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Murine Precision-cut Intestinal Slices as a Potential Screening
Tool for Antifibrotic Drugs
Raditya Iswandana, PhD,*,†,# Bao Tung Pham, PhD,*,‡,# Su Suriguga, PhD,* Theerut Luangmonkong, PhD,*,§
Louise A. van Wijk, MSc,* Yvette J.M. Jansen, MSc,* Dorenda Oosterhuis,* Henricus Antonius Maria Mutsaers,
PhD,*,¶ and Peter Olinga, PhD*,

the expression of fibrosis markers using murine precision-cut intestinal slices.

Methods: Murine precision-cut intestinal slices were cultured for 48 hours in the presence of profibrotic and/or antifibrotic compounds. The

fibrotic process was studied on gene and protein level using procollagen 1a1 (Col1α1), heat shock protein 47 (Hsp47), fibronectin (Fn2), and
plasminogen activator inhibitor-1 (Pai-1). The effects of potential antifibrotic drugs mainly inhibiting the transforming growth factor β (TGF-β)
pathway (eg, valproic acid, tetrandrine, pirfenidone, SB203580, and LY2109761) and compounds mainly acting on the platelet-derived growth
factor (PDGF) pathway (eg, imatinib, sorafenib, and sunitinib) were assessed in the model at nontoxic concentrations.

Results: Murine precision-cut intestinal slices remained viable for 48 hours, and an increased expression of fibrosis markers was observed during
culture, including Hsp47, Fn2, and Pai-1. Furthermore, TGF-β1 stimulated fibrogenesis, whereas PDGF did not have an effect. Regarding the
tested antifibrotics, pirfenidone, LY2109761, and sunitinib had the most pronounced impact on the expression of fibrosis markers, both in the
absence and presence of profibrotic factors, as illustrated by reduced levels of Col1α1, Hsp47, Fn2, and Pai-1 after treatment. Moreover, sunitinib
significantly reduced Hsp47 and Fn2 protein expression and the excretion of procollagen 1.

Conclusions: Precision-cut intestinal slices can successfully be used as a potential preclinical screening tool for antifibrotic drugs. We demonstrated that sunitinib reduced the expression of several fibrosis markers, warranting further evaluation of this compound for the treatment of
intestinal fibrosis.

Key Words: antifibrotic compounds, intestinal fibrosis, platelet-derived growth factor inhibitors, precision-cut intestinal slices, transforming
growth factor-β1 inhibitors

INTRODUCTION
Crohn’s disease (CD), an inflammatory bowel disease
(IBD), is often associated with intestinal fibrosis resulting in
the formation of strictures, which will obstruct the intestinal
lumen. These strictures are characterized by transmural condensed collagen layers in the intestinal wall.1–3 It is reported
that intestinal fibrosis is initiated by severe and chronic tissue
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damage due to recurrent inflammation,4 as observed in CD patients. During CD, various cytokines are elevated in inflamed
regions, including the archetypical profibrotic factors, transforming growth factor β (TGF-β) and platelet-derived growth
factor (PDGF).1, 5, 6 These cytokines increase the expression of
a variety of genes, including connective tissue growth factor
(Ctgf), plasminogen activator inhibitor-1 (Pai-1) and C-myc.7
It has been reported that TGF-β is a key player during intestinal wound healing and during stricture development in CD
patients.1 Activation of the TGF-β signaling pathway augments the expression of procollagen 1a1 (Col1α1), fibronectin
(Fn2) and heat shock protein 47 (Hsp47).8, 9 Therefore, TGFβ is an interesting target for the treatment of fibrosis. In a
previous study, we evaluated the therapeutic potential of a
myriad of TGF-β pathway inhibitors in liver fibrosis using
a unique ex vivo/in vitro model, namely precision-cut liver
slices (PCLSs).10–13 Using this model, we demonstrated that
tetrandrine (Tet), valproic acid (Val), pirfenidone (Pir), and
rosmarinic acid have potential for the treatment of liver fibrosis, in line with previous studies.14–17
The other profibrotic growth factor, PDGF,18 induces cell
proliferation and fibroblasts migration9, 19 but also activates intestinal myofibroblasts to increase collagen synthesis.20 Several
groups successfully decreased fibrogenesis by inhibiting the
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MATERIALS AND METHODS
Preparation Mouse Intestinal Cores

