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INTRODUCTION 

Fibrosis is characterized by the excessive deposition of extracellular matrix 
(ECM) proteins, including collagen and this pathological process is the result of 
chronic inflammation or injury. Fibrogenesis is a physiological phenomenon serving 
as a part of the physiological repair processes after injury or inflammation. During 
the repair process, ECM is formed by myofibroblasts to temporarily replace the 
injured tissue. Afterwards, the inflammatory response will be inhibited, ECM will be 
degraded and the myofibroblasts will undergo apoptosis. During chronic injury, this 
repair process can be deregulated, which leads to abnormal accumulation of ECM 
and culminates into fibrosis (Guarino et al., 2009). Alterations of the original tissue 
architecture of an organ due to high collagen levels will lead to stiffness and loss of 
functional cells, resulting in impaired function of the organ (Ghosh and Vaughan, 
2012; Wynn, 2008). 

Fibrosis has been described in almost every organ, and the fibrotic process 
shares common mechanisms in different organs (Ghosh and Vaughan, 2012). 
Inflammation and injury, being essential steps in tissue fibrosis, can trigger profibrotic 
signaling via activation of cytokines and differentiation of resident fibroblast, 
endothelial cells, epithelial cells or stellate cells into myofibroblasts, which are 
responsible for the deposition of ECM (Ghosh and Vaughan, 2012), an indication 
of the typical multicellular character of the pathology. Transforming growth factor 
β (TGFβ), produced by several tissue-resident and blood-derived cells, is crucial 
in the development of fibrosis, through its influence on the production of ECM, 
matrix metalloproteinases (MMP) – enzymes that degrade ECM – tissue inhibitor 
of metalloproteinases (TIMP) and on T cell function (Hold et al., 2009). Also 
platelet-derived growth factor (PDGF), produced by macrophages, stellate cells 
and mesangial cells, is an important factor in the development of organ fibrosis, it 
plays a vital role in proliferation, migration and survival of myofibroblasts (Bonner, 
2004; Trojanowska, 2008). Hence, the levels of PDGF are increased in fibrotic tissue 
(Trojanowska, 2008).  
 This thesis focuses on intestinal and renal fibrosis, since the pathophysiological 
mechanism underlying both pathologies is not fully elucidated. The various chapters 
delineate the development of a new ex vivo model for both intestinal and kidney 
fibrosis, which is a great tool in unraveling the mechanism of fibrogenesis and can 
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be utilized in evaluating the efficacy of potential antifibrotic drugs. This chapter 
provides a timely overview of the current knowledge regarding intestinal and kidney 
fibrosis as well as the in vitro and in vivo models that are used to study fibrosis in 
these organs. 

Intestinal fibrosis

Intestinal fibrosis (IF) occurs in patients after radiation therapy or as a reaction 
of intestinal tissue to chronic inflammation. Moreover, IF is a major complication 
in inflammatory bowel disease (IBD), represented by ulcerative colitis (UC) and 
Crohn’s disease (CD) as the two major types of IBD. Fibrosis is an interaction 
between the innate immune system and multiple cellular sources of excessive ECM 
deposition (Fiocchi and Lund, 2011). However, in the intestine, internal factors 
such as gut microbiota, external and environmental factors also play important roles 
(Lawrance et al., 2001). Like in other organs, TGFβ is important in the early onset of 
fibrosis in the intestine, and is in the inflamed areas in the intestine of patients with 
CD (di Mola et al., 1999). Moreover, TGFβ induced a dose-dependent expression of 
type I collagen and heat shock protein 47 (HSP47) in intestinal fibroblasts (Kitamura 
et al., 2011; Mulsow et al., 2005). One of the main mysteries in IF is the source of the 
mesenchymal cells such as fibroblasts and myofibroblasts. A variety of hypotheses 
exist about the transition and activation of mesenchymal cells into fibroblasts and 
myofibroblasts during the onset of fibrosis (Flier et al., 2010; Powell et al., 2011; 
Rieder et al., 2011b). However, none of these hypotheses have been proven, mainly 
because of the shortage of relevant IF models. 

The natural history of IBD is highly heterogeneous and frequently 
complicated by IF and stricture formation. This appears to be the case for both 
entities of IBD, UC and CD (Cosnes et al., 2002; Gumaste et al., 1992). More than 
30% of CD and about 5% of UC patients develop a distinct fibrostenosing phenotype 
with progressive narrowing and potential for intestinal obstruction (Gumaste et al., 
1992; Louis et al., 2003). Intestinal stricture formation is a frequent indication for 
surgery in CD (Farmer et al., 1985) and strictures frequently recur leading to repeated 
surgeries (Fazio et al., 1993). It appears that both entities of IBD and in particular 
CD exhibit a progressive nature with changes in disease behavior throughout the 
disease course. In CD, which is a transmural disease, chronic mucosal inflammation 
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induces remodeling of the entire intestinal wall. This process is a cascade of events 
that includes epithelial cell and intestinal damage and repair, angiogenesis and 
lymphangiogenesis and activation of immune cells and mesenchymal cells (MCs). 
MCs include fibroblasts, myofibroblasts and smooth muscle cells and are the major 
source of ECM components (Rieder, 2013).

It is difficult to predict which patients will develop a fibrostenosing phenotype 
(though a majority will do so eventually) and how rapidly they will progress. No 
specific therapy to prevent or treat IF is known.  Therefore, it is of utmost importance 
to develop (in vitro) human and animal models to study the mechanism of IF, which 
could lead to the discovery of potential targets for therapeutic compounds.

Renal fibrosis

Almost all progressive chronic kidney diseases eventually develop into 
renal fibrosis (Boor et al., 2010; Liu, 2011). Renal fibrogenesis is considered 
as an unsuccessful wound healing process, in which almost all the different cell 
types in the kidney and also infiltrating lymphocytes, macrophages and fibrocytes 
are involved (Liu, 2011). After injury, inflammatory cells infiltrate, fibroblasts are 
activated and ECM is produced (Liu, 2011). The myofibroblast is the key cell type 
in producing ECM components, however, mature fibroblasts, tubular epithelial cells, 
macrophages and fibrocytes are also a source of ECM in the kidney (Boor et al., 
2010). In fibrosis, the tubular epithelial cells, released from the basement membrane, 
can undergo epithelial mesenchymal transition, forming fibroblasts (Zeisberg and 
Neilson, 2010). The interstitial spaces are then filled with matrix components, 
mostly collagen I, III and fibronectin (Zeisberg and Neilson, 2010). The two main 
families of proteases involved in matrix degradation in the kidney are MMPs and 
members of the plasmin-dependent pathway. These proteases not only fragment the 
ECM but also cleave non-matrix substrates, thereby producing profibrotic growth 
factors (Zeisberg and Neilson, 2010). Eventually all these cellular and molecular 
events will lead to renal failure. 

To develop therapies for renal fibrosis, detailed knowledge of the disease 
mechanism is essential. Therefore, adequate in vivo, but also in vitro/ex vivo models, 
like kidney slices, are necessary.
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Markers of intestinal fibrosis in IBD

To enable progress in understanding the mechanism of IF, it is essential to 
identify markers of IF, in order to (1) stratify patients into different levels of risk 
before the development of fibrosis, and (2) detect early stages of fibrosis before 
clinical symptoms have occurred. An optimal fibrosis marker should detect early 
stages of fibrosis, identify trajectory of fibrosis development, be predictive of future 
fibrosis, be predictive of and responsive to the effect of antifibrotic therapies and 
be predictive of non-responsiveness to anti-inflammatory therapies. Accomplishing 
these goals will open the door for targeted antifibrotic therapy, and the ability to test 
candidate antifibrotic therapies in clinical trials. 

Currently available markers of IF 

 No specific and accurate predictors or diagnostic tools for IF exist and to 
date no marker of fibrosis is in routine clinical use. Several targets have been tested 
for this purpose (Table 1).

Genetic signatures are attractive as they are stable, present long before the 
disease onset and are not affected by alterations in the disease course. Several genes 
have been evaluated for their association with fibrostenosing CD. Alternations in 
the nucleotide-binding oligomerization domain containing 2 (NOD2) gene, the first 
discovered and best explored genetic variant, are weakly associated not only with 
CD fibrostenosis, but also with ileal disease location and fistulizing disease (Adler et 
al., 2011) and hence lack specificity. Other genetic variants have been described as 
being linked to fibrostenosis, such as those in the matrix metalloproteinase (MMP)-
3 gene (Meijer et al., 2007) or in the rs1363670 locus near the interleukin (IL)12B 
gene (Henckaerts et al., 2009). Interestingly, an increasing number of risk alleles, 
including NOD2, IBD5, diskslarge homolog (DLG)5, autophagy-related protein 
16-1 (ATG16L1), and IL23 receptor (IL23R), confer an increasing risk for intestinal 
resections in CD (Weersma et al., 2009). Gene variants are promising markers, but 
their population frequency is low and they exhibit incomplete penetrance. The major 
benefit of genetic biomarkers is their stability over time and independence from 
environmental factors, though epigenetic modifications at the sites of fibrogenesis 
might prove important as well. 
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Table 1: Currently available markers of intestinal fibrosis.

References

Genetic

NOD2 (Adler et al., 2011)

MMP-3 (Meijer et al., 2007)

rs1363670 (Henckaerts et al., 2009)

Increasing amount of risk alleles for NOD2, 
IBD5, DLG5, ATG16L1, and IL23R

(Weersma et al., 2009)

Clinical

Need for corticosteroids during first flare (Beaugerie et al., 2006)

Early disease onset (Beaugerie et al., 2006)

Perianal fistulizing disease (Beaugerie et al., 2006)

Small bowel disease location (Louis et al., 2003)

Serologic

Anti-microbial antibodies (Dubinsky et al., 2006; Rieder et al., 2011a)

ECM molecules (Fibronectin, collagen 
propeptides, laminin)

(Allan et al., 1989; Kjeldsen et al., 1995; 
Koutroubakis et al., 2003; Loeschke and 
Kaltenthaler, 1989)

Growth factors (YKL-40, bFGF) (Di Sabatino et al., 2004; Koutroubakis et 
al., 2003)

NOD-2: nucleotide-binding oligomerization domain containing 2, MMP: matrix metalloproteinase, 
IBD: inflammatory bowel disease, DLG: disks large, ATG: autophagy, IL23R: interleukin 23 
receptor,ECM:ECM, YKL-40: tyrosine lysine leucine-40, and bFGF: basic fibroblast growth factor.

The most widely used criteria to predict fibrostenosing CD are clinical 
factors. These include the need for corticosteroids, early disease onset, perianal 
fistulizing disease or small bowel disease location (Beaugerie et al., 2006; Louis 
et al., 2003). These factors however are encompassing many different disease 
phenotypes. On the other hand, the Montreal classification (Silverberg et al., 2005) 
merely identifies fibrosis after it has become clinically apparent and can only be used 
as a descriptor rather than a predictor. Thus, alternative, noninvasive predictive tools 
are required. One predictive tool that might be of use as a biomarker is a panel of 
serologic markers. 
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Circulating antibodies against microbial products are found in some patients 
with IBD, such as anti-Saccharomyces cerevisiae (ASCA) among others. These are 
believed to arise from aberrant immune responses towards the luminal microbiota 
(Dotan et al., 2006). These antibodies are qualitatively and quantitatively associated 
with, and predictive of a more complicated disease phenotype, including fibrostenosis 
(Dubinsky et al., 2006; Rieder et al., 2011a). However, they are not specific for this 
phenotype, but rather predict complicated CD, including fistulizing disease and the 
need for surgery. ECM molecules and growth factors, such as laminin, collagens, 
collagen propeptides or telopeptides (Kjeldsen et al., 1995; Koutroubakis et al., 2003; 
Loeschke and Kaltenthaler, 1989), basement membrane components or fibronectin 
(Allan et al., 1989), YKL-40 (also known as human cartilage glycoprotein, a 
chitinase-like protein), basic fibroblast growth factor (bFGF) and others have been 
investigated as biomarkers of fibrosis, with inconclusive or negative results. No 
existing marker of fibrosis showed specific promise in IBD. Evaluating the markers 
in fibrosis during renal fibrosis, could also be relevant for further study in IBD

Markers of renal fibrosis

While the inciting agents in renal fibrosis are often different from the liver, 
lung, and skin, the fibrotic process appears to be shared. While lab markers of renal 
function can inform about progression of renal disease they do not necessarily reflect 
fibrotic burden and they can be influenced by a wide variety of factors. Unique to the 
kidney is the accessibility of urine as a direct, renal-specific read-out for renal fibrosis, 
allowing the identification of local markers of fibrosis. Urine levels of TGFβ1, CTGF 
and collagen IV increase with progression of chronic kidney disease (CKD) (Cheng 
et al., 2006; Gilbert et al., 2003; Io et al., 2004; Tsakas and Goumenos, 2006). Urine 
plasminogen activator inhibitor-1 (PAI-1) has also been shown to correlate with 
renal fibrosis in patients with diabetic nephropathy (Torii et al., 2004).

Ultrasound imaging has also entered the field of renal fibrosis. Using the 
doppler ultrasound technique to calculate the ‘resistive index’ and ‘atrophic index’ 
has shown promise in predicting time to dialysis and survival in chronic kidney 
disease (Sugiura and Wada, 2009).
  One of the challenges of universal fibrosis markers is that they may be 
nonspecific, so that a patient with CD may appear to have elevated serum markers of 
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IF when they have fibrosis in a different organ (skin, liver, lung, kidney, etc.). There 
may be benefit in obtaining markers of IF from the gut (biopsies) or its output (stool) 
to increase the specificity of markers for IF. 

In summary, we can share the knowledge of fibrotic diseases from various 
organ e.g., kidney, liver, lung, intestine and skin. Multiple potential biologic and 
imaging markers are already in clinical use. While organ-specific markers, such as 
creatinine for renal disease or alveolar epithelial cell specific proteins in the lung, 
likely will not be helpful markers of IF, multiple markers with a direct link with 
fibrogenesis have been identified. As fibrotic mechanisms are shared across organs, 
these provide possible candidates for use in the intestine as well (Table 2). These 
markers are indispensable for (novel) models in intestinal and renal fibrosis.

Table 2: Examples for markers of fibrosis from other fibrotic diseases.

                                                                                                                          References
Liver

PIIINP, hyaluronic acid, and TIMP1 Serum (Parkes et al., 2011; 
Rosenberg et al., 2004)

Cystatin C Serum (Ladero et al.)

Transient elastography ultrasound Liver (Castera et al., 2008)

Magnetic resonance elastography Liver (Yin et al., 2007)

N-cadherin, inter-alpha-trypsin inhibitor heavy 
chain H4, haptoglobin and serotransferrin

Urine (van Swelm et al., 2013)

Enolase-1 (α-enolase) and TSP-1 Serum (Zhang et al., 2013)

Lung

Krebs von den Lungen-6 Serum and BAL (Hirasawa et al., 1997; 
Ohnishi et al., 2002)

Surfactant protein-A and -D Serum (Greene et al., 2002; Ohnishi 
et al., 2002)

CCL18 Serum and BAL (Prasse et al., 2009)

YKL-40 Serum and BAL (Korthagen et al., 2011)

Osteopontin Plasma and BAL (Kadota et al., 2005; Pardo et 
al., 2005)

Periostin Serum (Okamoto et al., 2011)

Napsin A Serum (Samukawa et al., 2012)

CTGF Plasma (Kono et al., 2011)
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HSP-47 Serum (Huang et al., 2013)

MMP1 & 7 Serum and BAL (Cicchitto and Sanguinetti, 
2013; Rosas et al., 2008)

MMP7, ICAM1, IL8, VCAM1, and S100A12 Plasma (Richards et al., 2012)

Fibrocytes Blood (Moeller et al., 2009)

Peripheral T cell subsets Blood (Gilani et al., 2010; 
Kotsianidis et al., 2009)

Skin

miRNAs Serum and tissue (Zhu et al., 2013)

ICTP Serum (Kikuchi et al., 1994)

PINP and PIIINP Serum (Denton et al., 2007; Nagy 
and Czirják)

Cytokines/chemokines Serum (Codullo et al., 2011; 
Giacomelli et al., 1997; Sato 
et al., 2001)

CTGF Serum (Dziadzio et al., 2005)

Cartilage oligomeric protein Serum (Hesselstrand et al., 2008)

Thrombospondin Serum (Macko et al., 2002)

Osteopontin Plasma (Lorenzen et al., 2010)

MMP9 Serum (Kim et al., 2005)

Number of myofibroblasts Skin biopsy (Kissin et al., 2006)

COMP, TSP-1, IFI44, and SIG1 gene expression Skin biopsy (Lafyatis et al., 2009)

Ultrasound Skin (Moore et al., 2003)

Magnetic resonance imaging Skin (Madani et al., 2008)

Kidney

TGFβ1 Urine (Tsakas and Goumenos, 2006)

CTGF Urine (Gilbert et al., 2003)

PAI-1 Urine (Torii et al., 2004)

Collagen IV Urine (Io et al., 2004)

PIIINP: N-terminal propeptide of type III collagen, TIMP: tissue inhibitor of matrix metalloproteinase, 
CCL18: CC chemokine ligand 18, YKL-40: tyrosine lysine leucine-40, HSP: heat shock protein, 
MMP: matrix metalloproteinase, ICAM: intercellular adhesion molecule, IL: interleukin, VCAM: 
vascular cell adhesion molecule, S100A12: S100 calcium binding protein A12, miR: microRNA, 
ICTP: carboxy terminal telopeptide of type I collagen, PINP: N-terminal propeptide of type I 
procollagen, CTGF: connective tissue growth factor, COMP: cartilage oligomeric matrix protein, 
TSP: thrombospondin, IFI44: interferon-induced protein 44, SIG: small inducible gene, TGF: 
transforming growth factor, and PAI: plasminogen activator inhibitor.
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NOVEL MODELS FOR INTESTINAL AND RENAL FIBROSIS 

 Numerous in vitro and animal models are available to study fibrosis. 
Cell culture models using fibroblast or myofibroblast cell lines or freshly isolated 
primary cells, are used to study cell behavior during exposure to fibrotic and 
antifibrotic compounds, but the interplay of the different cell types involved in 
organ fibrosis can not be investigated, unless cocultures are used (Iredale, 2007). 
Furthermore, cell lines can differ from primary cells (Wilkening et al., 2003) and 
freshly isolated cells can react differently compared with cells in the tissue, because 
the interplay with other cells and matrix is absent (Snowdon and Fallowfield, 
2011). In experimental animal models, fibrosis can be induced by induction of 
chronic injury or infection, and the detailed cellular and molecular pathways of 
fibrosis can be studied. Recently, precision-cut tissue slices (PCTS) have shown 
their use in the study of fibrosis, since the multicellular process of fibrosis can be 
mimicked in tissue slices and they allow the study of fibrosis in human organs by 
using human tissue. 

