxin 3
(Ptx3), TNF superfamily member 11 (Tnfsf11), tenascin C
(Tnc), and Wisp1 were selected for further validation. Consis-
tent with the RNA-seq results, real-time PCR analysis shows that
all of the 11 genes were strongly upregulated in fibrotic PCLSs
and suppressed by the compounds in the same set of samples that
had been previously used for RNA-seq study (Fig. 3).

We next selected three of the secreted factors including HA,
IGFBP5, and WISP1 and assessed the effect of the three test
compounds on their secretion in the conditioned medium.
Consistent with the gene expression analysis results, levels of
HA, IGFBP5, and WISP1 in the conditioned medium were
significantly increased in fibrotic PCLSs and decreased upon
compound treatments (Fig. 4). These 11 genes together with
Col1a1 as well as 4 secreted biomarkers, procollagen I, HA,
TGF-�1, and WISP1 were then used as efficacy end points for
the assessment of the antifibrotic activity of experimental
compounds.

Blockade of �V integrins suppressed TGF-�1-induced fi-
brotic phenotype in the rat PCLS model. Integrins are a large
family of transmembrane heterodimeric receptors that mediate
bidirectional signaling through the cell membrane. The �V-
subunit forms heterodimers with the �1-, �3-, �5-, �6-, or
�8-subunit. �V-Subunit-containing integrins appear to be cen-
tral mediators of fibrosis, and the modulation of various �V-
subunit-containing integrins was found to have profound ef-
fects on fibrosis in multiple organs in preclinical models (5,
40). We first quantified �V-, �1-, �3-, �5-, �6-, and �8-subunit
transcripts in BDL-induced liver fibrosis model. Compared
with sham control, expression of Itgav, Itgb1, Itgb3, Itgb5,
Itgb6, and Itgb8 was significantly elevated in the fibrotic livers
4 wk after BDL surgery (Fig. 5). We therefore sought to
investigate the effects of targeting �V-subunit-containing in-
tegrins using the rat fibrotic PCLS fibrosis model with a small
molecule �V-integrin inhibitor CWHM12 (13) using the end
points established earlier. As shown in Fig. 6A, CWHM12
significantly suppressed 11 of the 12 genes upregulated in
fibrotic PCLSs, namely, Col1a1, Crlf1, Fap, Has2, Igfbp5,
Mmp7, Pappa, Postn, Ptx3, Tnfsf11, and Wisp1. In addition,
CWHM12 significantly decreased levels of procollagen I,
IGFBP5, and WISP1 while modestly decreased levels of HA in
the conditioned medium when compared with the vehicle-
treated group (Fig. 6B). These results indicate that inhibition of
�V-integrins attenuated the fibrotic phenotype in the BDL-
induced rat fibrotic PCLS model and provide further evidence
that �V-integrins may represent a promising target for the
treatment of liver fibrosis.

DISCUSSION

The translation of novel antiliver fibrosis therapies from
preclinical models into clinical use remains a major chal-

lenge. Rodent liver fibrosis models have been invaluable to
study the mechanism of liver fibrogenesis and remain the
gold standard for the evaluation of preclinical drug candi-
dates. Recently, the PCLS model has emerged as a promis-
ing tool to study liver fibrosis and test the efficacy of
putative antifibrotic compounds. Compared with the in vivo
rodent models, the PCLS model requires much fewer ani-
mals and it has the capacity to test a larger number of
experimental compounds in a shorter period of time. On the
other hand, compared with the typically used in vitro models
of monoculture or occasionally coculture systems of hepatic
stellate cell, the PCLS model represents a more physiolog-
ically relevant system. Particuarly, PCLSs generated from
fibrotic livers derived from rodent models or patients allow
the testing of the effects of compounds in a disease-like
pathological environment, which increases the translational
relevance of the PCLS fibrosis model.