Development, Munford, AL, USA). The slices with a wet
weight of 3 to 4 mg have an estimated thickness of 300 to
400 μm. Slices were stored on ice-cold KHB until the start of
the experiments.27

Profibrotic and Antifibrotic Compounds
Transforming growth factor β-1 (5 ng/mL; hTGF-β1;
Roche Applied Science, Mannheim, Germany) and
PDGF-BB (50 ng/mL; Recombinant Human PDGF-BB;
Peprotech, Bioconnect, Huissen, the Netherlands) were used
as profibrotic stimuli.
Different antifibrotic compounds were tested: TGFβ inhibitors such as valproic acid (1 mM; Sigma Aldrich,
Zwijndrecht, the Netherlands), tetrandrine (5 μM; Sigma
Aldrich), pirfenidone (2.5 mM; Sigma Aldrich), and LY2109761
(10 µM; Selleck Chemicals, Houston, TX, USA); PDGF inhibitors such as imatinib (10 μM; Novartis, Basel, Switzerland),
sorafenib (4 μM; LC laboratories, Woburn, USA), and sunitinib
(5 μM; LC laboratories); and p38 MapK inhibitor SB203580
(5 μM; Bioconnect, Huissen, the Netherlands).

Incubation of Intestinal Slices
Slices were incubated in 24-well plates for mouse PCIS
(mPCIS). Mouse PCISs were incubated individually in 0.5 mL
of Williams Medium E with L-glutamine (Invitrogen, Paisly,
UK) supplemented with 25 mM of glucose, 50 μg/mL of
gentamycin (Invitrogen) and 2.5 μg/mL of amphotericin-B
(Invitrogen). During incubation (at 37oC and 80% O2/5% CO2)
in an incubator (MCO-18M, Sanyo), the plates were horizontally shaken at 90 rpm (amplitude 2 cm). Mouse PCISs were
incubated up to 48 hours in the absence or presence of human
TGF-β1 (5 ng/mL) or PDGF-BB (50 ng/mL). Precision-cut
intestinal slices were incubated up to 48 hours, during which
time slices were exposed to profibrotic and/or antifibrotic
compounds.

Adult nonfasted male C57BL/6 mice were used (Harlan
PBC, Zeist, the Netherlands). The mice were housed on a
12-hour light/dark cycle in a temperature and humiditycontrolled room with food (Harlan chow no. 2018, Horst, the
Netherlands) and water ad libitum. The animals were allowed
to acclimatize for at least 7 days before the start of the experiment. The experiments were approved by the Animal Ethical
Committee of the University of Groningen (DEC 6416AA).
Mice were anesthetized with isoflurane/O2 (Nicholas
Piramal, London, UK). Mouse jejunum (about 15 cm distal
from the stomach and 10 cm in length) were excised and
preserved in ice-cold Krebs-Henseleit buffer (KHB), supplemented with 25 mM of D-glucose (Merck, Darmstadt,
Germany), 25 mM of NaHCO3 (Merck), 10 mM of HEPES
(MP Biomedicals, Aurora, OH, USA), saturated with carbogen
(95% O2/5% CO2), and adjusted to pH 7.4.
The jejunum was cleaned by flushing KHB through the
lumen and subsequently divided into 2-cm segments. These segments were filled with 3% agarose (w/v) solution in 0.9% NaCl
at 37oC and embedded in an agarose core-embedding unit.27

Viability was assessed by measuring the adenosine triphosphate (ATP) content of the PCIS using the ATP bioluminescence kit (Roche Diagnostics, Mannheim, Germany),
as previously described.27 We have previously demonstrated
that ATP levels significantly correlate with the morphological
integrity of PCIS, indicating that ATP values can be used as
a proxy for viability.26 Adenosine triphosphate values (pmol)
were normalized to the total protein content (μg) of the PCIS
estimated by the Lowry protein assay (Bio-rad RC DC Protein
Assay, Bio-Rad, Veenendaal, the Netherlands). Values are displayed as relative values compared with the related controls.