In this section the use of PCTS from the kidney and intestine in fibrosis 
research is evaluated and in particular, the utilization of PCTS in the study of the 
mechanisms of fibrosis and the effect of antifibrotic drugs is discussed. Most of the 
techniques to induce fibrosis in PCTS are based on in vivo models or techniques 
that have been used in fibrosis research to induce fibrosis. Therefore, these in vivo 
models are discussed briefly in relation to the possibilities and utilization of PCTS 
in fibrosis research. 

Intestine  
In vivo models for intestinal fibrosis 

Most of the IF animal models available are based on intestinal inflammation 
typically induced by toxins to mimic CD and UC. In addition, different models 
based on transgenic animals and gene delivery systems have been developed. 
To induce IF, 2,4,6-trinitrobenzene sulfonic acid (TNBS) is administered 
intrarectally, which results in transmural inflammation and ECM deposition. 
Repeated administration of TNBS produces injury similar to chronic colitis and 
fibrosis (te Velde et al., 2006). An activation of NF-κB and the production of 



C
hap

ter 1 | G
E

N
E

R
A

L IN
TR

O
D

U
C

TIO
N

19

TGFβ1 are both strongly involved in the TNBS-induced fibrosis model (Lawrance et 
al., 2003; Wengrower et al., 2012) again pointing to the strong link between chronic 
inflammation and fibrosis. The TNBS model has been widely used to evaluate the 
fibrotic/antifibrotic effect of different drugs and cytokines (Barrett et al., 2012; 
Lawrance et al., 2003; San-Miguel et al., 2010; Xu et al., 2002). TNBS has also 
been utilized in transgenic mice to understand the mechanism of TNBS-induced 
fibrosis. Inokuchi et al. used TNBS in angiotensin knockout mice and found that 
Ang−/− mice were partly protected against TNBS-induced fibrosis compared to 
Ang+/+ mice (Inokuchi et al., 2005). In Insulin-like growth factor-I (IGF-I)+/− mice 
TNBS- induced colitis resulted in collagen 1A1 production and fibrosis, which was 
increased by administration of IGF-I, indicating that IGF-I is a key player in TNBS-
induced fibrosis (Mahavadi et al., 2011).

Another well-known IF model is the dextran sulfate sodium (DSS) model. 
DSS induces acute inflammation in the colon, referred to as colitis. The administration 
of a repeated dose (3–5 cycles) of DSS results in chronic UC (Okayasu et al., 1990; 
Suzuki et al., 2011) with increase of extracellular protein and fibrotic cytokines 
and additionally a thickening of the colon wall (Suzuki et al., 2011). Moreover, 
mesenchymal cells, such as fibroblasts and myofibroblasts, are increased in the 
mucosa of the colon of DSS-treated mice (Suzuki et al., 2011). Pucilowska et al. 
showed that the inflammation is transmural and that collagen production is elevated, 
both at the gene and protein level (Pucilowska et al., 2010). 

IF can also be induced by the administration of peptidoglycan polysaccharide 
(PG-PS) (Rahal et al., 2012; Theiss et al., 2005). PG-PS directly injected into the 
intestine of Lewis rats produced a transient acute inflammation (Rahal et al., 2012). 
After 28 days, PG-PS-injected rats developed IF, measured by elevated procollagen 
gene expression and histologic scores (Rahal et al., 2012).

Induction of fibrosis after radiation treatment has been known for many 
years (Donner, 1998; Martin et al., 2000). Small bowel tissue, resected from patients 
who were treated with radiation therapy showed an increase of the fibrosis marker 
TGFβ, elevated levels of ECM proteins, and thickening of submucosal and serosal 
layer of the intestine (Haydont and Vozenin-Brotons, 2007; Richter et al., 1997). In 
a rat model of radiation-induced fibrosis, a strong induction of pivotal profibrotic 
cytokines such as TGFβ1 (Langberg et al., 1994) was found. However, up to now, 
there is no validated protocol for radiation-induced fibrosis that ensures reproducible 
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elevated fibrosis markers in experimental animals (Langberg et al., 1994; Langberg 
et al., 1996; Linard et al., 2012). 

Transgenic animal models for IF focus on specific genes that may be involved 
in the different pathways leading to fibrosis. The well-known knockout model for 
IF is the IL-10−/− mouse model (Kühn et al., 1993; Speck et al., 2011). In the IL-
10−/− mouse, bacterial exposure or surgical intervention results in inflammation and 
fibrosis that does not occur in the wild-type mouse (Borowiec et al., 2012; Speck et 
al., 2011). Borowiec et al. reported an accumulation of collagen in the ileocolonic 
anastomosis of IL-10−/− mice 6 weeks after surgery (Borowiec et al., 2012). 

IF can also be induced by administration of some specific microflora in 
normal or IL-10−/− knockout mice (Johnson et al., 2012; Mourelle et al., 1998; 
Rigby et al., 2009; van Tol et al., 1999). As an example, Johnson et al. exposed 
8–12-week-old CBA/J mice to a S. typhimurium strain to induce fibrosis (Johnson et 
al., 2012). The described in vivo models for IF can be used in precision-cut intestinal 
slices (PCIS), either to provoke fibrosis or to use slices of fibrotic intestinal tissue to 
study antifibrotic drugs.

Recently, Rieder et al., summarized the animal models available for IF, 
which can be categorized into seven groups, including spontaneous, gene targeted, 
postoperative fibrosis, chemical-, immune-, bacteria-, and radiation-induced. Each 
group has their own advantages and disadvantages, but none received general 
acceptance regarding the relevance to human IF (Rieder et al., 2012). 

Precision-cut intestinal slices (PCIS) 

In vitro models for IF are mostly based on fibroblasts using various culture 
methods and conditions (Agrez and Chua, 1990; Burke et al., 2009; Fritsch et al., 
1997; Sellge et al., 2004). Both murine and human intestinal fibroblasts can be used 
as a model for IF. Kim et al. has successfully evaluated in evaluating the effect of 
IL-1β on Prostaglandin E2 induction, an antifibrotic mediator, in five primary human 
fibroblasts cultures (Kim et al., 1998). Simmons et al. showed the induction of type I 
collagen in a human colon fibroblast/myofibroblast (CCD- 18Co) cell culture model 
by using TGFβ1 (Simmons et al., 2002). However, due to the importance of different 
cell types in IF, different culture/co-culture methods have been developed. Intestinal 
epithelial cell and mesenchymal cell co-culture methods were reviewed by Simon-
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Assmann et al. (Simon-Assmann et al., 2007). A three-dimensional culture model of 
intestinal fibroblasts, macrophages and epithelial cells provides a novel cell culture 
method to understand IF (Leonard et al., 2010; Spottl et al., 2006). Recently, intestinal 
organoids have successfully been used as a model to evaluate antifibrotic drugs. The 
organoids originate from human pluripotent stem cells including myofibroblasts, 
which can be activated by TGFβ (Rodansky et al., 2015).  

PCIS have been used as a model to study drug metabolism (de Kanter et 
al., 2005), induction of drug metabolism (van de Kerkhof et al., 2008), regulation 
of gene expression of metabolizing enzymes and transporters (Khan et al., 2009; Li 
et al., 2015; Li et al., 2016a; Li et al., 2016b), xenobiotic toxicity and drug transport 
(Possidente et al., 2011; Vickers and Fisher, 2005). 

Early onset of fibrosis and PCIS 

We recently established that PCIS can be used as a model to study the early 
onset of fibrosis in the intestine (Chapter 3). PCIS from rat and human small intestine 
remain viable up to 24 and 48 h, respectively. After incubation for 24 and 48 h, the 
gene expression of HSP47 was increased in human and rat PCIS (Pham et al., 2015) 
which is in line with the observation of Honzawa et al. who reported that serum level 
of HSP47 protein, which is required in the synthesis of normal collagen (Taguchi 
and Razzaque, 2007), is higher in CD patients than in UC patients (Honzawa et al., 
2010). When rat PCIS were cultured in the presence of TGFβ1, the gene expression 
of procollagen 1A1 and αSMA was up-regulated compared with control slices (Pham 
et al., 2015). These results suggest that the early onset of IF can be mimicked ex vivo 
and that the model is a new tool to unravel the complicated mechanisms of IF. 

However, more (human) studies are necessary to validate this ex vivo model 
of fibrosis. It would be interesting to investigate whether the TNBS or the DSS model 
can be applied in vitro to induce the early onset of fibrosis in vitro. In addition, the 
use of animal or human intestine with established IF can be used to prepare fibrotic 
PCIS to study the mechanism of end-stage fibrosis and to screen potential antifibrotic 
drugs (Chapter 4 and 5 of this thesis). 

Kidney 
In vivo models for renal fibrosis 
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There are several models that can be used to study renal fibrosis characterized 
by increased synthesis and accumulation of ECM (Zeisberg et al., 2005). Fibrosis 
can be induced by exposure of animals to (toxic) compounds. The chemical N-(3,5-
dichlorophenyl)-succinimide can be used to provoke tubular interstitial nephritis, 
which can serve as a model for interstitial renal fibrosis (Barrett et al., 1983). In 
the renal cortex of rats exposed to this chemical, an increased activity of proline 
hydroxylase, elevated hydroxyproline content and increased water content was 
found. All these phenomena are associated with chronic renal fibrosis (Barrett et al., 
1983). 

Exposure of experimental animals to ochratoxin-A (OA), a mycotoxin found 
in grain, resulted in renal disease, comparable to endemic nephropathy. Chronic 
interstitial renal pathology correlated to exposure to OA in grains and animal 
products (Aukema et al., 2004). Four weeks of exposure to OA in piglets resulted 
in increased collagen formation and fibroblast proliferation, leading to renal fibrosis 
(Aukema et al., 2004).

A ligation animal model, like the unilateral ureteric obstruction (UUO) 
model, in which one of the two ureters is ligated, can be used to induce renal fibrosis 
in both rat and mouse. In the UUO model urine accumulates in the kidney, which leads 
to hydronephrosis, progressive alterations of renal parenchyma and development of 
renal fibrosis (Chevalier et al., 2009; Klein et al., 2011). The proliferation of interstitial 
fibroblasts and their transformation to myofibroblast results in accumulation of ECM 
components (Chevalier et al., 2009). 

Furthermore, hypertension can lead to chronic renal failure and renal fibrosis 
(Flamant et al., 2006). Therefore, experimental models of hypertension-induced renal 
disease were developed. One of them is the NaCl (5%) model, in which the high salt 
diet induces the development of hypertension (Flamant et al., 2006). Another mouse 
model for hypertension-induced renal disease is subcutaneous infusion of angiotensin 
II (Ang II), leading to hypertensive nephropathy which mediates progressive renal 
injury resulting in renal fibrosis and inflammation (Liu et al., 2012).

Fibrosis can also occur as complication after renal transplantation caused by 
renal lesions due to immune reactions, drug toxicity of cyclosporine administration 
and ischemia. Klein et al. developed a rat renal transplant model as model for fibrosis: 
the Interstitial Fibrosis and Tubular Atrophy (IFTA) model (Klein et al., 2011).

The genetically modified mouse strain COL4A3−/− mouse, is used as an 
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animal model for the Alport syndrome, which is a type IV collagen disease that leads 
to hematuria, proteinuria, renal fibrosis and ultimately to renal failure (Gross et al., 
2010). The strengths and weaknesses of animal models used in renal fibrosis research 
were summarized by Meng et al. (Meng et al., 2014). Although, these models are 
widely used, most of them are limited to some specific species and irrelevant for the 
human disease. 

The above mentioned models for renal fibrosis might be translated into the 
renal slices model, either to induce fibrosis in slices or to use slices of (fibrotic) renal 
tissue to test antifibrotic drugs (Chapter 6). 

Precision-cut kidney slices 

Multiple cell types in the kidney contribute to the development of renal 
fibrosis. Therefore, precision-cut kidney slices may be used as an ex vivo model with 
all different cell types present, as described for liver (Westra et al., 2014), to study 
the onset and late stage of renal fibrosis.

Early onset of fibrosis and precision-cut renal slices 

Prolonged culture of human kidney slices paves the way to use slices for 
the study of fibrosis (Vickers and Fisher, 2005). After 72 h of culture, kidney slices 
show signaling pathways of repair and a fibrogenic response as seen by an increased 
deposition of collagen IV and increased gene expression of collagens, laminins, 
contractile proteins and markers of proliferation (Vickers and Fisher, 2005). 
Therefore, this model is applicable to study mechanisms of fibrotic renal disease 
(Vickers and Fisher, 2005). 

As a model for renal fibrosis, renal cortex slices of transgenic mouse 
harboring the luciferase reporter gene under the control of collagen I promoter, 
were used to investigate the mechanisms of collagen up-regulation in renal tissue 
(Tharaux et al., 2000). In kidney slices incubated with AngII, the procollagen 1a2 
gene was activated, and by using specific inhibitors it could be shown that MAPK/
ERK, AP-1 and TGFβ are involved in this process (Tharaux et al., 2000). These in 
vitro results indicate that AngII also directly induces collagen 1 gene expression, not 
only indirectly by the in vivo induction of hypertensive nephropathy. 

Renal slices from rats recovered for 5 weeks from an acute kidney injury 
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(AKI) induced by ischemia-reperfusion (I/R) injury, were used to study oxidative 
stress in renal disease (Basile et al., 2012). In vivo experiments showed that AKI 
enhances the profibrotic response to AngII, which is released during oxidative 
stress. Dihydroethidium (DHE) incorporation as parameter for oxidative stress, was 
increased in renal slices recovered after AKI compared with slices from control 
rats (Basile et al., 2012). These data indicate that the kidney slices are an important 
model for the study of fibrosis in AKI induced by I/R injury. 

In this thesis, chapter 6, the PCKS model was demonstrated as a novel tool 
to test the pathophysiology of fibrosis and to screen the efficacy of antifibrotic drugs 
ex vivo in a multicellular and profibrotic milieu. An IFNγ conjugate targeted to the 
PDGFRβ significantly reduced TGFβ1-induced fibronectin, collagen I and collagen 
III mRNA expression (Poosti et al., 2015).

End-stage fibrosis and precision-cut kidney slices

Nagae et al. used fibrotic kidney to prepare whole kidney, medulla or cortex 
slices, from UUO rats to study the effect of adrenomedullin (ADM), a vasodilating 
peptide that reduces renal fibrosis in hypertensive animals on cyclic adenosine 
monophosphate (cAMP) production (Nagae et al., 2008). In the kidney slices of 
UUO rats, cAMP production was increased compared with slices of control kidneys 
and an ADM-neutralizing antibody partially blocked the enhanced cAMP production 
(Nagae et al., 2008). However, they used rather thick slices (1.5 mm) for a very 
short incubation time of maximally 45 min. Using thinner, PCKS would probably 
have prolonged the time period that these kidney slices could be used. Still, even in 
these relatively thick renal fibrotic slices pharmacological intervention studies were 
possible. 

Flamant et al. studied the effect of discoidin domain receptor 1 (DDR1), 
a nonintegrin collagen receptor that displays tyrosine-kinase activity, on the 
development of renal fibrosis, using fibrotic kidney slices besides in vivo experiments 
(Flamant et al., 2006). Renal cortical slices from high-NaCl fed DDR1−/− mice 
showed decreased monocyte chemoattractant protein-1 (MCP-1) secretion following 
stimulation with lipopolysaccharide compared with slices from high NaCl fed wild-
type mice, indicating the importance of DDR1 in the process of renal inflammation 
and fibrosis (Flamant et al., 2006). 
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In conclusion, both normal and fibrotic renal slices can be used in renal 
fibrosis and antifibrotic pharmacotherapy research (Mutsaers et al., 2015; Poosti et 
al., 2015; Stribos et al., 2016). 

CONCLUSIONS AND PERSPECTIVES

 PCTS from intestine and kidney represent a useful tool to investigate the 
early onset of fibrosis in both human and experimental animals. Utilizing the slice 
model can lead to new insights into the (human) mechanisms of the onset of organ 
fibrogenesis. In addition, in the future, treatment of PCTS with the fibrosis-inducing 
compounds or factors, used to induce fibrosis in vivo in the different organs, may 
help to further elucidate the mechanisms of human fibrosis. Furthermore, tissue 
slices from fibrotic intestine and kidney from both human and animals could be 
used to study the factors that play a role in established fibrosis. Last but not least, 
human (fibrotic) tissue slices will pave the way for the testing of novel therapeutic 
pharmacological interventions for human fibrosis, which up till now could only be 
performed in animal models. 
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SCOPE

 Fibrosis is a pathological process, associated with the majority of chronic 
diseases, which causes the accumulation of extracellular matrix (ECM) proteins. 
Fibrosis is the endpoint of, among others, an inflammatory process and results in 
the replacement of normal tissue with ECM.  Fibrosis can occur in various organs, 
including kidney, liver, intestine and lung. Among these, intestinal fibrosis (IF) is a 
major complication in inflammatory bowel disease, especially in Crohn’s disease. 
IF greatly hampers normal physiological functioning of the bowel and the only 
therapeutic option currently available is surgery. In chapter 1 the background, basic 
mechanisms and available markers of IF are introduced. Additionally, the available 
in vivo and in vitro models for IF are described, illustrating that it is difficult to 
unravel the mechanisms underlying IF due to a lack of appropriate models. Moreover, 
the potential of using precision-cut tissue slices as a novel ex vivo model for IF is 
delineated. 
 Chapter 3 details the application of precision-cut intestinal slices 
(PCIS) as a novel model for IF. In this chapter, the early onset of IF was 
studied in both human and rodent PCIS. Furthermore, since current drug 
therapies for IF are lacking, the slices were used to evaluate the antifibrotic 
effect of various inhibitors related to the TGFβ or PDGF pathway 
(chapter 4).
 The search for a potential antifibrotic compound was further explored in 
chapter 5. Here, organ- and species-specific antifibrotic effects of rosmarinic acid 
were investigated using precision-cut intestinal and liver slices prepared from rodent 
and human tissue. 
 Renal fibrosis is an integral part of chronic kidney disease, and similar to 
IF, effective therapeutic modalities are lacking due to the absence of suitable disease 
models (chapter 1). In chapter 6, kidney-specific antifibrotic effects were studied in 
more detail using precision-cut kidney slices. The slices were used to elucidate the 
impact of TGFβ1 on the development of renal fibrosis and to evaluate the potential 
antifibrotic effects of IFNγ and PPB-PEG-IFNγ.
          Finally, the outcome of all studies and future perspectives are discussed in 
chapter 7.
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 The aims of this thesis are to investigate whether the ex vivo model of 
precision-cut tissue slices, prepared from intestine and kidney, can be utilized as a 
novel model to investigate the pathophysiological mechanisms of fibrosis. Moreover, 
determine whether the ex vivo model is a potential tool that can used to assess the 
antifibrotic effects of various compounds. 
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ABSTRACT

Background: Intestinal fibrosis (IF) is a major complication of inflammatory 
bowel disease. IF research is limited by the lack of relevant in vitro and in vivo 

models. We evaluated precision-cut intestinal slices (PCIS) prepared from human, rat and 
mouse intestine as ex vivo models mimicking the early-onset of (human) IF. 