In this study, we used fibrotic PCLSs derived from rats
that had been subjected to BDL to determine antifibrotic
activity of SB525334, nintedanib, or sorafenib. SB525334 is
a small molecule inhibitor of TGF-� type I receptor ALK5.
TGF-� is a master profibrotic cytokine and plays extensive
roles in fibrotic diseases including liver fibrosis. This sig-
naling pathway involves TGF-� binding to the TGF-� type
II receptor, which recruits the TGF-� type I receptor ALK5,
resulting in the activation of downstream signaling via both
canonical and noncanonical signaling pathways (1). There-
fore, inhibition of the TGF-� signaling pathway could be a
very effective strategy for controlling liver fibrosis. Indeed,
the ALK5 inhibitor GW6604 was shown to protect rats from
dimethylnitrosamine-induced liver fibrosis (6). Nintedanib
is approved for the treatment of idiopathic pulmonary fibro-
sis, and sorafenib is an approved drug for the treatment of
multiple cancers. Nintedanib and sorafenib are both tyrosine
kinase inhibitors with overlapping but different kinase se-
lectivity profiles, and they both demonstrated antifibrotic
activity in multiple preclinical liver fibrosis models (7, 15,
31, 45). A global gene expression analysis enabled our study
to reveal that each compound inversely modulated a unique
subset of genes perturbed under fibrotic condition. Many of
those are functionally associated with cell adhesion, ECM
remodeling, immune responses, and EMT. Interestingly,
2,189, 89, and 201 genes were uniquely reversely modulated
by SB525334, nintedanib, and sorafenib, respectively. These
results not only illustrated the antifibrotic function of these
compounds but also reflected on their different mechanism of
action. However, it needs to be emphasized that since only a
single concentration of drug was studied in the current study, it
is highly likely that some of the differences observed may be
due to differences in the efficacy at the concentrations tested.
Importantly, a panel of 608 genes that were modulated by all 3
compounds in a similar manner were also identified. They may
define a gene signature that can be used to characterize the
pathogenesis of liver fibrosis and whose expression is expected

Fig. 2. Transcriptomic analysis of rat fibrotic precision-cut liver tissue slices (PCLSs) after 48 h of incubation with antifibrotic compounds. A: pathway analysis
of differentially expressed genes between sham and fibrotic PCLSs. B: heat map analysis shows that each compound reversed a subset of genes dysregulated in
fibrotic PCLSs. A total of 3,761 genes were reversed by at least 1 compound, and they were hierarchically clustered both by genes and by samples. Yellow
indicates upregulated, and blue indicates downregulated genes. C: pathway analysis of genes that were dysregulated in fibrotic PCLSs and inversely modulated
by SB525334, nintedanib, and sorafenib, respectively. D: Venn diagram showing numbers of genes that were dysregulated in fibrotic PCLSs and reversely
regulated by each compound. E: pathway analysis of the 608 genes that were reversely regulated by all 3 compounds.
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to be modulated by efficacious antifibrotic compounds in this
model.

To further use the BDL-induced fibrotic PCLS model as an
efficacy model, it is necessary to establish robust and sensitive
end points that are able to effectively predict the antifibrotic
potential of experimental compounds and that also have trans-
lational relevance. We validated a panel of 12 genes that were
dysregulated in fibrotic PCLSs and were inversely modulated
by all three antifibrotic compounds. This panel of genes in-
cludes genes encoding matrisome proteins (Col1a1, Crlf1,
Igfbp5, Mmp7, Pappa, Postn, Ptx3, Tnc, Tnfsf11, and Wisp1),
markers of myofibroblast (Fap and Pappa), and HA synthase
(Has2). Type 1 collagen is the major fibrillar collagen depos-
ited in the ECM and increased production of interstitial colla-
gen I is a hallmark of all fibrotic diseases (33). Crlf1 encodes
a member of the cytokine type I receptor family. Expression of
CRLF1 was undetectable in quiescent hepatic stellate cells
(HSCs) and was highly upregulated in activated HSCs (44).
FAP is a cell surface-associated serine protease, and it is a
selective marker for HSC in cirrhotic patient’s liver tissues
undergoing remodeling (23). Has2 encodes one of the HA
synthases that synthesize HA, a major component of the ECM
that plays an important role in the pathobiology of liver fibrosis