Preparation of Precision-cut Intestinal Slices

Gene Expression

Precision-cut intestinal slices were prepared in ice-cold
KHB by the Krumdieck tissue slicer (Alabama Research and

After incubation, slices were snap frozen in liquid nitrogen
and stored at −80ºC until use. Total RNA of 3 to 6 pooled snap

Viability
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PDGF pathway via PDGF receptor inhibitors.14, 21 Also, our
group successfully used PCLS to study the efficacy of several
PDGF inhibitors,13 including imatinib (Ima), sorafenib (Sor)
and sunitinib (Sun). Despite these promising results, there are
no drugs currently registered for the treatment of intestinal fibrosis, and the only available therapy is surgical intervention.22
Various animal models have been used to evaluate
antifibrotic compounds in multiple organs.23, 24 Good translational animal models for intestinal fibrosis are scarce, and as
a result, elucidating the mechanism of intestinal fibrosis and
testing the efficacy of therapeutic compounds is hampered.
Precision-cut tissue slices (PCTSs) are widely used to study
drug metabolism, drug toxicity, drug efficacy, and fibrosis.25 To
improve upon the applicability of the model as a drug-screening
tool, slices could also be prepared from tissue obtained from
animal models of IBD (eg, the mouse model of dextran sodium
sulfate–induced colitis). Recently, we established a novel model
for the onset of intestinal fibrosis using precision-cut intestinal
slices (PCISs).10, 26 The objective of the current study was to use
this model to investigate the antifibrotic effect of several putative antifibrotic compounds in the intestine, including TGF-β
pathway–related inhibitors (Pir, Val, Tet, and LY2109761), p38
MAPK inhibitor (SB203580), and PDGF related–pathway inhibitors (Ima, Sor, and Sun).
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Western Blot
Heat shock protein 47, Fn2 and PDGF-β-receptor protein expression were determined by Western blot. The Western
blot analyses were performed as described by Luangmonkong
et al.12 Snap frozen PCIS in liquid nitrogen and stored until
analyses at −80˚C. Tissue lysate was prepared in 200 μL
Pierce RIPA buffer (Thermo Fisher Scientific, Waltham,
MA, USA), PhosSTOP (Roche, Mannheim, Germany), and
protein inhibitor cocktail (Sigma-Aldrich, Zwijndrecht, the
Netherlands). The tissue was homogenized on ice and centrifuged for 30 minutes at 4°C at 13,000 rpm. Protein concentrations were determined in the supernatant using a Bio-Rad
DC protein assay according to the manufacturer’s protocol.
As much as 50 µg of protein samples were prepared in 4x
Laemmli sample buffer (Bio-Rad, USA), supplemented with
10% ß-mercaptoethanol, boiled for 15 minutes at 100°C, and
loaded on a 1.5-mm 10% stain-free gel to be separated by SDSPAGE. Precision Plus protein standard dual color (Bio-Rad,
Hercules, CA, USA) was used as a reference marker on the gel.

Gels were blotted using the Bio-Rad semi-dry trans-blot turbo
mini PVDF system (1x minigel, 25 A, 10 min) and blocked in
Tris-buffered saline, supplemented with blotting-grade blocker
(Bio-Rad, USA) and 0.1% Tween-20 for 1 hour. Subsequently,
membranes were incubated with rabbit-α-heat shock protein 47
(1:1000, Abcam, Cambridge, UK), mouse-α-fibronectin (IST9) (1:1000, Abcam, UK), rabbit-α-PDGF-β-receptor (1:1000,
Cell Signaling Technology, Danvers, MA, USA) and mouse-αGapdh (1:5000, Sigma, Saint Louis, MO, USA). For detection,
horseradish peroxidase (HRP, conjugated secondary antibodies
rabbit-α-mouse immunoglobulins) and secondary goat-α-rabbit
(Dako, Glostrup, Denmark) were used in combination with
Clarity Western ECL Substrate (Bio-Rad, USA) chemiluminescence reagent kit and Chemidoc MP imaging system (Bio-Rad,
USA). Results are displayed as relative values compared with
the control and normalized with Gapdh protein expression.