Methods: PCIS prepared from human (h), rat (r) and mouse (m) jejunum, were 
incubated up to 72 h, the viability of PCIS was assessed by ATP content and 

morphology, and the gene expression of several fibrosis markers was determined. 

Results: The viability of rPCIS decreased after 24 h of incubation, while mPCIS 
and hPCIS were viable up to 72 h of culturing. Furthermore, during this period, 

gene expression of heat shock protein 47 and plasminogen activator inhibitor 1 increased in 
all PCIS in addition to augmented expression of synaptophysin in hPCIS, fibronectin (Fn2) 
and Tgfβ1 in rPCIS, Fn2 and connective tissue growth factor (Ctgf) in mPCIS. Addition 
of TGFβ1 to rPCIS or mPCIS induced the gene expression of the fibrosis markers Pro-
collagen1a1, Fn2 and Ctgf in both species. However, none of the fibrosis markers was further 
elevated in hPCIS.

Conclusions: We successfully developed a novel ex vivo model that can mimic 
the early-onset of fibrosis in the intestine using human, rat and mouse PCIS. 

Furthermore, in rat and mouse PCIS, TGFβ1 was able to even further increase the gene 
expression of fibrosis markers. This indicates that PCIS can be used as a model for the early-
onset of IF. 
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INTRODUCTION 

Intestinal fibrosis (IF) is a major complication that can occur in inflammatory 
bowel disease (IBD), after radiation therapy or transplantation. IF is a result of chronic 
inflammation or injury and originates from inflammatory and immune processes 
acting simultaneously on many different cell types (Rieder and Fiocchi, 2009). 
The imbalance between inflammation/injury and tissue repair leads to excessive 
accumulation of collagen, fibronectin and other extracellular matrix (ECM) proteins 
(Rieder et al., 2007). Due to the luminal structure of the intestine, thickening of its 
wall by fibrosis causes stenosis, eventually requiring surgical intervention (Froehlich 
et al., 2005). In Crohn’s Disease (CD), progressive IF leads to symptomatic bowel 
strictures and stenosis due to narrowing of the lumen in 30% of patients (Silverstein et 
al., 1999). Despite major pharmacological advances in the inflammatory component 
of the disease, the incidence of stricture formation in CD has not markedly changed 
in the past 10 years (Latella et al., 2013). CD patients that barely suffer from 
inflammation can still have extensive degrees of fibrosis and stenosis and vice versa 
(Louis et al., 2001). These findings suggest that distinct mechanisms of inflammation 
and restitution/fibrosis exist. Up to now, the mechanism underlying IF is still not 
fully understood and there is no pharmacological therapy to prevent and/or cure the 
fibrotic state. 

Lack of knowledge about the mechanism of IF is a considerable limitation 
in developing antifibrotic drugs because suitable drug-targets need to be unraveled. 
Furthermore, the currently used (human) in vitro and animal in vivo models, mainly 
rodent, are not representative for the (patho)physiology of IF in human (Fiocchi 
and Lund, 2011). The in vivo animal models provoke substantial discomfort to the 
animals and require large numbers of animal experiments (Rieder et al., 2012). In 
addition, available in vitro and cell-culture models cannot imitate the physiologic 
milieu, especially not cell-cell and cell-extracellular matrix interactions between 
fibroblasts, stellate cells, bone marrow-derived cells, fibrocytes and pericytes 
(Rieder and Fiocchi, 2008). One of the most important profibrotic cytokines in IF 
is transforming growth factor-β1 (TGFβ1) (Lund and Rigby, 2008). Through the 
phosphorylation of Smad proteins, TGFβ1 can activate the downstream signaling 
including the expression of plasminogen activator inhibitor 1 (PAI-1) (Kutz et al., 
2001). Many of its downstream effects leading to deposition of ECM, are mediated 
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by connective tissue growth factor (CTGF) (Dendooven et al., 2011; Latella et 
al., 2013). Phenotypically altered resident fibroblasts can turn into myofibroblasts 
that start to express alpha-smooth muscle actin (αSMA) and to produce excessive 
amounts of ECM. This ECM mainly consists of collagen, fibronectin (FN2) and 
elastin (ELA) (To and Midwood, 2011). The maturation of collagen is facilitated 
by heat shock protein 47 (HSP47) for which collagen is the only substrate (Taguchi 
and Razzaque, 2007). Furthermore, stellate cells which have been confirmed to play 
a role in liver fibrosis (Synaptophysin (SYN) is a marker), are proposed to play a 
role in intestinal fibrosis (Cassiman et al., 1999; Fiocchi and Lund, 2011; van de 
Bovenkamp et al., 2006). To be able to study the complex interplay between various 
intestinal cell types, an ex vivo (human) system which can mimic the multi-cellular 
process, namely precision-cut intestinal slices (PCIS), was used (de Graaf et al., 
2010). PCIS have been used as a model to study drug metabolism (van de Kerkhof et 
al., 2008a), xenobiotic interactions and drug transport (Niu et al., 2013; Possidente 
et al., 2011; Vickers and Fisher, 2005). Furthermore, precision-cut tissue slices from 
various organs have been successfully used as a model to study fibrosis and the 
efficacy of antifibrotic compounds (Westra et al., 2013). In PCIS, all intestinal cell 
types are kept in their original tissue-matrix environment and structure. Thus, cell-
cell and cell-ECM interactions are retained. Furthermore, the villus and microvillus 
organization is preserved, which is essential for the migration and transformation of 
intestinal cells (Graaf et al., 2007; Niu et al., 2013; Westra et al., 2013).

The aim of this study was to evaluate PCIS prepared from human, rat and 
mouse, as a novel model to mimic the early-onset of (human) IF. This model could 
be used to unravel the mechanism of intestinal fibrosis as well as to test the efficacy 
of antifibrotic compounds ex vivo. Firstly, the viability and morphology of PCIS 
were studied during culture. Secondly, the gene expressions of above mentioned 
fibrosis markers (CTGF, αSMA, Pro-collagen 1a1 (COL1A1), FN2, HSP47, ELA, 
PAI-1, TGFβ1 and SYN) were determined in PCIS in the presence and absence of the 
fibrogenic factor TGFβ1. 
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MATERIAL AND METHODS

Preparation of rat and mouse intestinal cores

Adult non-fasted male Wistar rats and C57BL/6 mice were used (Harlan 
PBC, Zeist, The Netherlands). The rats and mice were housed on a 12 h light/dark 
cycle in a temperature and humidity controlled room with food (Harlan chow no 
2018, Horst, The Netherlands) and water ad libitum. The animals were allowed to 
acclimatize for at least seven days before the start of the experiment. The experiments 
were approved by the Animal Ethical Committee of the University of Groningen.

Rats and mice were anaesthetized with isoflurane/O2 (Nicholas Piramal, 
London, UK).  Rat jejunum (about 25 cm distal from the stomach and 15 cm in length) 
and 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 D-glucose (Merck, Darmstadt, Germany), 25 mM NaHCO3 (Merck), 10 mM 
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% (w/v) agarose solution in 0.9% NaCl at 37oC and embedded in an agarose 
core-embedding unit (de Graaf et al., 2010).

Preparation of human intestinal cores

Healthy human jejunum tissue was obtained for research from intestine 
that was resected from patients who underwent a pancreaticoduodenectomy. The 
experimental protocols were approved by the Medical Ethical Committee of the 
University Medical Center Groningen.

The healthy jejunum was preserved in ice-cold KHB until the embedding 
procedure (de Graaf et al., 2010; Roskott et al., 2010). The submucosa, muscularis 
and serosa were carefully removed from the mucosa within an hour after collection 
of the tissue. The mucosa was divided into 0.4 cm x 1 cm sheets. These sheets 
were embedded in 3% agarose (w/v) solution in 0.9% NaCl at 37oC and inserted in 
embedding unit (de Graaf et al., 2010).
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Table 1: Characteristics of human PCIS from 9 Human donors

Human ID Gender Age ATP (0h)
pmol/μg protein

IH1 f 73 4.70

IH2 f 80 1.60

IH3 m 68 1.70

IH4 f 66 7.90

IH5 m 33 2.30

IH6 f 66 4.18

IH7 m 53 5.36

IH8 f 71 3.10

IH9 m 53 3.71

Preparation of PCIS

PCIS were prepared in ice-cold KHB by the Krumdieck tissue slicer 
(Alabama Research and Development, USA). The slices with a wet weight of 3-4 mg 
had an estimated thickness of 300-400 μm (de Graaf et al., 2010). Slices were stored 
in ice-cold KHB until the start of the experiments (de Graaf et al., 2010). 

Incubation of intestinal slices

 Slices were incubated in 12-well plates for human PCIS (hPCIS) and rat 
PCIS (rPCIS) or in 24-well plates for mouse PCIS (mPCIS). hPCIS and rPCIS were 
incubated individually in 1.3 ml and mPCIS in 0.5 ml of Williams Medium E with 
L-glutamine (Invitrogen, Paisley, UK) supplemented with 25 mM glucose, 50 μg/
mL gentamycin (Invitrogen) and 2.5 μg/mL 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). rPCIS were incubated 
up to 24 h, mPCIS and hPCIS were incubated up to 72 h, with and without human 
TGFβ1 (Roche Diagnostics, Mannheim, Germany) in the concentration range from 
1-10 ng/mL. All incubations were performed manifold (using 3-6 slices incubated 
individually in separate wells) and were repeated with intestine from 3 to16 different 
humans, rats or mice. 
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Viability and morphology 

 The viability was assessed by measuring the adenosine triphosphate (ATP) 
content of the PCIS, as was previously described (de Graaf et al., 2010). Briefly, 
after incubation, slices were transferred to 1 ml sonication solution (containing 70% 
ethanol and 2 mM EDTA), snap-frozen in liquid nitrogen and stored at -80ºC. To 
determine the viability, ATP levels were measured in the supernatant of samples 
sonicated for 45 seconds and centrifuged for 2 minutes at 4oC at 16.000 x g, using 
the ATP bioluminescence kit (Roche Diagnostics, Mannheim, Germany). ATP values 
(pmol) were normalized to the total protein content (μg) of the PCIS estimated 
by Lowry method (BIO-rad RC DC Protein Assay, Bio Rad, Veenendaal, The 
Netherlands). Values displayed are relative values compared to the related controls.
 To assess the morphology, incubated slices were fixed in 4% formalin and 
embedded in paraffin. Sections of 4 μm were cut and stained with hematoxylin 
and eosin (HE) (de Graaf et al., 2010). HE sections were scored according to a 
modified Park score, describing the sequence of development of tissue injury in the 
intestine after ischemia and reperfusion (Park et al., 1990; Roskott et al., 2010). The 
integrity of 7 segments of the PCIS were scored on a scale from 0 to 3.  Viability of 
the epithelium, stroma, crypts and muscle layer were scored separately rating 0 if 
there was no necrosis, and 3 if massive necrosis was present. The other parts of the 
intestinal slice were rated as follows: Shape of the epithelium: 0 = cubic epithelium, 
3 = more than 2/3 of the cells are flat, flattening of the villi: 0 = normal, 3 = more 
than 2/3 of the villi are flattened, and the amount of edema: 0 = no edema, 3 = severe 
edema. A maximum score of 21 indicates severe damage. In human samples, the 
morphological score of muscularis mucosae was determined in the ‘muscle layer’ 
section. B.T.P., W.T.v.H. and J.N. performed the blind scoring; the mean of three 
total scores was calculated.

Gene expression

 After incubation, slices were snap-frozen in liquid nitrogen and stored at 
-80oC until RNA isolation. Firstly, total RNA of three to six pooled snap-frozen slices 
was isolated using Qiagen RNAeasy mini kit (Qiagen, Venlo, The Netherlands). 
The amount of isolated RNA was measured with the BioTek Synergy HT (BioTek 
Instruments, Vermont, USA). Afterwards, reverse transcriptase was performed with 
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1 μg RNA using Reverse Transcription System (Promega, Leiden, The Netherlands). 
The reverse transcript polymerase chain reaction (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 the fibrosis genes, namely COL1A1, αSMA, HSP47, CTGF, 
FN2, TGFβ1, PAI-1 and SYN were determined by either the TaqMan or SYBRgreen 
method. In hPCIS, ELA gene expression was also measured by SYBRgreen method. 
With the TaqMan method, the primers (50 μM) and probes (5 μM) listed in Table 1 
were used with the qPCR mastermix plus (Eurogentec, Maastricht, The Netherlands). 
The real time PCR reaction was performed in a 7900HT Real Time PCR (Applied 
Biosystems, Bleiswijk, The Netherlands) with 40 cycles of 10 minutes at 95ºC, 15 
seconds at 95ºC and 1 minute at 60ºC. With the SYBRgreen method, appropriate 
primers (50 μM), listed in Table 1, were used with SYBRgreen mastermix (GC 
Biotech, Alphen aan de Rijn, The Netherlands). The real time PCR reaction was 
performed with 45 cycles of 10 minutes 95oC, 15 seconds at 95ºC and 25 seconds at 
60ºC following with a dissociation stage. Ct values were corrected for the Ct values 
of the housekeeping gene GAPDH (∆Ct) and compared with the control (∆∆Ct). 
Results are calculated as fold induction of the gene (2-∆∆Ct).

Statistics

A minimum of three different intestines was used for each experiment, using 
3-6 slices from each intestine. The results are expressed as mean ± standard error of 
the mean (SEM). Differences were determined using a paired, one tailed Student’s 
t-test and ANOVA multiple comparisons with Fisher’s least significant difference 
test. A p-value <0.05 was considered significant. Statistical differences in ATP were 
determined using the values relative to the control values in the same experiment. 
Real-time PCR results were compared using the mean ∆∆Ct values. Correlation 
between ATP content and mean Park score was determined using Spearman’s 
correlation coefficient.
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Table 2: Primers and probes of fibrosis markers

Primers/
Probes Forward Reverse Probe

Mouse

Gapdh ACAGTCCATGCCATCACTGC GATCCACGACGGACACATTG

Col1a1 TGACTGGAAGAGCGGAGAGT ATCCATCGGTCATGCTCTCT

αSma ACTACTGCCGAGCGTGAGAT CCAATGAAAGATGGCTGGAA

Hsp47 AGGTCACCAAGGATGTGGAG CAGCTTCTCCTTCTCGTCGT

Ctgf CAAAGCAGCTGCAAATACCA GGCCAAATGTGTCTTCCAGT

Fn2 CGGAGAGAGTGCCCCTACTA CGATATTGGTGAATCGCAGA

Syn CTGTGTTTGCCTTCCTCTACTC AGGTAGGGCTCAGACAGATAAA

Tgfβ1 GGTTCATGTCATGGATGGTGC TGACGTCACTGGAGTTGTACGG

Pai-1 GCCAGATTTATCATCAATGACTGGG GGAGAGGTGCACATCTTTCTCAAAG

Rat

Gapdh GAACATCATCCCTGCATCCA CCAGTGAGCTTCCCGTTCA CTTGCCCACAGCCTTGGCAGC

Col1a1 CCCACCGGCCCTACTG GACCAGCTTCACCCTTAGCA CCTCCTGGCTTCCCTG

αSma AGCTCTGGTGTGTGACAATGG GGAGCATCATCACCAGCAAAG CCGCCTTACAGAGCC

Hsp47 AGACGAGTTGTAGAGTCCAAGAGT ACCCATGTGTCTCAGGAACCT CTTCCCGCCATGCCAC

Ctgf ACACAAGGGTCTTCTGCGA TTGCAACTGCTTTGGAAGGAC

Fn2 TCTTCTGATGTCACCGCCAACTCA TGATAGAATTCCTTGAGGGCGGCA

Syn CTTTGCCATCTTCGCCTTTG GCCCGTAATCGGGTTGATAA

Tgfβ1 CCTGGAAAGGGCTCAACAC CAGTTCTTCTCTGTGGAGCTGA

Pai-1 AACCCAGGCCGACTTCA CATGCGGGCTGAGACTAGAAT

Human

GAPDH ACCAGGGCTGCTTTTAACTCT GGTGCCATGGAATTTGCC TGCCATCAATGACCCCTTCA

COL1A1 CAATCACCTGCGTACAGAACGCC CGGCAGGGCTCGGGTTTC CAGGTACCATGACCGAGACGTG

αSMA AGGGGGTGATGGTGGGAA ATGATGCCATGTTCTATCGG GGGTGACGAAGCACAGAGCA

HSP47 GCCCACCGTGGTGCCGCA GCCAGGGCCGCCTCCAGGAG CTCCCTCCTGCTTCTCAGCG

FN2 AGGCTTGAACCAACCTACGGATGA GCCTAAGCACTGGCACAACAGTTT

CTGF ACGGCGAGGTCATGAAGAAGAACA ACTCTCTGGCTTCATGCCATGTCT

SYN CTGCACCAAGTGTACTTTGAT GCTGACGAGGAGTAGTCCC GGGCACCACCAAGGTC

TGFβ1 TGGCGATACCTCAGCAACC CTCGTGGATCCACTTCCAG

PAI-1 CACGAGTCTTTCAGACCAAG AGGCAAATGTCTTCTCTTCC

ELA GGCCATTCCTGGTGGAGTTCC AACTGGCTTAAGAGGTTTGCCTCCA
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RESULTS

Viability of PCIS

The ATP content and the morphology of PCIS were used to evaluate the 
viability of the slices during culturing. Directly after slicing, the ATP content of the 
PCIS from human (h), rat (r) and mouse (m) was 3.49 ± 1.56, 4.34 ± 1.69, 3.82 ± 
1.95 pmol/μg protein, respectively. No significant difference in the ATP content of 
PCIS from different species was found. When compared to directly after slicing, the 
ATP content of hPCIS decreased about 30% and 50%, after 48 and 72 h of incubation 
respectively (Figure 1A). However, in rPCIS, already after 4 h of incubation the ATP 
content significantly decreased and after 24 h the ATP content was reduced by 75% 
compared to freshly prepared PCIS (Figure 1B). In mPCIS, the ATP content was not 
significantly different after 48 h of incubation, yet, after 72 h of culturing, ATP levels 
were significantly decreased to 36% as compared to freshly prepared PCIS (Figure 
1C).  