(2). IGFBP5 is strongly induced upon activation of HSCs and
their transdifferentiation into myofibroblasts. IGFBP5 was
shown to enhance survival of LX2 human HSCs (43). MMP7
is a member of matrix metalloproteinases protein family, and it
was identified as a novel serum biomarker of advanced liver
fibrosis (20). Pappa encodes a secreted metalloproteinase,
which cleaves IGFBPs and it was identified as one of the
biomarkers for myofibroblasts associated with human hepato-
cellular carcinoma (42). Postn encodes a secreted extracellular
matrix protein, and its expression was significantly upregulated
in preclinical rodent liver fibrosis models. Postn deficiency
significantly attenuated liver fibrosis in mice (17). Plasma
PTX3, a member of the pentraxin protein family, may be used
as a novel marker for patients with liver cirrosis (29).
TNFSF11 encodes a member of the TNF cytokine family and
serum TNFSF11 levels were significantly elevated in patient
with cirrhosis (9). TNC is an extracellular matrix protein.
Deficiency of TNC attenuated liver fibrosis in immune-medi-
ated chronic hepatitis in mice (8). Wisp1, a downstream sig-
naling target of WNT1, belongs to the CCN family of matri-
cellular proteins and functions as an extracellular signaling
modulator and may play a critical role in liver fibrosis (21).
Importantly, as all of these genes and/or gene products had
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Fig. 3. Validation of top reversely expressed genes. SB525334, nintedanib, and sorafenib suppressed fibrotic gene expression elevated in rat fibrotic precision-cut
liver tissue slices (PCLSs) after 48 h of incubation. Data are means � SE; n 	 3 rats for both sham and bile duct ligation (BDL); n 	 8–10 liver slices for each
condition. *P � 0.05, **P � 0.01, ***P � 0.001.
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been reported to be dysregulated in preclinical fibrotic models
and/or in fibrotic tissues/serum derived from patients, they
represent relevant end points directly related to liver fibrosis in
vivo. In addition to the gene panel, the four secreted biomark-
ers including procollagen 1, HA, IGFBP5, and WISP1 were
also included as end points. Fragments of collagen I are used as
serum biomarkers for fibrotic diseases both preclinically and in
patients (33). HA is a high molecular weight polysaccharide
and plays an important structural role in the formation of ECM.
Furthermore, HA contributes to fibrosis by effecting fibroblast
motility, fibroblast proliferation, and fibroblast-to-myofibro-
blast differentiation (2). Serum HA is extensively used as a

noninvasive biomarker to assess the presence of fibrosis espe-
cially in the liver (30). Although there has been no reports of
using either IGFBP5 or WISP1 as liver fibrosis biomarkers,
both have been used as biomarkers for other diseases including
renal fibrosis (41, 51).

The potential of this panel of genes in combination with
the four soluble biomarkers as efficacy end points to predict
antifibrotic activity of experimental compounds was as-
sessed by testing the small molecule �V-integrin inhibitor
CWHM12. CWHM12 demonstrated high potency against all
of the five �V-subunit-containing integrins and it attenuated
the progression of fibrosis in mouse models of liver and lung
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fibrosis (13). Consistent with these data, our results showed
that CWHM12 suppressed the expression of 11 of the 12
genes included in the panel. In addition, CWHM12 de-
creased secretion of three of the four soluble biomarkers
(procollagen I, IGFBP5, and WISP1) in the conditioned
medium. These results clearly demonstrate the antifibrotic
activity of CWHM12 in the BDL-induced fibrotic PCLS
model and suggest that these end points may be predictive of
the efficacy of experimental compounds. Undoubtedly, to
further validate these end points as efficacy readouts, it will
be necessary to test a variety of additional compounds with
a wide range of mechanisms of action. It will also be
interesting to test whether these end points are valid in the
in vivo rat BDL model and in human, e.g., using PCLSs
derived from patients with fibrotic liver diseases.

In summary, we developed a BDL-induced rat fibrotic PCLS
model and demonstrated the antifibrotic activity of three test
compounds in this system. We performed a detailed RNA-seq
analysis of the fibrotic phenotype and its reversion by three

antifibrotic compounds. A panel of 12 genes and 4 secreted
biomarkers was established and used as the efficacy end point
to validate the antifibrotic effect of the small molecule �V-
integrin inhibitor CWHM12. Altogether, this study suggests
that the BDL-induced rat fibrotic PCLS model may provide a
valuable tool to evaluate potential novel antifibrotic drugs for
the treatment of liver fibrosis.
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Fig. 6. The small molecule �V integrins inhibitor CWHM12 attenuated fibrotic phenotype in fibrotic precision-cut liver tissue slices (PCLSs) after 48 h
of incubation. A: CWHM12 suppressed expression of a panel of fibrotic genes. B: CWHM12 decreased secretion of procollagen I, hyaluronic acid
(HA), insulin-like growth factor binding protein 5 (IGFBP5), and WNT1-inducible signaling pathway protein 1 (WISP1) in the conditioned medium. Data
are means � SE; n 	 3 rats for both sham and bile duct ligation (BDL); n 	 6 – 8 liver slices for each condition. *P � 0.05, **P � 0.01, ***P � 0.001.
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