ELISA
Murine procollagen I levels were assessed using ELISA
(Abcam) according to the instructions provided by the manufacturer. Briefly, 96 well plate strips were supplied and ready
to use. It was not necessary to rinse the plate before adding reagents. First, 50 μL of all sample or standard was added to appropriate wells, and 50 μL of the antibody cocktail was added
to each well. After that, the plate was sealed and incubated for
1 hour at room temperature on a plate shaker set to 400 rpm.
Each well was then washed with 3 × 350 μL 1X Wash Buffer
PT. Then, 100 μL of tetramethylbenzidine (TMB) substrate
was added to each well and incubated for 10 minutes in the dark
on a plate shaker set to 400 rpm. Finally, 100 μL of stop solution was added to each well, and the plate was shaken on a plate
shaker for 1 minute to mix (record the OD at 450 nm). All concentrations were calculated using a standard curve made from
mouse procollagen I alpha 1 provided by the manufacturer.

Statistics
Statistics were performed using GraphPad Prism 6.0.
The data represent the mean of the biological replicates (ie, the
number of mice used, reflected by the n in the figure legend).

TABLE 1. Fibrotic Primers Gene Expression
Primer

Forward Sequence

Reverse Sequence

Gapdh
Col1α1
αSma
Hsp47
Fn2
C-myc
Pai-1
Ctgf

ACAGTCCATGCCATCACTGC
TGACTGGAAGAGCGGAGAGT
ACTACTGCCGAGCGTGAGAT
AGGTCACCAAGGATGTGGAG
CGGAGAGAGTGCCCCTACTA
GCTGTAGTAATTCCAGCGAGAGACA
GCCAGATTTATCATCAATGACTGGG
CAAAGCAGCTGCAAATACCA

GATCCACGACGGACACATTG
ATCCATCGGTCATGCTCTCT
CCAATGAAAGATGGCTGGAA
CAGCTTCTCCTTCTCGTCGT
CGATATTGGTGAATCGCAGA
CTCTGCACACACGGCTCTTC
GGAGAGGTGCACATCTTTCTCAAAG
GGCCAAATGTGTCTTCCAGT
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frozen slices was isolated using the Qiagen RNAeasy mini kit
(Qiagen, Venlo, the Netherlands). The amount of isolated
RNA was measured with the BioTek Synergy HT (BioTek
Instruments, Winooski, VT, USA). Afterward, 1 μg of RNA
was reverse transcribed using the Reverse Transcription System
(Promega, Leiden, the Netherlands). The RT-PCR reaction
was performed in the Eppendorf mastercycler with the following gradient: 25ºC for 10 minutes, 45ºC for 60 minutes, and
95ºC for 5 minutes.
The expression of several fibrosis genes (eg, Col1α1,
αSma, Hsp47, and Fn2; Table 1) and 3 pathway-specific genes
(C-myc, Pai-1, and Ctgf; Table 1) were determined by SYBR
green method. The real-time PCR reaction was performed in
a 7900HT Real-Time PCR (Applied Biosystems, Bleiswijk, the
Netherlands) with 45 cycles of 10 minutes at 95ºC, 15 seconds
at 95ºC, and 25 seconds at 60ºC, followed by a dissociation
curve. Ct values were corrected for the Ct values of the housekeeping gene Gapdh (∆Ct) and compared with the control
group (∆∆Ct). Results are presented as fold induction (2-∆∆Ct).
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Moreover, we used 3 and 6 technical replicates for ATP analysis
and RNA isolation, respectively. Differences were determined
using a paired, 1-tailed Student t test or a 1-way ANOVA followed by Dunnett or Tukey multiple comparisons test, as appropriate. A P value <0.05 was considered significant. Statistical
differences were determined on the relative value of ATP, ∆∆Ct
value for real-time PCR results, and relative signal intensity of
the proteins.

RESULTS
After 48 hours of incubation, there was no significant difference in the ATP content of PCIS compared with the 0-hour
time point (Supplementary Fig. S1), indicating that the viability
and morphological integrity of the slices was maintained, as
demonstrated previously.26 During culture, gene expression of
Hsp47 and Fn2, early markers of fibrosis, were increased significantly compared with 0 hour. However, Col1α1 and αSma
were significantly decreased compared with directly after slicing
(Fig. 1A). Exposure of PCIS to TGF-β1 and PDGF-BB did not
affect the viability of the slices (Supplementary Fig. S1). Gene
expressions of the fibrosis markers Col1α1, αSma, Hsp47, and
Fn2 were upregulated at least 2-fold in the presence of TGF-β1
(Fig. 1A).
Plasminogen activator inhibitor-1 expression dramatically increased, whereas the other pathway related genes did not
change (Fig. 1A). These results are in line with previous studies
using PCIS from various species.10, 26 Moreover, TGF-β1 significantly increased the expression of all 3 fibrosis-related pathway
genes (C-myc, Pai-1, and Ctgf; Fig. 1A). Also, the PDGF receptor was present during culture (Fig. 1B), which is prerequisite for the activation and inhibition of the PDGF pathway
during culture. Next, we evaluated the efficacy of multiple putative antifibrotics using the markers mentioned previously.