To evaluate the morphological integrity of PCIS after incubation, the modified 
Park score was used. An increased Park score indicated a decrease in viability. Mean 
Park scores of hPCIS increased significantly during 48 h of culture when compared 
to hPCIS directly after slicing (Figure 2A). Furthermore, the mean Park score of 
rPCIS and mPCIS also increased significantly during incubation (Figure 2B, 2C). 
Very low Park score of non-incubated slices showed that PCIS were not damaged 
by handling and slicing (Figure 2). A significant correlation between ATP content 
and mean Park scores was found in hPCIS (Spearman r = -0.76, p < 0.0001), rPCIS 
(Spearman r = -0.73, p =< 0.0002) and mPCIS (Spearman r = -0.82, p = 0.0033) 
(Figure 2D-F)



53

C
hap

ter 3 | P
C

IS
 A

S
 N

O
V

E
L M

O
D

E
L FO

R
 TH

E
 E

A
R

LY
-O

N
S

E
T O

F IN
TE

S
TIN

A
L FIB

R
O

S
IS

Figure 1. Long-term incubation of hPCIS, rPCIS and mPCIS. The viability of PCIS as measured by 
ATP content (relative value compare to 0h) after incubation of (A) hPCIS up to 72 h, (B) rPCIS up to 
24 h and (C) mPCIS up to 72 h. (*p < 0.05, **p < 0.01 vs. 0 h. n = 9-15, data are expressed as mean 
+/- SEM).
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Figure 2. Park score of hPCIS, rPCIS and mPCIS after long-term incubation. Mean Park scores of (A) 
hPCIS, (B) rPCIS and (C) mPCIS after different incubation intervals. (by BTP, JN and WTvH, *p < 
0.05, n = 5-8, data are expressed as mean +/- SEM). (D) Spearman correlation between ATP content and 
mean. Park score in hPCIS (r = -0.76, p < 0.0001), (E) rPCIS (r = -0.73, p =< 0.0001) and (F) mPCIS 
(r = -0.81, p = 0.0015).

During culturing of human, rat and mouse intestinal slices the same 
sequence of morphological changes and damage was found (Figure 3). Firstly, 
epithelial and stromal cells were damaged, with clear signs of necrosis in these cells. 
In association, flattening of the villi and of epithelial cells (i.e. losing their cubic 
shape), and development of edema was found (Figure 3B). Subsequently, necrosis 
was evident in cells of the crypts and the muscle layer. By incubating hPCIS up to 
72 h, massive necrosis was apparent in both epithelial and stromal cells (Figure 3C). 
In association with necrosis, destruction of the normal tissue architecture was found 
as shown in Figure 3C. 
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Figure 3. Morphological integrity of hPCIS after long-term incubation. HE staining of representative 
healthy hPCIS after (A) 0 h, (B) 48 h and (C) 72 h incubation (magnification: 4x).

PCIS of all species were incubated with TGFβ1, to confirm that PCIS can be 
used to study the TGFβ1 signaling pathway. hPCIS viability decreased slightly, but 
not significantly, after 24 h of incubation with 10 ng/mL TGFβ1. Meanwhile, when 
hPCIS were incubated for 48 h, TGFβ1 did not affect the hPCIS ATP content (Figure 
4A). Moreover, ATP content of rPCIS did not decreased after 24 h of incubation in 
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the presence of up to 5 ng/ml TGFβ1 (Figure 4B). In contrast, 10 ng/ml of TGFβ1 
decreased the viability of rPCIS considerably (data not shown). Meanwhile, in 
mPCIS, up to 48 h in culture, no effect on the viability due to TGFβ1 was observed 
(Figure 4C). 

Figure 4. Long-term incubation of hPCIS, rPCIS and mPCIS with TGFβ1. The viability of PCIS as 
measured by ATP content (relative value compare to control) after incubation of: (A) hPCIS up to 48 h 
with 5 ng/mL and 10 ng/mL TGFβ1, (B) rPCIS up to 24 h with 1 ng/mL and 5 ng/mL TGFβ1 and (C) 
mPCIS up to 48 h with 5 ng/mL TGFβ1. (*p < 0.05, **p < 0.01 vs. control n = 3-6, data are expressed 
as mean +/- SEM).
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Gene expression of fibrosis markers

To determine if the early-onset of fibrosis is induced in PCIS, gene 
expression of various fibrosis markers was investigated. After 24 h of incubation, 
the gene expression of an early marker of fibrosis, HSP47, was elevated in hPCIS 
when compared to hPCIS directly after slicing. HSP47 steadily increased up to 72 
h. Furthermore, when compared to hPCIS after preparation, SYN gene expression 
significantly increased in hPCIS after 48 h and was even higher after 72 h of 
incubation. Conversely, ELA expression was decreased after 48 h incubation (Figure 
7E) and αSMA expression was down-regulated after incubation up to 72 h compared 
to freshly prepared PCIS (Figure 5A). Furthermore, COL1A1, CTGF and FN2 
expression was not affected during incubation of hPCIS (Figure 5A).

After 24 h of incubation of rPCIS, the gene expression of Hsp47 and Fn2 
was significantly increased compared to PCIS directly after slicing. Similar to hPCIS, 
αSma was down-regulated, whereas Col1a1, Ctgf and Syn expression was unaffected 
after 24 h of culture (Figure 5B). 

As was found in rPCIS the gene expression of Hsp47 and Fn2 was significantly 
increased in mPCIS after 24 h, which increased even further up to 48 and 72 h of 
incubation. Ctgf expression was only increased after 72 h of incubation in mPCIS. In 
contrast to the gene expression of αSma and Col1a1, which was significantly down-
regulated up to 72 h in mPCIS (Figure 5C). Syn expression remained unchanged 
during incubation in both rPCIS and mPCIS.
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Figure 5. Gene expression of fibrosis markers in hPCIS, rPCIS, and mPCIS after long-term incubation. 
The gene expression of fibrosis markers COL1A1, HSP47, αSMA, CTGF, FN2 and SYN after incubation 
of (A) hPCIS for 72 h, (B) rPCIS for 24 h, and (C) mPCIS for 48 h. (*p < 0.05, **p < 0.01 vs. 0 h. n =  
3-6, data are expressed as mean +/- SEM).
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Addition of TGFβ1

To study if the main fibrogenic factor TGFβ1 was able to induce fibrogenesis 
in these models, PCIS were incubated with TGFβ1. The gene expression of none 
of the investigated fibrosis markers was affected in hPCIS when incubated for 
48 h with up to 10 ng/ml TGFβ1 (Figure 6A and Figure 7E). However, in rPCIS, 
when incubated for 24 h with 1 ng/mL TGFβ1, Ctgf and Fn2 were significantly up-
regulated compared to control and remain elevated in the presence of 5ng/mL TGFβ1. 
Meanwhile, αSma and Col1a1 expressions were significantly increased compared to 
the 24 h control only, when incubated with 5 ng/mL TGFβ1. Interestingly, Hsp47 
expression in rPCIS tended to decrease with 1 ng/mL TGFβ1 and was significantly 
down-regulated when adding 5 ng/mL TGFβ1 during culture (Figure 6B). In mPCIS 
after 48 h of incubation in the presence of 5 ng/mL TGFβ1 the gene expression of 
Col1a1, Fn2, Hsp47 and Ctgf was significantly up-regulated compared to the 48 h 
control (Figure 6C). However, Syn expression was not affected in both rPCIS and 
mPCIS in the presence of TGFβ1.

Both TGFβ1 and PAI-1, the specific downstream marker of TGFβ1 signaling 
(22), gene expression was investigated. Only in rPCIS the Tgfβ1 was significantly 
increased (Figure 7B). However, the gene expression of PAI-1 was increased 
dramatically in all species suggesting activation of the TGFβ1 pathway (Figure 
7A, 7B and 7C). When slices were incubated in the presence of TGFβ1, the gene 
expression PAI-1 was not further increased, except for rPCIS (Figure 7D).
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Figure 6. Gene expression of fibrosis markers in hPCIS, rPCIS, and mPCIS after long-term incubation 
with TGFβ1. The gene expression of fibrosis markers COL1A1, HSP47, αSMA, CTGF, FN2 and SYN 
after incubation of (A) hPCIS for 48 h with 5 ng/mL and 10 ng/mL TGFβ1, (B) rPCIS for 24 h with 1 
ng/mL and 5 ng/mL TGFβ1, and (C) mPCIS for 48 h with 5 ng/mL TGFβ1. (*p < 0.05, **p < 0.01 vs. 
control. n = 3-5, data are expressed as mean +/- SEM).
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with TGFβ1. The gene expression of fibrosis markers TGFβ1 and PAI-1 after incubation of (A) hPCIS 
for 48 h, (B) rPCIS for 24 h, and (C) mPCIS for 48 h. (D) The gene expression of PAI-1 in PCIS models 
after incubation (48h with hPCIS and mPCIS, 24 h with rPCIS) with 5 ng/mL TGFβ1.  (E) The gene 
expression of ELA in hPCIS model after incubation for 48 h with and without 5 ng/mL and 10 ng/mL 
TGFβ1 (*p < 0.05, **p < 0.01 vs. 0 h or control. n = 3-5, data are expressed as mean +/- SEM.
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DISCUSSION

Intestinal fibrosis is a complicated condition, caused by extensive chronic 
inflammation or injury of the bowel. Although there are some animal models for IF, 
most of them are limited in their relevance to human disease and have some definite 
disadvantages, such as animal discomfort and long time needed to establish the 
fibrosis state (Rieder et al., 2012). Until now, there are no antifibrotic drugs available 
and relevant models are needed. As reviewed before, precision-cut tissue slices can 
provide a good model to study the early-onset of organ fibrosis (Westra et al., 2013), 
and can also considerably reduce the number of animals used in intestinal fibrosis 
research. The aim of this study was to develop a method for studying the early-onset 
of IF by using PCIS from various species, namely human, rat and mouse.  

Viability by ATP content of PCIS

Precision-cut intestinal slices have been used previously to study drug 
metabolism and toxicity in the intestinal tract. In these studies, hPCIS were used 
to investigate the regulation, expression and capacity of metabolic enzymes, 
transporters and receptors indicating that PCIS can mimic the intestine in vivo 
(Khan et al., 2009; Khan et al., 2010; van de Kerkhof et al., 2006; van de Kerkhof 
et al., 2008b). Previously, hPCIS were incubated for a relatively short period of time 
(up to 24 h). To study the onset of fibrosis, we incubated PCIS for a longer period 
(rPCIS up to 24 h, mPCIS and hPCIS up to 72 h). ATP is used in precision-cut tissue 
slices from different organs as general marker of viability. To establish this in PCIS 
the morphology during incubation was compared to the ATP content in the slices. 
Morphological scoring (according to the modified Park score (Park et al., 1990; 
Roskott et al., 2010)) of mPCIS, rPCIS and hPCIS showed that the ATP is related to 
the morphological integrity of the tissue. Therefore, ATP levels in PCIS are used as 
a general marker for morphological integrity in different species in the current study. 
In addition, the sequence of losing cell integrity in PCIS from different species is 
similar, indicating that the same processes take place in the PCIS from all studied 
species. Epithelial and stromal cell damage was observed first, indicating that these 
cells are the most vulnerable to ischemia. This is also shown in the original article 
describing the Park score (Park et al., 1990). However, more specific markers for the 
different cell types in the PCIS are necessary to obtain information on the viability 
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of these cells in PCIS during culture. 
The decline of ATP content found in our study was also observed in other 

studies with rPCIS (van de Kerkhof et al., 2007) and hPCIS (de Graaf et al., 2010). 
Moreover, PCIS from the different species behave differently during culture. The 
ATP content in PCIS directly after slicing was comparable in all species. Striking 
is however the species difference of the maximal incubation period of the PCIS. In 
rPCIS after 24 h incubation ATP content was less than 50% compared to directly 
after slicing, in contrast to mPCIS and hPCIS, where this value was reached only 
after 72 h. One of the factors may be the production of reactive oxygen species 
(ROS). During slicing and storage before the start of the incubation, the PCIS are 
subjected to ischemia. Upon culturing, the PCIS are re-oxygenated. It is known from 
studies in biopsies that in the rat intestine xanthine oxidase (XO) steeply increases 
during ischemia, which is in contrast to the human intestine (Bianciardi et al., 2004). 
Upon re-oxygenation, XO will lead to ROS and subsequently to cell and tissue 
damage (Bianciardi et al., 2004). Furthermore, Tgfβ1 gene expression was also 
increase in rPCIS, possibly subsequently also TGFβ1 protein and this could lead to 
the production of ROS (Rhyu et al., 2005; Yan et al., 2014). This might explain why 
rPCIS deteriorate faster in culture than mPCIS and hPCIS. Future studies will be 
performed to determine ROS production in PCIS of different species.

Gene expression of fibrosis markers 

The aim of our study was to induce the early-onset of fibrogenesis, which 
could be triggered by the loss of cell integrity over time. Therefore, we studied the 
gene expression of different fibrosis markers, often linked to the protein expression 
(Westra et al., 2014a; Westra et al., 2014b). In addition, TGFβ1 was added to the 
PCIS to establish if one of the main inducers of fibrogenesis is also effective in PCIS. 

In hPCIS cultured up to 72 h, HSP47 gene expression was elevated. Other 
studies have identified HSP47 as a potential early marker of IF (Honzawa et al., 
2010; Taguchi and Razzaque, 2007). It has been demonstrated that the serum level 
of HSP47 is higher in CD patients, who are prone for IF, compared to those with 
ulcerative colitis, an intestinal disease that rarely leads to IF, and to control patients 
(Taguchi et al., 2011). Moreover, Honzawa et al. showed that HSP47 expression 
contributes to IF in CD (Honzawa et al., 2014) and in the IL-10-/- mouse model 
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of IF, HSP47 plays an essential role (Kitamura et al., 2011; Rieder et al., 2012).  
Therefore, HSP47 is a biomarker for IF and furthermore used ex vivo in hPCIS to 
study the efficacy of antifibrotic drugs (Taguchi et al., 2011). 

SYN, a marker of stellate cells (Cassiman et al., 1999), was also up-regulated 
in hPCIS. As was reported before by Rieder et al. (Rieder and Fiocchi, 2008) stellate 
cells are present in the intestine and may contribute to the fibrotic process.  As was 
shown before with hepatic stellate cells (HSCs), if the liver is injured, HSCs change 
their phenotype to an activated state, start to express among others αSMA, and to 
synthesize pro-inflammatory cytokines and ECM proteins (Li and Friedman, 1999). 
Intestinal stellate cells seem to display the same basic morphological, phenotypic, 
and functional characteristics as the hepatic stellate cell and recently have been 
isolated and cultured from mesenteric fibrotic tissue from a patient with a fibrotic 
carcinoid tumor (Fiocchi and Lund, 2011; Kidd et al., 2007). Therefore, the increase 
of stellate cell number and HSP47 induction up to 72 h in hPCIS during culturing 
indicates that slices can be used as a tool to study the early stage of fibrosis. 

The decrease in αSMA expression up to 72 h in hPCIS might be explained 
by a loss of fibroblasts, which was also found in other organ slices (Westra et al., 
2013). In hPCIS, none of the other fibrosis markers (COL1A1, FN2 and ELA) were 
increased during culturing, even with the addition of increasing concentrations of 
TGFβ1. This may indicate that the TGFβ pathway cannot be induced, or is already 
activated due to the operation and procurement of the tissue. Moreover, it should be 
noted that in the intestine, the resident macrophages are mainly in the muscularis 
(Smith et al., 2011), which was removed from the human intestinal tissue before 
hPCIS were prepared. Although the mechanism of IF in human is still unknown, 
the spontaneous early fibrosis may require macrophages to develop. Future studies 
with specific inhibitors of the TGFβ pathway will elucidate if the pathway is already 
activated. Furthermore, maybe an additional trigger such as PDGF or the presence of 
the inflammatory cytokine TNF alpha is necessary to induce fibrosis in hPCIS, which 
has been reported in liver fibrosis and idiopathic pulmonary fibrosis (Basaranoglu et 
al., 2013; Kropski et al., 2012). In future experiments with PCIS it will be elucidate 
if a second hit is necessary. In human liver slices, not only TGFβ1 but both potent 
fibrogenic factors PDGF and TGFβ1 are necessary to induce gene expression of 
fibrosis markers (Westra et al., 2011). Research is currently ongoing to further induce 
the gene expression of fibrosis markers in hPCIS. 
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We have investigated the gene expression of ELA in the hPCIS. Although 
it has been reported that ELA was activated by TGFβ1 in lung fibroblasts (Kuang et 
al., 2007), there is no report of the involvement of elastin in fibrosis in other organs. 
In hPCIS, ELA was not induced during incubation with or without TGFβ1. This may 
indicate that the activation of elastin is lung specific. 

In rPCIS, both Hsp47 and Fn2 were increased after 24 h of culture. These 
results imply that the early-onset of fibrogenesis is indeed induced in rPCIS during 
culture up to 24 h. Addition of TGFβ1 further increased Fn2 expression, but not 
Hsp47 that was down-regulated by TGFβ1. This may be explained by the fact that 
for the early fibrosis marker Hsp47, the maximum gene expression was reached 
earlier by adding TGFβ1 during rPCIS incubation than in the control incubation 
of rPCIS. This is in accordance with the results of Col1a1, the marker of fibrosis, 
that was only elevated in rPCIS by TGFβ1, as was also seen in other organ slices 
(Westra et al., 2011). Similarly, Ctgf expression was only elevated in rPCIS after the 
addition of TGFβ1, this is in line with the function of Ctgf in the TGF-β pathway 
(Brigstock, 2010). As was assessed in hPCIS, αSma expression was also decreased 
in rPCIS, indicating again that fibroblasts may be lost during culture. However, 
αSma expression was increased in rPCIS by TGFβ1. This may suggest that (myo)
fibroblasts are activated by TGFβ1 in rPCIS. 

In accordance with the results in rPCIS, prolonged culture of mPCIS 
induced Hsp47 and Fn2 expression, but αSma was decreased during culture up to 72 
h. However unlike rPCIS and hPCIS, where Col1a1 was unchanged during culture, 
in mPCIS the gene expression of Col1a1 was significantly decreased. In an ex vivo 
model of liver fibrosis (Westra et al., 2014a), Col1a1 was also down-regulated after 
24 h incubation, but increased after 48 h incubation due to activation of the wound 
repair system (Vickers and Fisher, 2005). In mPCIS, probably longer incubation in 
the presence of pro-fibrotic cytokines is needed to initiate the wound healing process 
and fibrosis. Interestingly, only in mPCIS, Ctgf gene expression was up-regulated 
after 72 h incubation, this is an indication that the TGFβ pathway was activated 
after long-term incubation. Furthermore, addition of TGFβ1 to mPCIS induced gene 
expression of Col1a1, Fn2, Ctgf and even Hsp47 that was down-regulated in rPCIS. 
αSma expression was not affected by TGFβ1 in mPCIS. In contrast to hPCIS, Syn 
was not induced in rPCIS and mPCIS, not even in the presence of TGFβ1. This 
suggests differences between species in the proliferation of intestinal stellate cells.
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All these results imply that in rPCIS and mPCIS there was a spontaneous 
induction of early fibrogenesis, which can be measured by gene expression of 
Hsp47 and Fn2. Our result of the early onset of fibrosis in PCIS are in line with the 
results in a liver fibrosis model using precision-cut liver slices, which we already 
successfully used in studying antifibrotic compounds (Westra et al., 2014a). Future 
studies with specific signaling pathway inhibitors will be performed to elucidate why 
during culturing of PCIS spontaneous induction of these markers occurs. TGFβ1 was 
able to even further stimulate the onset of fibrosis in rat and mouse, indicating the 
importance of TGFβ1 as profibrotic stimulus in rodents. Upcoming experiments have 
to clarify if the TGFβ1 pathway is involved in the spontaneous activation of early 
fibrogenesis in PCIS. Moreover, we found clear species differences in the early-onset 
of fibrosis, therefore, we are currently performing studies, among others by staining 
different intestinal cell types, to elucidate these difference. 
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CONCLUSION

We successfully developed a relevant ex vivo intestinal model in both rodent 
and man to study the early-onset of intestinal fibrosis. In rat and mouse PCIS, TGFβ1 
was able to even further increase the gene expression of fibrosis markers. The gene 
expression of HSP47 in human and rodent PCIS, and in rodent PCIS also Fn2, can 
be used as early markers of fibrosis. These results open the opportunity to test the 
efficacy of antifibrotic drugs in both human and rodents in an ex vivo physiological 
model. The model also provides the opportunity to study the fibrogenesis in different 
regions of the intestine. Furthermore, the mechanism of fibrosis in an ex vivo model 
of early fibrogenesis in different species can be determined. The research is currently 
expanding to the diseased human (fibrotic) intestine.
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ABSTRACT

 Background: Intestinal fibrosis (IF) is a hallmark of Crohn’s disease. Here, we 
investigated the impact of several putative antifibrotic compounds on the onset 

of IF using murine precision-cut intestinal slices (PCIS). 

 Methods: Murine PCIS were cultured for 48 h in the presence of profibrotic 
and/or antifibrotic compounds. The fibrotic process was studied on gene and 

protein level using a variety of markers including (pro)collagen 1a1 (Col1a1), heat shock 
protein 47 (Hsp47), fibronectin (Fn2) and plasminogen activator inhibitor-1 (PAI-1). The 
effects of potential antifibrotic drugs mainly inhibiting the TGFβ pathway i.e. valproic acid, 
tetrandrine, pirfenidone, SB203580 and LY2109761 as well as compounds mainly acting on 
the PDGF pathway i.e. imatinib, sorafenib and sunitinib were assessed in the model at non-
toxic concentrations. 

 Results: Murine PCIS remained viable for 48 h and the onset of IF was observed 
during culture, as demonstrated by an increased expression of, amongst others, 

Hsp47, Fn2 and Pai-1. Furthermore, TGFβ1 stimulated fibrogenesis while PDGF had no 
effect. Regarding the tested antifibrotics, pirfenidone, LY2109761 and sunitinib had the most 
pronounced impact on fibrogenesis, both in the absence and presence of profibrotic factors, 
as illustrated by reduced levels of Col1a1, Hsp47, Fn2 and Pai-1 following treatment. 
Moreover, LY2109761 significantly reduced fibronectin protein expression in the presence 
of TGFβ1.

 Conclusions: PCIS can successfully be used to test drug efficacy. Using the 
model we demonstrated that tetrandrine, pirfenidone, LY2109761 and sunitinib 

showed potential antifibrotic effects on a gene level, warranting further evaluation of these 
compounds for the treatment of IF. 
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INTRODUCTION

 Crohn’s disease (CD) - an inflammatory bowel disease (IBD) – is often 
associated with intestinal fibrosis (IF) 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 (Burke et al., 2007; Rieder and 
Fiocchi, 2013; Rieder et al., 2013). It is reported that IF is initiated by severe 
and chronic tissue damage due to recurrent inflammation (Latella et al., 2014), as 
observed in CD patients. During CD, various cytokines are elevated in inflamed 
regions, including the archetypical profibrotic factors, transforming growth factor 
β (TGFβ) and platelet-derived growth factor (PDGF) (Burke et al., 2007; Kumagai 
et al., 2001; Rieder and Fiocchi, 2008). 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 (Krause et al., 2011). It has been reported 
that TGFβ is a key player during intestinal wound healing as well as stricture 
development in CD patients (Burke et al., 2007). Activation of the TGFβ signaling 
pathway augments the expression of (pro)collagen 1a1 (Col1a1), fibronectin (Fn2) 
and heat shock protein 47 (Hsp47) (Latella et al., 2013; Speca, 2012). Therefore, 
TGFβ is an interesting target for the treatment of fibrosis. In a previous study, we 
evaluated the therapeutic potential of a myriad of TGFβ pathway inhibitors in liver 
fibrosis using a unique ex vivo/in vitro model viz. precision-cut liver slices (PCLS) 
(Iswandana et al., 2016; Westra et al., 2014a). 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 (Friedman et 
al., 2013; Mannaerts et al., 2010; Schaefer et al., 2011; Yin et al., 2007).  
 The other profibrotic growth factor, PDGF (Bonner, 2004), induces cell 
proliferation and fibroblasts migration (Bettenworth and Rieder, 2014; Latella et 
al., 2013), but also activates intestinal myofibroblasts to increase collagen synthesis 
(Andoh et al., 2002). Several groups succesfully decreased fibrogenesis by inhibiting 
the PDGF pathway, via PDGF receptor inhibitors (Chen et al., 2011; Friedman et 
al., 2013). In addition, our group successfully used PCLS to study the efficacy of 
several PDGF inhibitors (Westra et al., 2014a), including imatinib (Ima), sorafenib 
(Sor) and sunitinib (Sun). Despite these promising results, there are no drugs 
currently registered for the treatment of IF and the only available therapy is surgical 
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intervention (Spinelli et al., 2010). 
 Various animal models have been used to evaluate antifibrotic compounds in 
multiple organs (Westra et al., 2013). Yet, a good translational animal model for IF 
is lacking, and as a result elucidating the mechanism of IF and testing the efficacy of 
therapeutic compounds is hampered. Recently, we established a novel model for the 
onset of IF using PCIS (Iswandana et al., 2016; Pham et al., 2015). 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 TGFβ pathway related 
inhibitors: Pir, Val, and Tet, LY2109761 and p38 MAPK inhibitor, SB203580 and 
PDGF related pathway inhibitors: Ima, Sor and Sun.
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MATERIALS AND METHODS

Preparation of mouse intestinal cores

 Adult non-fasted male C57BL/6 mice were used (Harlan PBC, Zeist, The 
Netherlands). The mice were housed on a 12 h light/dark cycle in a temperature and 
humidity controlled room with standard chow (Harlan chow no 2018, Horst, The 
Netherlands) and water ad libitum. The animals were allowed to acclimatize for at 
least seven days before the start of the experiment. The experiments were approved 
by the Animal Ethical Committee of the University of Groningen.
 Mice were sacrificed by cervical dislocation or under isoflurane/O2 

anesthesia (Nicholas Piramal, London, UK). Mouse jejunum (about 15 cm distal 
from the stomach and 10 cm in length) was excised and preserved in ice-cold Krebs-
Henseleit buffer (KHB) supplemented with 25 mM D-glucose (Merck, Darmstadt, 
Germany), 25 mM NaHCO3 (Merck), 10 mM HEPES (MP Biomedicals, Aurora, 
OH, USA), saturated with carbogen (95% O2/5% CO2) and adjusted to pH 7.4 (Pham 
et al., 2015). 
The jejunum was cleansed by flushing KHB through the lumen and subsequently 
divided into 2 cm segments. These segments were filled with 3% (w/v) agarose 
solution in 0.9% NaCl at 37ºC and embedded in an agarose core-embedding unit 
(Pham et al., 2015). 

Preparation of PCIS

 PCIS were prepared in ice-cold KHB using the Krumdieck tissue slicer 
(Alabama Research and Development, USA). The slices, with a wet weight of 
approximately 3 mg, have an estimated thickness of 300-400 μm. Slices were stored 
in ice-cold KHB until the start of the experiments (de Graaf et al., 2010). 

Pro- and antifibrotic compounds:

 TGFβ1 (5 ng/ml; hTGFβ1; Roche Applied Science, Mannheim, Germany) 
and PDGF-BB (50 ng/ml; Recombinant Human PDGFBB; Peprotech, Bioconnect, 
Huissen, The Netherlands) were used as profibrotic stimuli.
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 Different antifibrotic compounds were tested. The TGFβ inhibitors i.e. 
valproic acid (1 mM; Sigma Aldrich, Zwijndrecht, Netherlands), tetrandrine (5 μM; 
Sigma Aldrich), pirfenidone (2.5 mM; Sigma Aldrich) and LY2109761 (10 nM; 
Selleck Chemicals, Houston, USA) and the PDGF inhibitors i.e. imatinib (10 μM; 
Novartis, Basel, Switzerland), sorafenib (4 μM; LC laboratories, Woburn, USA) and 
sunitinib (5 μM; LC laboratories) and the p38 MapK inhibitor SB203580 (5 μM; 
Bioconnect, Huissen, The Netherlands). 

Incubation of intestinal slices

 Slices were incubated in 24-well plates and each slice was cultured 
individually in 0.5 ml of Williams Medium E with L-glutamine (Invitrogen, Paisley, 
UK) supplemented with 25 mM glucose, 50 μg/mL gentamycin (Invitrogen) and 
2.5 μg/mL amphotericin-B (Invitrogen). During incubation at 37ºC and 80% O2/5% 
CO2, the plates were horizontally shaken at 90 rpm (amplitude 2 cm). PCIS were 
incubated up to 48 h during which time slices were exposed to pro- and/or antifibrotic 
compounds.

Viability 

 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 (de Graaf et al., 2010). ATP 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 to the related 
controls.

Gene expression

 After incubation, slices were snap-frozen in liquid nitrogen and stored at 
-80ºC until use. Total RNA of three to six pooled snap-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, 
Vermont, USA). Afterwards, 1 μg RNA was reverse transcribed using the Reverse 
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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 i.e. Col1a1, aSma, Hsp47 and 
Fn2 (Table 1); three pathway-specific genes Pai-1, C-myc 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 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 Gapgh (∆Ct) and compared with the control (∆∆Ct). Results are presented as 
fold induction (2-∆∆Ct).

Table 1. Primers

Gene Forward (5’-3’) Reverse (5’-3’)

Gapdh ACAGTCCATGCCATCACTGC GATCCACGACGGACACATTG

Col1a1 TGACTGGAAGAGCGGAGAGT ATCCATCGGTCATGCTCTCT

αSma ACTACTGCCGAGCGTGAGAT CCAATGAAAGATGGCTGGAA

Hsp47 AGGTCACCAAGGATGTGGAG CAGCTTCTCCTTCTCGTCGT

Ctgf CAAAGCAGCTGCAAATACCA GGCCAAATGTGTCTTCCAGT

Fn2 CGGAGAGAGTGCCCCTACTA CGATATTGGTGAATCGCAGA

Pai-1 GCCAGATTTATCATCAATGACTGGG GGAGAGGTGCACATCTTTCTCAAAG

C-myc GCTGTAGTAATTCCAGCGAGAGACA CTCTGCACACACGGCTCTTC

Western Blot

 Hsp47, fibronectin and PDGF-β-receptor protein expression was determined 
by Western blot. Stored PCIS were lysed for 1 h on ice in 250 μl lysis buffer 
containing 30 mM Tris HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.54% Triton 
X-100 (Sigma Aldrich, the Netherlands), 1 mM Na3VO4, 10 mM NaF, 1% SDS, and 
1 Protease inhibitor cocktail tablet (Roche, Mannheim, Germany). The tissue was 
homogenized on ice and centrifuged for 45 minutes at 4°C at 16,000 x g. Protein 
concentrations were determined in the supernatant using a Bio-Rad DC protein assay 
according to the manufacturer’s protocol. Lysates were diluted 4 fold in SDS sample 
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buffer (50 mM Tris HCl pH 6.8, 2% SDS, 10% glycerol, 0.05 M EDTA pH 8.0, 
0.6 M β-mercaptoethanol, and 0.01% bromophenol blue) and heated for 10 minutes 
(70°C). Then, 50 μg of protein was separated via SDS/PAGE using 7.5% gels and 
blotted onto an activated polyvinylidene difluoride membrane (Biorad). Afterwards, 
the membrane was blocked using Tris-buffered saline supplemented with 5% 
Blocking Grade Powder (Biorad) and 0.1% Tween-20 during 1 h. Subsequently, 
membranes were incubated with rabbit-α-collagen-1 (1:1000), rabbit-α-heat shock 
protein 47 (1:2000), mouse-α-fibronectin (1:1000, Sigma Aldrich), rabbit-α-PDGF-
β-receptor (1:1000, Cell Signaling, USA) and mouse-α-Gapdh (1:5000, Rockland 
Immunochemicals, Rockford, USA). Binding of the antibody was determined using 
Horseradish Peroxidase conjugated secondary goat-α-rabbit and secondary rat-α-
mouse (DAKO, Glostrup, Denmark).  Protein levels were visualized with an imaging 
system using the Visiglo Prime HRP Chemiluminescent Substrate Kit (Amresco, 
Ohio, USA). Results are displayed as relative values compared to the control and 
normalized with Gapdh.

Statistics

 A minimum of three different intestines was used for each experiment, using 
3-6 slices for each determination. The results are expressed as mean ± standard error 
of the mean (SEM). Statistics were performed using a paired, one-tailed Student’s 
t-test or a one-way ANOVA followed by Dunnett’s multiple comparisons test as 
appropriate. A p-value <0.05 was considered significant. Statistical differences in 
ATP were determined using the values relative to the control values in the same 
experiment. Real-time PCR results were compared using the mean ∆∆Ct values.
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RESULTS

After 48 h of incubation, there was no significant difference in the ATP 
content of PCIS compared to the 0 h time point (Figure 1A). Indicating that the 
viability and morphological integrity of the slices was maintained, as demonstrated 
previously (Pham et al., 2015). During culture, gene expression of Hsp47 and Fn2, 
early markers of fibrosis, were increased significantly compared to 0 h (Figure 1B). 
Furthermore, Pai-1 expression dramatically increased while the other pathway 
related genes did not change (Figure 1C). These results are in line with previous 
studies using PCIS from various species (Iswandana et al., 2016; Pham et al., 2015).

Exposure of PCIS to TGFβ1 and PDGF-BB did not affect the viability of the 
slices (Figure 1A). Gene expression of the fibrosis markers, Col1A1, αSma, Hsp47 
and Fn2 were upregulated at least 2-fold in the presence of TGFβ1 (Figure 1D). 
Moreover, TGFβ1 significantly increased the expression of all three pathway related 
genes (Pai-1, C-myc and Ctgf; Figure 1E). In contrast, treatment with PDGF-BB did 
not affect the expression levels of both fibrosis and pathway markers (Figure 1D, 
1E), despite the presence of the PDGF receptor during culture (Figure 1F). Next, we 
evaluated the efficacy of multiple putative antifibrotics using the above-mentioned 
markers.

Antifibrotic effect of TGFβ related inhibitors 

Drugs, mainly acting on the TGFβ pathway, were studied for 48 h in the 
presence or absence of TGFβ1. The selected concentrations of the studied compounds 
were non-toxic for PCIS as illustrated by the ATP content of the slices following 
treatment (Figure 2A, 2B). In the absence of TGFβ1, all tested inhibitors, i.e. Vpa, 
Tet and Pir, significantly decreased the gene expression of Hsp47. In addition, Tet 
and Pir also down-regulated Fn2 expression. Moreover, Pir was the TGFβ pathway 
associated drug that was able to decrease the gene expression of Col1a1 (Figure 3A). 
 Among TGFβ specific inhibitors, Ly decreased the expression of all fibrosis 
related genes but especially reduced the gene expression of Col1a1 by 80%, to the 
level which was even lower than the expression of Col1a1 directly after slicing 
(Figure 3B). Meanwhile, the p38 MapK inhibitor, SB203580, only slightly down-
regulated the gene expression of Hsp47 in slices (Figure 3B).
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Figure 1. Effect of incubation time, TGFβ1 and PDGF on PCIS. (A) Viability of PCIS determined by 
ATP content (relative value compare to 0h). Gene expression of (B) Col1a1, Hsp47, αSma, Fn2; (C) 
Pai-1, C-myc and Ctgf following incubation. Gene expression of (D) Col1a1, Hsp47, αSma, Fn2; (E) 
Pai-1, C-myc and Ctgf after treatment with TGFβ1 (5 ng/mL) and with PDGF (50 ng/mL). (F) Protein 
expression of PDGFR during culture. Data are expressed as mean +/- SEM (n = 3-5). *p < 0.05, **p < 
0 .01 vs. control.

 

 When investigating the gene expression of pathway related markers C-myc, 
Pai-1 and Ctgf, Vpa down-regulated all these markers significantly; Pir only 
decreased the expression of C-myc and Pai-1 (Figure 3C). Whereas, Tet had no 
effect on any of the pathway related markers. Furthermore, Ly, the TGFβ specific 
inhibitor, significantly decreased Pai-1 and Ctgf gene expression in PCIS. While, 
SB203580 only decreased Pai-1 gene expression significantly (Figure 3D).
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Figure 2. Viability of PCIS determined by ATP content (relative value compare to 0h) following 
treatment with (A) Vpa, Tet, Pir; (B) SB203580, LY2109761; (C) Ima, Sor, Sun. Data are expressed as 
mean +/- SEM (n = 3-5).