Antifibrotic Effect of TGF-β-related Inhibitors
Drugs, mainly acting on the TGF-β pathway, were
studied for 48 hours in the presence or absence of TGF-β1. The
selected concentrations of the studied compounds were nontoxic for PCIS, as illustrated by the ATP content of the slices
after treatment (Supplementary Figs. S2A, S2B). In the absence of TGF-β1, all tested inhibitors (eg, Val, Tet, and Pir)
significantly decreased the gene expression of Hsp47 (Figs. 2A,
2B, 2C). Also, Tet and Pir also downregulated Fn2 expression.
Moreover, Pir was the TGF-β pathway–associated drug that
was able to decrease the gene expression of Col1α1 (Fig. 2C).
Among TGF-β specific inhibitors, LY2109761 decreased
the expression of all fibrosis-related genes—but especially reduced the gene expression of Col1α1 by 80%, a level that was
even lower than the expression of Col1α1 directly after slicing
(Fig. 2E). Meanwhile, the p38 MapK inhibitor, SB203580,

FIGURE 1. A, Gene expression of fibrosis and fibrosis-related pathway
markers after 48 hours: Col1α1, αSma, Hsp47, Fn2, C-myc, Pai-1,
and Ctgf with or without TGF-β1(5ng/mL). The broken line is the
normalized control at 0 hours (value = 1) for the 48 hour bars; the
broken line is also the normalized control of 48 hours without TGFβ1 (value = 1) for the 48 hours with TGF-β1 (5ng/mL) bars. B, Protein
expression of PDGFR during culture. Data are expressed as mean
+/- SEM (n = 3–8). One-tailed Student t test; *P < 0.05, **P < 0.01 vs
control 0 hours or 48 hours.

only slightly downregulated the gene expression of Hsp47 in
slices (Fig. 2D).
Next, PCISs were exposed to the putative antifibrotic
compounds in the presence of TGF-β1. Under these conditions, Val did not change the gene expression of any of the
fibrosis markers studied (Fig. 2A). However, Tet showed a
clear antifibrotic effect, as it significantly reduced the expression of most of the studied genes, except for Fn2, compared
with PCISs incubated with only TGF-β1 (Fig. 2B). Also, Pir
significantly decreased the gene expression of Col1α1, Hsp47,
and Fn2 as compared with PCIS incubated with TGF-β1 alone
(Fig. 2C). Moreover, LY2109761 markedly decreased Col1α1
expression (Fig. 2E). In contrast, SB203580 did not affect any
of the fibrosis-related genes (Fig. 2D).
When investigating the gene expression of pathwayrelated markers C-myc, Pai-1, and Ctgf, Val downregulated all
these markers significantly (Fig. 2A). Pir only decreased the expression of C-myc and Pai-1 (Fig. 2C). But Tet did not affect
any of the pathway-related markers (Fig. 2B). Furthermore,
LY2109761, the TGF-β-specific inhibitor, significantly decreased Pai-1 and Ctgf gene expression in PCISs (Fig. 2E),
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whereas SB203580 only decreased Pai-1 gene expression significantly (Fig. 2D).
In the presence of TGF-β1, Pai-1 gene expression was
downregulated by Val, Pir, and LY2109761 (Figs. 2A, 2C, 2E).
Val and LY2109761 also significantly decreased C-myc gene
expression (Figs. 2A, 2E). Gene expression of Ctgf was only
downregulated by LY2109761 (Fig. 2E). Therefore, LY2109761
appeared to be the most effective antifibrotic compound.
Therefore, we studied the impact of LY2109761 on the protein
expression of Pro-collagen I, Hsp47, and fibronectin. Protein
expression of those markers was significantly upregulated in
PCIS under control conditions when compared with PCIS directly after slicing (Fig. 3A). In addition, protein excretion of
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Pro-collagen I was significantly downregulated in the culture
medium in the presence of LY2109761 (Fig. 3C). However,
Hsp47 and fibronectin proteins were not regulated in the presence of LY2109761 compared with control (Fig. 3B). The representative Western blots can be seen in Figure 3D.
Taken together, LY2109761 showed a significant reduction of the gene level of the investigated fibrosis markers but
only downregulated the procollagen I excretion.