  
Next, PCIS were exposed to the putative antifibrotic compounds in the 

presence of TGFβ1. Under these conditions, Vpa did not change the gene expression 
of any of the fibrosis markers studied (Figure 3E). However, Tet showed a clear 
antifibrotic effect, as it significantly reduced the expression of most of the studied 
genes, with the exception of Fn2, compared to PCIS incubated with only TGFβ1 
(Figure 3E). In addition, Pir significantly decreased the gene expression of Col1a1, 
Hsp47 and Fn2 as compared to PCIS incubated with TGFβ1 alone (Figure 3E). 
Moreover, Ly markedly decreased Col1a1 expression (Figure 3F). In contrast, 
SB203580 had no effect on any of the fibrosis related genes (Figure 3F).
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Figure 3. Gene expression of Col1a1, Hsp47, αSma and Fn2 in PCIS following treatment with (A) Vpa, 
Tet, Pir; (B) SB203580, LY2109761; (E) Vpa, Tet, Pir in the presence of TGFβ1 and (F) SB203580, 
LY2109761 in the presence of TGFβ1. Gene expression of Pai-1, C-myc and Ctgf in PCIS following 
treatment with (C) Vpa, Tet, Pir; (D) SB203580, LY2109761; (G) Vpa, Tet, Pir in the presence of 
TGFβ1 and (H) SB203580, LY2109761 in the presence of TGFβ1. Data are expressed as mean +/- SEM 
(n = 3-5). *p < 0.05, **p < 0.01 vs. control.
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 In the presence of TGFβ1, Pai-1 gene expression was down-regulated by 
Vpa, Pir and Ly. Vpa and Ly also significantly decreased C-myc gene expression. 
Gene expression of Ctgf was only down-regulated by Ly (Figure 3G, 3H). Pir and 
Ly were the most effective antifibrotic compounds in both models of the early onset 
of fibrosis. Therefore, we studied the impact of Ly and Pir, on the protein expression 
of Hsp47 and fibronectin. Protein expression of both markers was significantly 
upregulated in PCIS under control conditions when compared to PCIS directly after 
slicing (Figure 4A). However, these proteins were not regulated in the presence of 
TGFβ1 or in the presence of Pir and Ly compared to control (Figure 4B, 4C). In the 
presence of TGFβ1, Ly significantly reduced Hsp47 protein expression (Figure 4D), 
but Pir increased fibronectin protein levels significantly. 
 Taken together, Ly showed a significant reduction of the gene and protein 
expression of the investigated fibrosis markers. Whereas, Pir only showed antifibrotic 
effects on a gene level.

Antifibrotic effect of PDGF related inhibitors

 The impact of the PDGF inhibitors, Ima, Sor and Sun, on the fibrotic response 
was studied in the presence and absence of PDGF-BB.  Viability, as measured by 
the  ATP-content of the slices, showed that all inhibitors were tested at non-toxic 
concentrations (Figure 2C). 
 Ima did not influence gene expression of the fibrosis markers as compared 
to control in the presence and absence of PDGF-BB (Figure 5A, 5B). Sor, by 
itself, decreased Hsp47 expression, and in the presence of PDGF-BB both Hsp47 
and αSma levels were reduced (Figure 5A, 5B). Meanwhile, Sun with and without 
PDGF-BB not only down-regulated the early markers Hsp47 and Fn2 but also the 
gene expression of the main fibrosis marker Col1a1 (Figure 5A, 5B). 
 While Sor only slightly decreased the gene expression of Ctgf in the absence 
of PDGF-BB (Figure 5C). Sun down-regulated Pai-1 and Ctgf gene expression in 
both the absence and presence of PDGF-BB (Figure 5C and 5D).
 Thus, among PDGF inhibitors, only Sun showed potential antifibrotic 
effects, both in the presence and absence of PDGF-BB. 
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Figure 4. Protein expression of fibrosis markers Hsp47 and Fn2 (A) during culture; (B) following 
treatment with (B) Pir and LY2109761; (C) TGFβ1; (D) Pir and LY2109761 in the presence of TGFβ1. 
(E) Representative Western blot. Data are expressed as mean +/- SEM (n = 3-5). *p < 0.05, **p < 0.01 
vs. control.
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Figure 5. Gene expression of Col1a1, Hsp47, αSma and Fn2 in PCIS following treatment with (A) 
Ima, Sor, Sun; (B) Ima, Sor, Sun in the presence of PDGF. Gene expression of Pai-1, C-myc and Ctgf 
in PCIS following treatment with (C) Ima, Sor, Sun; (D) Ima, Sor, Sun in the presence of PDGF. Data 
are expressed as mean +/- SEM (n = 3-5). *p < 0.05, **p < 0.01 vs. control.
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DISCUSSION

 This is the first study that evaluates potential antifibrotic drugs for the 
treatment of IF. As previously reported, we have developed rodent PCIS as an ex 
vivo model for the early onset of IF (Iswandana et al., 2016; Pham et al., 2015). 
Gene expression of fibrosis markers was highly upregulated in PCIS after 48 h 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 
(PCLS) (Westra et al., 2014a).
 Our results demonstrated that during incubation of PCIS, up to 48 h, the 
gene expression of several fibrosis markers was increased. To even further induce 
the onset of fibrosis, PCIS were incubated with TGFβ1 or PDGF-BB. Only TGFβ1 
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 COL1A1 is elevated after TGFβ1 stimulation (Beddy et al., 2006; Mulsow et 
al., 2005). However, a different response to PDGF-BB was observed in PCIS as 
compared to other in vitro models (Westra et al., 2014a). In our hands, incubation 
of PCIS with PDGF-BB did not have an effect on 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, however in PCLS from other species, this 
resulted in a loss of viability. 
 Several TGFβ pathway related inhibitors were evaluated in this study, 
including Vpa, Tet and Pir. As reported previously, in an ex vivo rat PCLS model, 
Vpa reduced the gene expression of multiple fibrosis makers (Westra et al., 2014b). 
In our PCIS model, Vpa did not have an antifibrotic effect. However, it affected the 
expression of pathway related genes. Indicating that Vpa inhibits the TGFβ pathway, 
but did not alter the early onset of fibrosis. Mannaerts et al., showed that VPA reduced 
Col1A1 gene expression in mouse HSC after 64 h of culture (Mannaerts et al., 2010). 
Therefore, an increased incubation period might be needed to fully unveil the effect 
of Vpa on the gene expression of fibrosis markers in PCIS.  Furthermore, Vpa is a 
histone deacetylase inhibitor and the effect on the pathway related genes could also 
be caused by hyper acetylation of histones (Dokmanovic et al., 2007).
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 Tet blocks the TGFβ/Smad pathway by upregulating Smad 7, which inhibits 
Smad2/3 phosphorylation (Burke et al., 2007; Westra et al., 2014a). In our hands, 
Tet had no effect on 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 prior to the 48 h sampling 
time. Therefore, more research is necessary to elucidate the molecular mechanisms 
involved in the antifibrotic effect of Tet. 
 Pir decreases gene expression of Tgfβ,  Collagen I and Hsp47 in both cell 
cultures and animal fibrosis models from different organs (Hisatomi et al., 2012; 
Iyer et al., 1999; Schaefer et al., 2011). Pir was the first antifibrotic compound on 
the market, currently registered for the treatment of idiopathic pulmonary fibrosis 
(Friedman et al., 2013). The antifibrotic properties for Tet and Pir in the intestine 
are in line with the results obtained in fibrosis models in other organs and in PCLS 
(Schaefer et al., 2011; Westra et al., 2014b). Thus, Tet and Pir could be effective for 
the treatment of IF. 
 Recently, others inhibitors, albeit no marketed drugs, surfaced that are 
used to inhibit specific pathways in fibrosis, namely LY2109761 and SB203580. 
LY2109761 is a TGFβ inhibitor that showed promising results in blocking TGFβ 
signaling in cancer and fibrotic diseases (Akhurst and Hata, 2012; Dooley and ten 
Dijke, 2012; Flechsig et al., 2012; Melisi et al., 2008). SB203580 is a p38 MAP 
Kinase inhibitor (Otte et al., 2003), which decreased the gene expression of fibrosis 
markers in precision-cut liver slice (PCLS). In our PCIS model, only LY showed a 
clear antifibrotic effect. This suggests that the TGFβ signaling pathway is instrumental 
during the development of IF, whereas the p38 Map Kinase pathway does not play a 
role. 
 Our results further illustrated that Ly and Pir could dampen the expression 
of multiple fibrosis markers on both gene and protein level. Further supporting the 
notion that hampering the TGFβ pathway is a promising therapeutic target to treat IF. 

We evaluated the antifibrotic activity of the small molecule tyrosine kinase 
inhibitors: Ima, Sor and Sun. All three drugs are used primarily in cancer therapy 
(Krause and Van Etten, 2005). However, there is a difference in potency between 
these compounds. Sun is a type I tyrosine kinase inhibitors, which has a higher 
affinity to PDGF receptor and thus potentially more effect on the PDGF signaling 
route than the type II inhibitors i.e. Ima and Sor (Gotink and Verheul, 2010; Kufareva 
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and Abagyan, 2008). Our results showed that Sun had a clear effect in the early 
onset of IF, compared to Sor and Ima, especially in the presence of PDGF. Sun also 
significantly down-regulated the pathway related gene expression of Pai-1 and Ctgf 
suggesting that Sun has an inhibitory effect upstream of the molecular pathogenesis 
of IF, most likely by blocking the PDGF-α and PDGF-β receptors (Faivre et al., 
2007). 
 Westra et al. used the ex vivo rat PCLS model to test Ima, Sor and Sun 
(Westra et al., 2014b). They demonstrated that Ima was the most effective antifibrotic 
compounds in both the early and late stages of liver fibrosis in rat PCLS (Westra et 
al., 2014a; Westra et al., 2014b), while it was not effective in human PCLS (Westra 
et al., 2016). In addition, our results showed that Ima did not influence IF in murine 
PCIS. Thus, it is clear that Ima elicits organ- and species-specific effects.    
 From the result of this study, it can be concluded that although Ima, Sor 
and Sun all inhibit tyrosine kinase activity, only Sun effectively down-regulated 
fibrogenesis in the PCIS model.  
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CONCLUSIONS

 This study shows that PCIS could be a valuable tool to evaluate the efficacy 
of compounds for the treatment of IF. Of the various compounds that we tested, only 
Tet, Pir, Ly and Sun showed potential antifibrotic efficacy. These candidates should 
be further investigated to completely unveil their therapeutic aptitude. Future studies 
using human PCIS will establish whether these potential antifibrotic compounds are 
also effective in man.
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ABSTRACT

 Background: Rosmarinic acid (RA), a compound found in several plant spe-
cies, has beneficial properties, including anti-inflammatory and antibacterial 

effects. We investigated the toxicity, anti-inflammatory, and antifibrotic effects of RA using 
precision-cut liver slices (PCLS) and precision-cut intestinal slices (PCIS) prepared from 
human, mouse, and rat tissue.

 Methods: PCLS and PCIS were cultured up to 48 h in the absence or presence 
of RA. Gene expression of the inflammatory markers: IL-6, IL-8, CXCL1/

KC, and IL-1β, as well as the fibrosis markers: pro-collagen 1a1, heat shock protein 47, 
α-smooth muscle actin, fibronectin and plasminogen activator inhibitor-1 were evaluated by 
qPCR.

 Results: RA was only toxic in murine PCIS. RA failed to mitigate the inflam-
matory response in most models, while it clearly reduced IL-6 and CXCL1/

KC gene expression in murine PCIS at non-toxic concentrations. With regards to fibrosis, RA 
decreased the gene levels of Fn2 and Pai-1 in murine PCLS, and Fn2 in murine PCIS. Yet, 
no effect was observed on the gene expression of fibrosis markers in human and rat PCIS.

 Conclusions: In conclusion, we observed clear organ- and species-specific ef-
fects of RA. RA had little influence on inflammation. However, our study fur-

ther establishes RA as a potential candidate for the treatment of liver fibrosis.   
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INTRODUCTION

Rosmarinic acid (RA) is an ester of caffeic acid and 3,4-dihydroxyphenyl-
lactic acid (Figure 1). It is commonly found in plants of the Boraginaceae family 
(forget-me-not) and the subfamily Nepetoideae of the mint family Lamiaceae. It is 
also found in some fern and hornwort species (Petersen and Simmonds, 2003). RA 
has a gamut of beneficial biological activities, such as anti-inflammatory (Rocha 
et al., 2015), antioxidant, antiapoptotic, and antifibrotic effects (Domitrović et al., 
2013; Li et al., 2010).

Rocha et al. demonstrated that RA might be useful in the pharmacological 
modulation of injuries associated with inflammation (Rocha et al., 2015). The an-
ti-inflammatory properties of RA are thought to be based on the inhibition of lipoxy-
genase and cyclooxygenases, interference with the complement cascade (Krol et al., 
1996; Mirzoeva and Calder, 1996; Petersen and Simmonds, 2003) and down-regu-
lation of inflammatory cytokines (Sanbongi, 2003)which was characterized by neu-
trophil sequestration and interstitial edema. DEP enhanced the lung expression of 
keratinocyte chemoattractant (KC. Because chronic inflammation is an important 
trigger for fibrogenesis, RA might mitigate fibrosis by dampening the inflammatory 
response during chronic diseases. Liver fibrosis, especially the end stage cirrhosis, is 
a major cause of mortality worldwide (Poynard et al., 2010)identifying independent 
risk factors and to propose screening strategies in the general population. METH-
ODS: We prospectively studied 7,463 consecutive subjects aged 40 years or older. 
Subjects with presumed advanced fibrosis (FibroTest greater than 0.48. Similarly, 
intestinal fibrosis is found in most patients with inflammatory bowel disease (IBD), 
which affects at least 2.2 million Europeans (Loftus, 2004; Poynard et al., 2010). 
Currently, the only available treatment for liver and intestinal fibrosis is surgery, 
therefore there is an urgent need for alternative and effective treatment modalities. 

Previously, Westra et al. showed that RA decreased the expression of the fi-
brosis markers collagen 1α1 (Col1α1), heat shock protein 47 (Hsp47), and α-smooth 
muscle actin (αSma) in both human and rat precision-cut liver slices (Westra et al., 
2014a). In addition, RA also showed therapeutic activity against acute liver toxicity 
in vivo (Li et al., 2010). RA ameliorated hepatic oxidative/nitrosative stress, sup-
pressed inflammation, and inhibited activation of hepatic stellate cells (HSCs) and 
apoptosis in CCl4-injured livers. The hepatoprotective activity of RA was accompa-
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nied by induction of the Nrf2/HO-1 pathway (Domitrović et al., 2013). Moreover, it 
has also been shown that RA inhibits COX-2 activation in colon cancer HT-29 cells 
(Hossan et al., 2014; Scheckel et al., 2008). These results suggest that RA may be a 
promising anti-inflammatory and antifibrotic compound in both liver and intestinal 
fibrosis. Yet, the discovery of effective antifibrotics is hampered by the absence of 
good translational models, variability in the observed efficacy of drug candidates in 
rodent models due to species- and strain-dependent responses and the inability to 
replicate the multicellular pathophysiology of fibrosis in vitro (Mutsaers et al., 2015; 
Torok et al., 2015; Westra et al., 2013). To tackle these issues, the objective of this 
study was to investigate organ- and species-specific biological activity of RA with a 
focus on the putative anti-inflammatory and antifibrotic effects using precision-cut 
liver slices (PCLS) and precision-cut intestinal slices (PCIS) prepared from human, 
murine, and rat tissue.

This ex vivo/in vitro model is ideal to study multicellular processes, e.g. fi-
brosis, because the slices contain all the different cells in their original environment 
allowing for cell-cell and cell-matrix interactions (Baumgart and Carding, 2007).

Figure 1. Rosmarinic acid structure
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MATERIALS AND METHODS

Chemical

 All chemicals were obtained from Sigma (Zwijndrecht, the Netherlands) 
unless stated otherwise. Stock solutions of RA were prepared in milli-Q and stored 
at -20ºC. During experiments, stocks were diluted in culture medium with a final 
solvent concentration of ≤1%.

Animals

 Tissue was obtained from male Wistar rats (Harlan Laboratories B.V., Horst, 
The Netherlands) and C57BL/6 mice (De Centrale Dienst Proefdieren, University 
Medical Center Groningen, Groningen, The Netherlands). Animals were housed un-
der controlled conditions with a twelve-hour light/dark cycle and free access to water 
and food (Harlan chow no.2018, Horst, The Netherlands). Organs were harvested via 
a terminal procedure performed under isoflurane/O2 anesthesia (Nicholas Piramal, 
London, UK). All experiments were approved by the Animal Ethical Committee of 
the University of Groningen.

Preparation of murine precision-cut liver slices

 Murine liver slices (PCLS) were prepared according to the protocol by de 
Graaf et al. (de Graaf et al., 2010). In short, liver cores were obtained using a 5-mm 
biopsy-punch. Subsequently, slices were made using a Krumdieck tissue slicer (Ala-
bama Research and Development, USA), filled with ice-cold Krebs-Henseleit buffer 
(KHB) supplemented with 25 mM D-glucose (Merck, Darmstadt, Germany), 25 mM 
NaHCO3 (Merck), 10 mM HEPES (MP Biomedicals, Aurora, OH), saturated with 
carbogen (95% O2/5% CO2) and adjusted to pH 7.4. PCLS with a wet weight of 
approximately 3 mg, have an estimated thickness of 300-400 μm. To prevent rapid 
loss of viability after slicing, PCLS were directly transferred to ice-cold University 
of Wisconsin organ preservation solution (UW-solution).
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Preparation of intestinal slices

 Healthy human jejunum tissue was obtained from pylorus preserving pan-
creaticoduodenectomies. Use of human tissue was approved by the Medical Ethi-
cal Committee of the University Medical Centre Groningen (UMCG), according to 
Dutch legislation and the Code of Conduct for dealing responsibly with human tis-
sue in the context of health research (www.federa.org), refraining the need of written 
consent for ‘further use’ of coded-anonymous human tissue. The procedures were 
carried out in accordance with the experimental protocols approved by the Medical 
Ethical Committee of the UMCG. 

Rat jejunum (about 25 cm distal from the stomach and 15 cm in length) or 
mouse jejunum (about 15 cm distal from the stomach and 10 cm in length) were 
excised and preserved in ice-cold KHB until use. 

Slicing of precision-cut intestinal slices

 Preparation of intestinal slices (PCIS) was carried out according to the pro-
tocol of de Graaf et al (de Graaf et al., 2010). In short, tissue was cleansed by flushing 
KHB through the lumen and subsequently divided into 2 cm segments. Afterwards, 
intestinal cores were prepared using 3% (w/v) agarose (Sigma-Aldrich, Steinheim, 
Germany) in 0.9% NaCl at 37°C and embedded in an agarose core-embedding unit. 
Next, PCIS were prepared using a Krumdieck tissue slicer. Similar to PCLS, PCIS 
had a wet weight of approximately 3 mg, and an estimated thickness of 300-400 μm. 
Following slicing, PCIS were directly transferred to KHB to prevent loss of viability. 

Incubation of slices

 After slicing, PCLS and PCIS were cultured in 12-well plates or 24-well 
plates (murine PCIS) in Williams’ Medium E + GlutaMAX (Gibco, New York, 
USA) supplemented with 14 mM Glucose (Merck, Darmstadt, Germany) and 50 
µg/ml gentamycin (Gibco). PCIS medium also contained 2.5 µg/ml fungizone 
(amphotericin B; Invitrogen, Paisley, UK). Slices were incubated for 24 h (rat PCIS) 
or 48 h at 37oC in an 80% O2/5% CO2 atmosphere. The culture plates were horizon-
tally shaken at 90 rpm (amplitude 2 cm). For experiments, PCLS and PCIS were 
incubated with RA (100 µM - 500 µM) for 24 - 48h. 



103

C
hap

ter 5 | O
R

G
A

N
- A

N
D

 S
P

E
C

IE
S

-S
P

E
C

IFIC
 B

IO
LO

G
IC

A
L A

C
TIV

ITY
 O

F R
O

S
M

A
R

IN
IC

 A
C

ID

Viability 

 Viability of the slices was assessed by measuring the adenosine triphosphate 
(ATP) content using the ATP bioluminescence kit (Roche diagnostics, Mannheim, 
Germany), as previously described (de Graaf et al., 2010). Determined ATP values 
(pmol) were normalized to the total amount of protein (µg) estimated by the Lowry 
method (BIO-rad RC DC Protein Assay, Bio Rad, Veenendaal, The Netherlands). 
Values displayed are relative values compared to the related controls.

Gene expression 

 After incubation, PCLS and PCIS were snap-frozen in liquid nitrogen, and 
stored at -80oC until use. Total RNA of three to six pooled snap-frozen slices was 
isolated using the Qiagen RNAeasy mini kit (Qiagen, Venlo, The Netherlands), and 
the amount of isolated RNA was measured with the BioTek Synergy HT (BioTek 
Instruments, Vermont, USA). Afterwards, RNA (1 μg) was reverse transcribed us-
ing the reverse transcriptase kit (Promega, Leiden, The Netherlands). The RT-PCR 
reaction was performed in the Eppendorf mastercycler using the following gradient: 
25ºC for 10 min, 45ºC for 60 min and 95ºC for 5 min.

Subsequently, gene expression was studied via qPCR using the SYBR green 
method or TaqMan gene expression assays (Applied Biosystems, Bleiswijk, The 
Netherlands). Samples were analyzed using a 7900 HT Fast Real-Time RT-PCR 
(Applied Biosystems) with 45 cycles of 10 min 95°C, 15 s at 95°C, and 25 s at 60°C 
following by a dissociation stage (SYBR green) or with 40 cycles of 10 min at 95°C, 
15 s at 95°C and 1 min at 60°C (TaqMan). GAPDH was used as reference gene, and 
relative expression was calculated as fold change (2-ΔΔCt). Used primers and probes 
are listed in Table 1.

Statistics

 Statistics were performed using GraphPad Prism 6.0 via one-way analysis of 
variance (ANOVA) followed by Dunnett’s multiple comparisons test or an unpaired, 
two-tailed Student’s t-test as appropriate. A minimum of four different intestines/
liver was used for each experiment, using 3–6 slices from each intestine/liver per 
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condition. The results are expressed as mean ± standard error of the mean (SEM). 
Statistical differences in ATP levels were determined using the values relative to 
the control values. Regarding the qPCR results, statistics were performed using the 
ΔΔCt values, while the data is presented as fold change (2-ΔΔCt). Differences between 
groups were considered to be statistically significant when p < 0.05.

  Table 1. Fibrotic and inflammatory primers and probes gene expression

Species Primer Forward sequence Reverse sequence Probe sequence

Human

GAPDH ACCAGGGCTGCTTTTAACTCT GGTGCCATGGAATTTGCC TGCCATCAATGACCCCTTCA

COL1A1 CAATCACCTGCGTACAGAACGCC CGGCAGGGCTCGGGTTTC CAGGTACCATGACCGAGACGTG

HSP47 GCCCACCGTGGTGCCGCA GCCAGGGCCGCCTCCAGGAG CTCCCTCCTGCTTCTCAGCG

αSMA AGGGGGTGATGGTGGGAA ATGATGCCATGTTCTATCGG GGGTGACGAAGCACAGAGCA

FN2 AGGCTTGAACCAACCTACGGATGA GCCTAAGCACTGGCACAACAGTTT ATGCCGTTGGAGATGAGTGGGAA

PAI-1 CACGAGTCTTTCAGACCAAG AGGCAAATGTCTTCTCTTCC -

IL-6 Hs00985639_m1

IL-8 Hs00174103_m1

IL-1β Hs01555410_m1

Mouse

Gapdh ACAGTCCATGCCATCACTGC GATCCACGACGGACACATTG -

Col1α1 TGACTGGAAGAGCGGAGAGT ATCCATCGGTCATGCTCTCT -

Hsp47 AGGTCACCAAGGATGTGGAG CAGCTTCTCCTTCTCGTCGT -

αSma ACTACTGCCGAGCGTGAGAT CCAATGAAAGATGGCTGGAA -

Fn2 CGGAGAGAGTGCCCCTACTA CGATATTGGTGAATCGCAGA -

Pai-1 GCCAGATTTATCATCAATGACTGGG GGAGAGGTGCACATCTTTCTCAAAG -

IL-6 Mm00446190_m1

CXCl1/KC Mm04207460_m1

IL-1β Mm00434228_m1

Rat

Gapdh GAACATCATCCCTGCATCCA CCAGTGAGCTTCCCGTTCA CTTGCCCACAGCCTTGGCAGC

Col1α1 CCCACCGGCCCTACTG GACCAGCTTCACCCTTAGCA CCTCCTGGCTTCCCTG

Hsp47 AGACGAGTTGTAGAGTCCAAGAGT ACCCATGTGTCTCAGGAACCT CTTCCCGCCATGCCAC

αSma AGCTCTGGTGTGTGACAATGG GGAGCATCATCACCAGCAAAG CCGCCTTACAGAGCC

Fn2 TCTTCTGATGTCACCGCCAACTCA TGATAGAATTCCTTGAGGGCGGCA -

Pai-1 AACCCAGGCCGACTTCA CATGCGGGCTGAGACTAGAAT -

IL-6 CCGGAGAGGAGACTTCACAG ACAGTGCATCATCGCTGTTC -

IL-8 GGCAGGGATTCACTTCAAGA GCCATCGGTGCAATCTATCT -

IL-1β AGGCAGTGTCACTCATTGTG GGAGAGCTTTCAGCTCACAT -
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RESULTS

Antifibrotic effect of RA in murine PCLS 

 Our lab previously demonstrated that RA mitigated fibrogenesis in human 
and rat PCLS. To elucidate potential species differences, we investigated whether 
the same effect could be observed in murine PCLS (n = 4). First we characterized 
the viability, by ATP content, and both the inflammatory and fibrotic response in the 
slices during culture. As shown in Figure 2A (n = 4), ATP content of murine PCLS 
significantly increased after 24 h of culture, as compared to the 0 h control. Further-
more, ATP levels remained elevated, indicating that the slices were viable for 48 h.  
In addition, we observed an increase in inflammatory markers. Gene expression of 
IL-6 was significantly up-regulated 77 fold after 24 h and IL-6 levels were further 
elevated at 48 h (165 fold; Figure 3A, n = 4). Concurrently, qPCR revealed a marked 
increase in multiple fibrosis markers after 48 h. Gene expression of Col1α1, Hsp47, 
Fn2, and Pai-1 were significantly elevated 15, 7, 43, and 216 fold, respectively. 
These results indicate the presence of both an inflammatory and fibrotic response in 
murine PCLS during culture. Figure 3B (n = 4) demonstrates that RA (100-300 µM) 
does not exert toxicity in PCLS, yet we observed a concentration-dependent induc-
tion of IL-1β after 24 h (Figure 3C, n = 4). Conversely, RA effectively mitigated fi-
brogenesis in PCLS as shown by a clear reduction in the expression of both Fn2 and 
Pai-1 at all the tested concentrations (Figure 3D, n = 4). Thus, despite the observed 
induction of IL-1β, RA shows great potential as antifibrotic compound in murine 
PCLS, in concordance with our previous findings in human and rat PCLS (Westra et 
al., 2014b; Westra et al., 2016).   

Antifibrotic effect of RA in human, murine, and rat PCIS

 Next, we investigated whether RA had a similar positive effects in intestinal 
slices prepared from tissue obtained from man, mouse, and rat.
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Figure 2. The effect of incubation and rosmarinic acid on murine PCLS (n = 4) and PCIS 48 h (n = 4): 
(A) PCLS viability (relative value; incubation); (B) PCLS viability (relative value; rosmarinic acid); 
(C) PCIS viability (relative value; incubation); (D) PCIS viability (relative value; rosmarinic acid). 
Data are expressed as mean +/− SEM. Student’s t-test; *p < 0.05, **p < 0.01, ***p < 0.001 vs. control. 

Human PCIS

 Figure 4A demonstrates that the viability of human PCIS (n = 9) remained 
constant during culture. In addition, we observed a significant up-regulation of IL-6, 
IL-8, and IL-1β gene expression (Figure 5A, n = 5) as well as elevated PAI-1 levels 
during culture (Figure 5B, n = 5). The latter is in line with the observed onset of fi-
brosis in human PCIS reported previously (Pham et al., 2015). These results indicate 
the presence of both an inflammatory and fibrotic response in human PCIS during 
culture. As shown in Figure 4B, RA (100-300 µM) had no impact on the viability 
of human PCIS (n = 9) as illustrated by stable ATP levels. In contrast to liver slices, 
RA had no significant influence on the expression of the investigated inflammatory 
and fibrotic markers in human PCIS. Out of interest, PAI-1 level was elevated during 
culture with RA (Figure 5C and 5D, n = 5).
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Figure 3. The effect of incubation and rosmarinic acid on murine PCLS 48 h (n = 4): (A) Inflammatory 
markers IL-6, CXCL1/KC, and IL-1β expressions (incubation); (B) Fibrosis markers Col1α1, Hsp47, 
αSma, Fn2, and Pai-1 expressions (incubation); (C) Inflammatory markers IL-6, CXCL1/KC, and IL-1β 
expressions (rosmarinic acid); (D) Fibrosis markers Col1α1, Hsp47, αSma, Fn2, and Pai-1 expressions 
(rosmarinic acid). Data are expressed as mean +/− SEM. ANOVA; *p < 0.05, **p < 0.01; ***p < 0.001 
vs. control. 

Murine PCIS

 Similar to human PCIS, murine PCIS (n = 4) remain viable during culture 
for 48 h (Figure 2C). In addition, gene expression of IL-6 and CXCL1/KC, the mu-
rine IL-8 homologue, was up-regulated 2483 and 1721 fold respectively after 48 h 
incubation (Figure 6A, n = 4). Moreover, Pai-1 levels increased more than 40 fold 
during culture (Figure 6B, n = 4). Of interest, when murine PCIS were treated with 
RA, there was a slight reduction of viability after 24 h, yet viability remained at an 
adequate level to study the effects of RA. However, there was a significant reduction 
in viability after exposure to 200-300 µM RA for 48 h (Figure 2D, n = 4). Figure 6C 
(n = 4) shows that there was a significant reduction in IL-6 expression when PCIS 
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were treated with 300 µM RA for 24 h. Furthermore, the expression of IL-6 and 
CXCL1/KC also showed a significant reduction following exposure to 100 µM of RA 
for 48 h. In addition, we observed a concentration-dependent reduction of the studied 
fibrosis markers with significant effect on Fn2 expression during 24 h, while RA had 
no effect after 48 h (Figure 6D, n = 4).

Figure 4. The effect of incubation and rosmarinic acid on human PCIS 48 h (n = 9) and rat PCIS 24 h (n 
= 6): (A) Human PCIS viability (relative value; incubation); (B) Human PCIS viability (relative value; 
rosmarinic acid); (C) Rat PCIS viability (relative value; incubation); (D) Rat PCIS viability (relative 
value; rosmarinic acid). Data are expressed as mean +/− SEM. Student’s t-test. 
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Figure 5. The effect of incubation and rosmarinic acid on human PCIS (n = 5): (A) Inflammatory mark-
ers IL-6, IL-8 and IL-1β expressions (incubation); (B) Fibrosis marker PAI-1 expressions (incubation); 
(C) Inflammatory markers IL-6, IL-8 and IL-1β expressions (rosmarinic acid); (D) Fibrosis markers 
COL1α1, HSP47, αSMA, FN2, and PAI-1 expressions (rosmarinic acid). Data are expressed as mean 
+/− SEM. ANOVA; *p < 0.05, ****p < 0.0001 vs. control. 

Rat PCIS

 Rat PCIS can only be cultured for 24 h (Figure 4C, n = 4), still during this 
time, gene levels of IL-6, IL-8 and Pai-1 were significantly up-regulated (Figure 
7A,B, n = 4). Furthermore, in contrast to the results obtained with murine PCIS, RA 
did not affect the viability of rat PCIS, nor did it affect the inflammatory and fibrotic 
response (Figure 4D, 7C, D, n = 4). Taken together, it is clear that RA elicits spe-
cies-specific effects in the intestine.  
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Figure 6. The effect of incubation and rosmarinic acid on murine PCIS (n = 4): (A) Inflammatory mark-
ers IL-6, CXCL1/KC, and IL-1β expressions (incubation); (B) Fibrosis markers Pai-1 expressions (ros-
marinic acid); (C) Inflammatory markers IL-6, CXCL1/KC, and IL-1β expressions (rosmarinic acid); 
(D) Fibrosis markers Col1α1, Hsp47, αSma, Fn2, and Pai-1 expressions (rosmarinic acid). Data are 
expressed as mean +/− SEM. ANOVA; *p < 0.05, **p < 0.01, ****p < 0.0001 vs. control. 



111

C
hap

ter 5 | O
R

G
A

N
- A

N
D

 S
P

E
C

IE
S

-S
P

E
C

IFIC
 B

IO
LO

G
IC

A
L A

C
TIV

ITY
 O

F R
O

S
M

A
R

IN
IC

 A
C

ID

Figure 7. The effect of incubation and rosmarinic acid on rat PCIS (n = 4): (A) Inflammatory markers 
IL-6, IL-8, and IL-1β expressions (incubation); (B) Fibrosis markers Pai-1 expression (incubation); (D) 
Viability (relative value) (rosmarinic acid); (E) Inflammatory markers IL-6, IL-8, and IL-1β expressions 
(rosmarinic acid); (F) Fibrosis markers Col1α1, Hsp47, αSma, Fn2, and Pai-1 expressions (incubation). 
Data are expressed as mean +/− SEM. ANOVA; *p < 0.05, ***p < 0.001 vs. control. 
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DISCUSSION

 RA is an ester of caffeic acid found in a variety of plants, including the 
forget-me-not family. A multitude of beneficial properties have been contributed to 
RA, such as anti-inflammatory and antibacterial effects. Moreover, there is evidence 
indicating that RA might mitigate fibrosis (Domitrović et al., 2013; Hossan et al., 
2014; Li et al., 2010; Scheckel et al., 2008; Westra, 2014; Westra et al., 2014a), a 
detrimental pathophysiological process associated with various chronic diseases. In 
this study, we further evaluated to biological effects of RA.

Organ toxicity of RA

Our results demonstrated that RA concentration-dependent decreased the vi-
ability of murine PCIS, whereas both rat and human PCIS were unaffected. This dis-
crepancy might be caused by species differences in the metabolism of RA. Several 
studies have previously shown that there were variances in absorption, metabolism, 
degradation and urinary excretion of RA between rats and humans, with rats excret-
ing more of the glucuronide conjugate and humans the sulfate conjugate (Baba et 
al., 2004; Baba et al., 2005; Nakazawa and Ohsawa, 1998; Nakazawa and Ohsawa, 
1999). Yet, RA metabolism in mice requires further investigation. Of note, several 
studies have shown that RA induces cell death in a variety of human colorectal car-
cinoma cell lines (Cheng et al., 2011; Xavier et al., 2009) as well as cells derived 
from mouse adenomas (Karmokar et al., 2012). These findings suggest that, under 
certain circumstances, RA might indeed be toxic for intestinal cells. Conversely, our 
results, and previous work from our group, showed that RA is not toxic for liver slic-
es prepared from murine, rat and human tissue (Westra, 2014; Westra et al., 2014a). 
Furthermore, a multitude of studies demonstrated that RA protects neural cell against 
apoptosis (Lee et al., 2008). Thus, RA appears to be generally non-toxic. 

Anti-inflammatory effect of RA

To our knowledge this is the first study that addresses the effect of RA on the 
inflammation in human, rat and murine intestine. Our results with intestinal murine 
PCIS showed that RA only has anti-inflammatory effects in the murine intestine. As 
illustrated, RA potently reduced IL-6 and CXCL1/KC expression. Previously, Wang 
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et al., showed that IL-6 is a potent proinflammatory cytokine which plays an im-
portant role in the pathogenesis of inflammatory bowel disease (IBD) (Wang et al., 
2003). Our PCIS studies indicate that RA will not be a potential treatment of IBD. 

Antifibrotic effect of RA 

Our results demonstrated that RA can hamper fibrogenesis in murine PCLS, 
similar to previous observations from our lab using human and rat PCLS (Westra, 
2014; Westra et al., 2014a). In contrast, RA did not affect the fibrotic response in 
PCIS of these species. A possible explanation for the observed discrepancy could 
be the mechanisms underlying fibrogenesis in both organs. In the liver, fibrosis is 
mainly caused by activated resident cells, whereas infiltrating immune cells are key 
players in the fibrotic response in the intestine (Friedman, 2008; Rieder et al., 2007). 
Activated hepatic stellate cells (HSCs) have numerous interactions with the immune 
system by means of antigen presentation, secretion of chemokines and via expres-
sion of adhesion molecules (Friedman, 2008), and they produce the majority of the 
ECM components associated with liver fibrosis (Wynn and Barron, 2010). On the 
other hand, intestinal fibrosis is mainly caused by damaging processes that elicit in-
filtration of immune cells, which will ultimately result in destruction of the mucosal 
and submucosal layers via oxidant activity (Rieder et al., 2007). Thus, RA might 
directly affect profibrotic resident cells (i.e. HSCs) in PCLS, thereby reducing the 
fibrotic response, whereas RA fails to target the effector cells in PCIS. Further re-
search is needed to elucidate whether RA can mitigate intestinal fibrosis in a co-cul-
ture model using PCIS and activated macrophages. 
 