Antifibrotic Effect of PDGF Related Inhibitors
The impact of the PDGF inhibitors Ima, Sor, and Sun
on the expression of fibrosis markers was studied in the presence and absence of PDGF-BB. Viability, as measured by the

Downloaded from https://academic.oup.com/ibdjournal/article/26/5/678/5704396 by guest on 13 February 2022

FIGURE 2. Gene expression of Col1α1, αSma, Hsp47, Fn2, C-myc, Pai-1, and Ctgf in PCIS after treatment with antifibrotic compound with or without
TGF-β1: (A) Val; (B) Tet; (C) Pir; (D) LY2109761; (E) SB203580. The broken line is the normalized control 48 hours (value = 1) for PCIS without TGF-β1
bars, and the broken line is also the normalized control of 48 hours + TGF-β1 (value = 1) for PCIS with TGF-β1 bars. Data are expressed as mean +/SEM (n = 3–6). One-way ANOVA followed by Dunnett multiple comparisons test. *P < 0.05, **P < 0.01 vs control 48 hours or 48 h + TGF-β1.
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ATP-content of the slices, showed that all inhibitors were tested
at nontoxic concentrations (Supplementary Fig. S2C).
Ima did not influence gene expression of the fibrosis
markers as compared with control in the presence and absence of PDGF-BB (Fig. 4A, Supplementary Fig. S3A). Sor,
by itself, decreased Hsp47 expression, and in the presence of
PDGF-BB, both Hsp47 and αSma levels were reduced (Fig. 4B,
Supplementary Fig. S3B). Meanwhile, Sun with and without
PDGF-BB downregulated not only the early markers Hsp47
and Fn2 but also the gene expression of the main fibrosis marker
Col1α1 (Fig. 4C, Supplementary Fig. S3C).

Although Sor only slightly decreased the gene expression of Ctgf in the absence of PDGF-BB (Fig. 4B), Sun
downregulated Pai-1 and Ctgf gene expression in both the
absence and presence of PDGF-BB (Fig. 4C, Supplementary
Fig. S3C). Sun was the most effective PDGF inhibitor.
Therefore, we only studied the effect of Sun on the protein expression of procollagen I, Hsp47, and fibronectin. Figure 3B
shows that Sun also downregulated the protein expression of
Hsp47 and Fn2 (P = 0.06). Furthermore, protein excretion of
procollagen I was significantly downregulated in the culture
medium in the presence of Sun (Fig. 3C). Thus, among PDGF
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FIGURE 3. Protein expression/release of fibrosis markers: (A) during culture after treatment with LY2109761 and Sun; (B) Hsp47 and Fn2; (C)
procollagen I; (D) representative Western blots. Data are expressed as mean +/- SEM (n = 3–18). One-way ANOVA followed by Tukey multiple comparisons test and 1-tailed Student t test; *P < 0.05, **P < 0.01, ***P < 0.001 vs control (control value = 1, depicted as a broken line).
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inhibitors, only Sun showed potential antifibrotic effects on
gene and protein level.

DISCUSSION
The present study is the first that shows the effect of potential antifibrotic drugs for the treatment of intestinal fibrosis.
Gene expression of fibrosis markers was highly upregulated
in PCIS after 48 hours of incubation, allowing the use of this
ex vivo model to evaluate and rank the effect of potential
antifibrotic drugs. A similar ex vivo model has successfully been
used to evaluate antifibrotic drugs for liver fibrosis by using
precision-cut liver slices.10–13
Our results demonstrate that during incubation of
PCIS up to 48 hours, the gene expression of several fibrosis
markers was increased. To even further induce the onset of
fibrosis, PCISs were incubated with TGF-β1 or PDGF-BB.
Only TGF-β1 induced fibrosis markers and pathway-related
genes, which was in line with the study in isolated human intestinal fibroblasts where gene expression of Ctgf and Col1α1
is elevated after TGF-β1 stimulation.28, 29 However, a different response to PDGF-BB was observed in PCIS as compared with other in vitro models.13 In our hands, incubation
of PCIS with PDGF-BB did not affect the expression of the
measured fibrosis genes, despite the presence of the PDGF
receptor. It might be necessary to use higher concentrations
of PDGF-BB.
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Several TGF-β pathway–related inhibitors were evaluated in this study, including Val, Tet, and Pir. As reported previously in an ex vivo rat PCLS model, Val reduced the gene
expression of multiple fibrosis makers.30 In our PCIS model,
Val did not have an antifibrotic effect. However, it affected the
expression of pathway-related genes, indicating that Val inhibited the TGF-β pathway but did not alter the early onset of
fibrosis. Mannaerts et al showed that Val reduced Col1α1 gene
expression in mouse hepatic stellate cell (HSC) after 96 hours of
culture.15 Also, Val suppressed renal fibrosis of TGF-β1–stimulated αSMA expression and induction of autophagy in unilateral ureteral obstruction (UOO) mice after 5 days.31 Therefore,
an increased incubation period might be needed to fully unveil
the effect of Val on the gene expression of fibrosis markers in
PCIS. Furthermore, Val is a histone deacetylase inhibitor, and
the effect on the pathway-related genes could also be caused by
hyperacetylation of histones.32
Tet blocks the TGF-β/Smad pathway by upregulating
Smad 7, which inhibits Smad2/3 phosphorylation.1, 13 In our
hands, Tet did not affect the pathway related genes but attenuated the levels of several fibrosis markers. This ostensible discrepancy might also be due to timing, as the inhibition of the
pathway related genes could have occurred before the 48 h sampling time. Therefore, more research is necessary to elucidate
the molecular mechanisms involved in the antifibrotic effect
of Tet.
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FIGURE 4. Gene expression of Col1α1, αSma, Hsp47, Fn2, C-myc, Pai-1, and Ctgf in PCIS after treatment with antifibrotic compound without the presence of PDGF: (A) Ima; (B) Sor; (C) Sun. Data are expressed as mean +/- SEM (n = 3–6). One-way ANOVA followed by Dunnett multiple comparisons
test; *P < 0.05, **P < 0.01 vs control (control value = 1, depicted as a broken line).

Inflamm Bowel Dis • Volume 26, Number 5, May 2020

induced by TGF-β in human bronchial epithelial cells and the
proliferation of WI-38 human lung fibroblasts. Although the
mechanism remains unknown, they showed that Sun, as a tyrosine kinase inhibitor, reduced the phosphorylation of serine
residues on Smad2/3, which is induced by TGF-β.44 This is
in line with our study, as Sun significantly downregulated the
downstream targets of TGF-β signaling, Pai-1 and Ctgf. These
results may indicate that Sun also has anti-TGF-β activity.
Westra et al used the ex vivo rat PCLS model to test Ima,
Sor, and Sun.30 They demonstrated that Ima was the most effective antifibrotic compound in both the early and late stages
of liver fibrosis in rat PCLS,13, 30 even though it did not become
effective in human PCLS.45 Also, our results showed that Ima
did not influence intestinal fibrosis in murine PCIS. Thus, it is
clear that Ima elicits organ- and species-specific effects.
Recently, Qu et al reviewed the antifibrotic effect of Ima
and Sor on liver fibrosis. The beneficial effects of these compounds were observed in preclinical animal models and in patients with liver fibrosis. Ima reduced the number of activated
HSCs and inhibited ECM production in preclinical models
only during early fibrogenesis and not in established fibrosis.46
Sor is used as the first treatment for advanced hepatocellular
carcinoma cells in the clinical trials.47 In a recent multicenter,
placebo-controlled randomized clinical trial of Sor, antifibrotic
effects in patients with a fibrotic livers were also found.46
From the result of our study, it can be concluded that
although Ima, Sor, and Sun all inhibit tyrosine kinase activity, only Sun effectively downregulated the expression of
fibrosis markers in the PCIS model. From our results, it may
be concluded that the dual effect on both TGF-β and PDGF
signaling pathways of Sun may be beneficial in intestinal fibrosis. However, a recent case report from Boers-Sonderen et al
showed that Sun treatment could cause an exacerbation of preexisting Crohn’s disease.48 Therefore, even if our result gave an
insight that Sun has a potential antifibrotic effect, more studies
are necessary before Sun can be used in patients with intestinal
fibrosis. Thus, a better understanding of the mechanisms of action of Sun will help to explain the observed side effects and
improve its safety profile.

CONCLUSION
This study shows that PCIS could be a valuable preclinical
drug-screening tool. Of the various compounds that we tested,
only Sun markedly impacted the expression of fibrosis markers.
This drug candidate and its mechanism of action should be further investigated to unveil its therapeutic aptitude completely.
Future studies using human PCIS will establish whether these
potential antifibrotic compounds are also effective in man.

SUPPLEMENTARY DATA
Supplementary data is available at Inflammatory Bowel
Diseases online.
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Pir decreases gene expression of TGF-β, Collagen I, and
Hsp47 in both cell cultures and animal fibrosis models from different organs.16, 33, 34 Pir was the first antifibrotic compound on
the market, currently registered for the treatment of idiopathic
pulmonary fibrosis.14 The antifibrotic properties for Tet and Pir
in the intestine are in line with the results obtained in fibrosis
models in other organs and PCLS.16, 30 In addition, our result
showed that Pir could reduce all fibrosis markers except αSma.
Schaefer et al stated that the in vitro antifibrotic activities of Pir
could be divided into 3 general mechanisms: reduction of fibroblast and myofibroblast proliferation, inhibition of extracellular
matrix synthesis/deposition, and reduction of fibrosis markers.16
The antifibrotic mechanism of Pir in the intestine may be mainly
inhibiting the extracellular matrix synthesis/deposition. Thus, Tet
and Pir could be effective for the treatment of intestinal fibrosis.
Recently, other inhibitors—albeit no marketed drugs—
surfaced that are used to inhibit specific pathways in fibrosis,
namely LY2109761 and SB203580. The inhibitor LY2109761
is a TGF-β inhibitor that showed promising results in blocking
TGF-β signaling in cancer and fibrotic diseases.35–38 The inhibitor
SB203580 is a p38 MAP Kinase inhibitor,39 which decreased the
gene expression of fibrosis markers in the precision-cut liver slices.
In our PCIS model, only LY2109761 showed a clear antifibrotic
effect. This suggests that the TGF-β signaling pathway is instrumental during the development of intestinal fibrosis, whereas the
p38 Map Kinase pathway does not play a role, that TGF-β is
a key player is in line with other studies (eg, intestinal wound
healing and stricture development in CD patients).1
The production, maturation, and cross-linking of collagens takes longer than our model allows for. Therefore, to
investigate the early stages of collagen production in fibrosis,
the excretion of procollagen I is a good marker for de novo
synthesis of collagen. Our results further illustrated that
LY2109761 could dampen the expression of multiple fibrosis
markers on the gene and the excretion of procollagen 1, further
supporting the notion that hampering the TGF-β pathway is a
promising therapeutic target to treat intestinal fibrosis.
We evaluated the antifibrotic activity of the small molecule tyrosine kinase inhibitors: Ima, Sor, and Sun. All 3 drugs
are used primarily in cancer therapy.40 However, there is a difference in potency between these compounds. Sun is a type 1
tyrosine kinase inhibitor, which has a higher affinity to PDGF
receptor and thus potentially more effect on the PDGF signaling
route than the type 2 inhibitors, such as Ima and Sor.41, 42 Our
results showed that Sun had a clear effect on the gene expression of fibrosis markers and the protein levels of Hsp47 and
Fibronectin, and the excretion of procollagen 1. Sun also significantly downregulated the pathway-related gene expression
of Pai-1 and Ctgf, suggesting that Sun has an inhibitory effect
upstream of the molecular pathogenesis of intestinal fibrosis,
most likely by blocking the PDGF-α and PDGF-β receptors.43
Moreover, a recent study from Huang et al showed that Sun
suppressed the degree of epithelial to mesenchymal transition
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