 Taken together, our results clearly demonstrate that RA has potential as a 
therapeutic agent for the treatment of liver fibrosis. In addition, RA appears to elicit 
anti-inflammatory and antifibrotic effects in murine PCIS. Conversely, these benefi-
cial effects were not observed in human and rat PCIS. Thus, the advantageous effects 
of RA are clearly organ- and species-specific.
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ABSTRACT 

 Background: Renal fibrosis is a serious clinical problem forming the utmost 
cause of need for renal replacement therapy. No adequate preventive or 

curative therapy is available that can be clinically used to specifically target renal fibrosis. 
The search for new efficacious treatment strategies is therefore warranted. Although in vitro 
models using homogeneous cell populations have contributed to the understanding of the 
pathogenetic mechanisms involved in renal fibrosis, these models poorly mimic the complex 
in vivo milieu. Therefore, here we evaluated a precision-cut kidney slice (PCKS) model as a 
new, multicellular ex vivo model to study development of fibrosis and the prevention thereof 
using antifibrotic compounds. 

 Methods: Precision-cut slices (200-300 μm thickness) were prepared from 
healthy C57BL/6 mouse kidneys using a Krumdieck tissue slicer. To induce 

changes mimicking the fibrotic process, slices were incubated with TGFβ1 (5 ng/ml) for 48 
h in the presence or absence of the antifibrotic cytokine IFNγ (1 µg/ml) or an IFNγ conjugate 
which is targeted to the PDGFRβ (PPB-PEG-IFNγ). Following culture, tissue viability (ATP-
content) and expression of α-SMA, fibronectin, collagen I, and collagen III were determined 
using real-time PCR and immunohistochemistry. 

 Results: Slices remained viable up to 72 h of incubation and no significant 
effects of TGFβ1 and IFNγ on viability were observed. TGFβ1 markedly 

increased α-SMA, fibronectin, and collagen I mRNA and protein expression levels. IFNγ and 
PPB-PEG-IFNγ significantly reduced TGFβ1-induced fibronectin, collagen I and collagen III 
mRNA expression which was confirmed by immunohistochemistry.

 Conclusions: The PKCS model is a novel tool to test the pathophysiology of 
fibrosis and to screen the efficacy of antifibrotic drugs ex vivo in a multicellular 

and pro-fibrotic milieu. Major advantage of the slice model is that it can be used not only for 
animal but also for (fibrotic) human kidney tissue. 
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INTRODUCTION

 Renal fibrosis is a major contributor to the development of chronic kidney 
disease (CKD) and is characterized by accumulation of myofibroblasts and excessive 
extracellular matrix deposition (Eddy, 2011; Friedman et al., 2003). CKD culminates 
in End-Stage Renal Disease (ESRD) eventually, resulting in significant morbidity 
and mortality for which the only available therapy is dialysis or renal transplantation 
(Levey et al., 2007). The pathophysiology of renal fibrosis is not fully understood 
and hitherto no adequate preventive or curative therapy is clinically available (Boor 
et al., 2010). Research focusing on unraveling the pathophysiology of renal fibrosis is 
therefore warranted. Traditionally, renal research is performed in in vitro cell culture 
systems or small rodent models as well as on human renal biopsies or explants 
(Westra et al., 2013). Despite the fact that in vitro experiments using homogeneous 
single cell preparations allow functional analyses of a specific cell type, the major 
disadvantage obviously is lack of cell heterogeneity and cellular microarchitecture; 
phenomena that are undoubtedly involved in determining and driving the fibrotic 
process (Vickers et al., 2005; Westra et al., 2013). Because of ethical constraints, the 
use of animal models is increasingly discouraged. Furthermore, use of human tissue 
biopsies is by definition descriptive in nature and prohibits functional studies. 
 The availability of an ex vivo model system that does allow functional analyses 
on the development of renal fibrosis is therefore highly desired. Recently, precision 
cut tissue slices (PCTS) have been increasingly used to study the development of 
liver fibrosis (Hadi et al., 2013; Westra et al., 2014a; Westra et al., 2014b). In this 
model cell-cell and cell-extracellular matrix interactions are preserved. As yet, it 
is unknown whether precision-cut kidney slices (PCKS) can be used to study the 
development of renal fibrosis and to screen the efficacy of antifibrotic compounds, 
e.g. IFNγ. IFNγ is a pleiotropic cytokine produced by various activated immune cells 
including NK cells and T cells (Farrar and Schreiber, 1993). In addition to its pro-
inflammatory effects, IFNγ has prominent antifibrotic effects. IFNγ is able to inhibit 
fibroblast activation and proliferation, and also reduces extracellular matrix synthesis 
(Lee et al., 2013; Oldroyd et al., 1999; Strutz et al., 2000; Weng et al., 2005; Yao 
et al., 2011). These properties make IFNγ a potential molecule for therapeutic use 
to target fibrosis. However, the short half-life and undesirable systemic side effects 
clearly limit clinical utility of IFNγ as an antifibrotic drug (Cleland et al., 1996; Gu 
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et al., 2005; King et al., 2009). To overcome these problems, we employed a drug-
targeting strategy in which IFNγ was targeted specifically to activated myofibroblasts 
in animal models of liver and kidney fibrosis using the PDGFRβ as docking receptor 
for the PPB-PEG-IFNγ conjugate (PPB: PDGFRβ-recognizing receptor) (Bansal et 
al., 2011a; Bansal et al., 2011b; Bansal et al., 2011c; Bansal et al., 2012; Poosti et al., 
2014).
 The aim of the present study was to validate the precision-cut kidney slice 
(PCKS) model for the development of TGFβ1-induced renal fibrosis and to evaluate 
the potential antifibrotic effects of IFNγ and PPB-PEG-IFNγ in this ex vivo model.
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RESULTS

Viability of mouse kidney slices (mPCKS) during incubation

 In order to determine viability of mPCKS, ATP levels per mg of protein 
were assessed directly after preparation of slices, and after 1, 6, 12, 24, 48, and 72 h 
of incubation (Figure 1A). Kidney slices remained viable up to 72 h of incubation; 
however, a minor, non-significant decrease in ATP levels was observed after 24 h of 
incubation. Up to 72 h slices retained constant ATP levels. Since the morphology of 
kidney slices started to deteriorate after 72 h of incubation (based on PAS staining, 
data not shown), the experiments with TGFβ1 and antifibrotic compounds were 
conducted with a maximal culture time of 48 h. In a separate experiment, we first 
examined the viability of slices after 48 h of incubation with or without TGFβ1 in 
the presence of free IFNγ, PPB-PEG-IFNγ or PPB-HSA. As shown in Figure 1B, 
TGFβ1 did not significantly alter ATP content. Furthermore, free IFNγ, PPB-PEG-
IFNγ, or PPB-HSA did not affect ATP levels independent of presence or absence of 
TGFβ1.  

Uptake of FITC-lysozyme by mPCKS 

 We next analyzed whether exogenously added proteins can reach the center 
of mPCKS during incubation. As model protein we used FITC-conjugated lysozyme. 
As shown in Figure 1C, after 1 h of incubation, FITC-conjugated lysozyme was 
only present at the outer surface area of mPCKS. However, after 3 h of incubation 
fluorescence was detected throughout the thickness of the slices with high staining 
intensity (depicted in green) also observed within the center of the slice.

Biological activity of IFNγ and PPB-PEG-IFNγ ex vivo 

 To determine the biological activity of free IFNγ and PPB-PEG-IFNγ, we 
assessed major histocompatibility class II (MHC II) expression which is known to 
be upregulated by IFNγ (Bansal et al., 2011a). Expression of MHC II in response 
to IFNγ was analyzed in TGFβ- and non-TGFβ-incubated slices. qRT-PCR results 
showed that incubation of kidney slices in the presence of both free IFNγ and PPB-
PEG-IFNγ caused a significant upregulation of MHC II expression compared with 
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medium, effects that were not influenced by TGFβ1 (Figure 2A). However, PPB-
HSA (the PDGFRβ-specific drug delivery carrier without IFNγ) did not induce 
MHC II expression. These data indicate that IFNγ and PPB-PEG-IFNγ retained their 
biological activity in kidney slices.

Figure 1.  Effect of incubation time and conditions on mPCKS viability, and uptake of FITC-lysozyme 
by mPCKS. (A) Non-cultured normal kidney slices (n = 3) directly after the slicing procedure (0) and 
after different incubation intervals. (B) Effect of 48 h of incubation with TGFβ1 on ATP content of 
mPCKS in the presence of IFNγ, PPB-PEG-IFNγ and PPB-HSA with or without TGFβ1. (C) mPCKS 
were incubated with FITC-lysozyme (model protein) for 1 h (left panel) and 3 h (right panel) to 
determine penetration of exogenously added protein in mPCKS (magnification: 100×, inset: 400×).

PDGFRβ expression in mPCKS

 We recently showed increased interstitial PDGFRβ expression in both 
human and mouse fibrotic renal tissue which co-localized with α-SMA positive 
interstitial myofibroblasts (Poosti et al., 2015). High expression of PDGFRβ on 
interstitial myofibroblasts indicates that this receptor is an appropriate target for 
fibroblast-specific delivery. Therefore, we next analyzed whether cultured mPCKS 
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in the presence of TGFβ1 are also characterized by PDGFRβ expression. As shown 
in Figure 2B, mPCKS cultured with medium but without TGFβ1 clearly expressed 
PDGFRβ which was not increased by TGFβ1. A clear, but non-significant reduction 
in PDGFRβ expression was observed after incubation in the presence of free IFNγ 
and PPB-PEG-IFNγ (Figure 2B).    

Induction of α-SMA and ECM expression in mPCKS by TGFβ1

 To study development of (pre)fibrosis in mPCKS in the presence of TGFβ1, 
mRNA expression of fibrosis markers was determined after 48 h of incubation with 
TGFβ1 (5 ng/ml). As shown in Figure 3, we observed significant upregulation of 
α-SMA (A), fibronectin (B), and collagen I (C) mRNA expression upon incubation 
with TGFβ1 compared to non-TGFβ1 incubated control (medium) slices. TGFβ1 
also increased expression of collagen III, however without reaching the level of 
statistical significance (p = 0.08). We next tested by immunohistochemistry whether 
increased mRNA expression of fibrosis markers also translated into altered protein 
expression levels. As shown in Figure 4A (two upper rows), incubation with TGFβ1 
indeed markedly increased α-SMA, fibronectin and collagen III expression.

Effect of free IFNγ and PPB-PEG-IFNγ on the expression of fibrosis markers

 To investigate whether free IFNγ and PPB-PEG-IFNγ treatment ameliorates 
fibrosis, qRT-PCR analysis was performed on fibrotic and healthy control slices. 
As already shown in Figure 3, TGFβ1 induced α-SMA, fibronectin, collagen I, 
and collagen III mRNA expression. Figure 5A depicts a schematic representation 
of the targeting strategy in which IFNγ is targeted towards PDGFRβ-expressing 
myofibroblasts using the PPB-PEG-IFNγ conjugate. In cultured slices incubated with 
TGFβ plus either IFNγ or PPB-PEG-IFNγ, mRNA expression levels for fibronectin, 
collagen I, and collagen III were significantly reduced compared to slices incubated 
with TGFβ alone (Figure 5C-E). IFNγ and PPB-PEG-IFNγ also showed somewhat 
reduced α-SMA expression (Figure 5B), however without reaching the level of 
statistical significance. To determine whether IFNγ, PPB-PEG-IFNγ, and PPB-HSA 
have protective effects in spontaneous induction of fibrosis, kidney slices were also 
incubated with the aforementioned compounds in the absence of TGFβ1. In this 
condition, we did not observe significant reduction of fibrosis maker expression in 
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the presence of free IFNγ or PPB-PEG-IFNγ, although clear trends were observed 
for collagen I (Figure 5D) and collagen III (Figure 5E).

Figure 2.  MHC II and PDGFRβ expression in mPCKS. (A) mRNA expression of MHC II in pre-
fibrotic (+TGFβ1) and non-fibrotic (−TGFβ1) kidney slices treated with IFNγ, PPB-PEG-IFNγ or 
PPB-HSA. (B) mRNA expression of PDGFRβ in pre-fibrotic (+TGFβ1) and non-fibrotic (−TGFβ1) 
kidney slices treated with IFNγ, PPB-PEG-IFNγ or PPB-HSA. *p < 0.05 versus medium.
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Figure 3. TGFβ1 (5 ng/ml) induces expression of fibrotic markers in mPCKS. mRNA expression of 
(A) α-SMA, (B) fibronectin, (C) collagen I and (D) collagen III in mouse kidney slices after 48 h of 
incubation. *p < 0.05, ***p < 0.001 versus medium.

To determine whether mRNA expression profiles also translated into 
differential protein expression levels, immunohistochemistry for α-SMA, fibronectin 
and collagen III was performed. Staining for collagen I was technically not feasible. 
Representative photomicrographs of α-SMA, fibronectin and collagen III staining 
are shown in Figure 4A. Microscopic analysis revealed no clear differences in 
α-SMA expression (similar to mRNA expression, Figure 3B). Quantitative analysis 
for fibronectin (Figure 4B) showed significantly (p < 0.01) increased expression 
levels in slices cultured in the presence of TGFβ1 (compared with medium) which 
was reduced by IFNγ (p < 0.05) and PPB-PEG-IFNγ (p = 0.05). Similar results were 
observed for the expression of collagen III (Figure 4C). PPB-HSA did not show any 
significant inhibitory effect on neither mRNA nor protein levels.
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Figure 4. Protein expression of α-SMA, fibronectin and collagen III in mPCKS cultured without 
TGFβ (medium), or with TGFβ in the presence of free IFNγ, PPB-PEG-IFNγ or PPB-HSA. (A) 
Photomicrographs of immunohistochemistry for α-SMA, fibronectin and collagen III on mPCKS after 
48 h of culture (magnification: 200×). Quantitative analysis of fibronectin (B) and collagen III (C) 
expression in mPCKS cultured under various conditions. *p < 0.05, **p < 0.01; Student’s t-test.
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Figure 5. Effect of IFNγ and PPB-PEG-IFNγ on the expression of fibrotic markers in mPCKS. (A) 
Schematic of targeted delivery of IFNγ to PDGFRβ-expressing myofibroblasts in mPCKS. Relative 
gene expression of (B) α-SMA, (C) collagen I, (D) fibronectin and (E) collagen III. *p < 0.05 versus 
medium; §p < 0.05 versus PPB-HSA.
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DISCUSSION

 The present study reveals the applicability of precision-cut kidney slices 
(PCKS) as: 1) an ex vivo model to study renal fibrogenesis, and 2) to test antifibrotic 
effects of IFNγ and targeted IFNγ aiming at reducing renal fibrosis. Specifically, the 
results demonstrate that incubation of mPCKS with TGFβ1 resulted in upregulation 
of fibronectin, collagen I and α-SMA expression which indicates that mPCKS 
represent an ideal model to study the onset of early fibrosis. Preserved expression 
of α-SMA suggests that fibroblasts remained active during culture, still intervention 
with free IFNγ and PPB-PEG-IFNγ clearly dampened TGFβ1-induced expression 
of fibronectin, collagen I and collagen III, thereby demonstrating the antifibrotic 
potential of both free and targeted IFNγ.
 Renal fibrosis results from excessive extracellular matrix accumulation and 
fibroblast proliferation (Duffield, 2014; LeBleu et al., 2013; Strutz and Zeisberg, 
2006). In order to develop an efficacious antifibrotic therapy, detailed knowledge of 
the underlying pathophysiology is necessary. It is already recognized for long time 
that in vitro studies can provide useful information on the mechanisms of disease 
(Westra et al., 2013; Westra et al., 2014a). PCTS, a three-dimensional multicellular 
environment, is a powerful model in order to provide insight into mechanisms of 
organ injury (Basile et al., 2012; Flamant et al., 2006; Nagae et al., 2008; Tharaux 
et al., 2000; van Swelm et al., 2014). Tissue slices have the biologically relevant 
structural features of in vivo tissues (de Kanter et al., 2002). PCTS have been widely 
used as ex vivo model to study development of liver and intestinal fibrosis (de Kanter 
et al., 2005). Ex vivo liver and intestinal slices maintain cell heterogeneity and tissue 
architecture, providing an appropriate tool to study multicellular processes such as 
fibrosis (de Kanter et al., 2005; van de Kerkhof et al., 2005; Westra et al., 2014b; de 
Graaf et al., 2010).
 In this study mouse kidney slices remained viable during the incubation 
period of 72 h, as determined by ATP content, a parameter generally used as 
indicator of viability. In addition, the increased expression of fibrosis markers in 
response to TGFβ1 also indicated that the relevant cells involved in fibrogenesis 
(i.e., fibroblasts) remained viable. It is generally accepted that stimulation with 
TGFβ1 induces differentiation of local fibroblasts into myofibroblasts which start to 
produce and secrete extracellular matrix. In line with this, we recently demonstrated 
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that the same concentration of TGFβ1 (5 ng/ml) as used in current study induces 
collagen and α-SMA expression in NIH3T3 fibroblasts indicating TGFβ1-induced 
fibroblast to myofibroblast differentiation (Poosti et al., 2015). Although other 
renal cell types (including tubular epithelial cells, endothelial cells, podocytes, 
mesangial cells and pericytes) may also respond to TGFβ1 (Meng et al., 2015), 
our immunohistochemistry data support tubulointerstitial (myo)fibroblasts as main 
responders to TGFβ1 in mPCKS. Activation and/or proliferation of fibrogenic cells, 
which was accompanied by increased production of extracellular matrix, indicates 
that kidney slices could be a useful tool to study the effects of antifibrotic compounds 
in a multicellular environment. 
 IFNγ could be a useful therapeutic target to attenuate the development of 
renal fibrosis. Despite its potential effectiveness, application of IFNγ in clinical trials 
resulted in negative data (Cleland et al., 1996; Gu et al., 2005; King et al., 2009). 
The main reasons for the lack of clinical effects is the poor pharmacokinetic profile 
of IFNγ and the severe side effects due to ubiquitous expression of IFNγ receptors. 
Therefore, targeted delivery of IFNγ to key cells is thought to be a prerequisite to 
enhance its therapeutic efficacy and at the same time reduce systemic side effects. 
Recently, we studied antifibrotic effects of IFNγ and PEGylated IFNγ (PPB-PEG-
IFNγ) targeted to PDGFRβ-expressing myofibroblasts in an animal model of renal 
fibrosis (Poosti et al., 2014). Our strategy was to conjugate the cyclic PDGFRβ-
binding peptide (PPB) to mouse IFNγ via a PEG linker (PPB-PEG-IFNγ) to achieve 
specific delivery of IFNγ to PDGFRβ-expressing cells, due to upregulation of this 
receptor in fibrotic diseases. In order to check the applicability of the PCKS model 
for testing antifibrotic compounds, we examined IFNγ and targeted IFNγ (PPB-PEG-
IFNγ) on TGFβ-activated pre-fibrotic slices and on non-activated slices. Contrary to 
our expectation, PDGFRβ expression was not affected by TGFβ1. This might be 
explained by the fact that fibrosis is a multifactorial process, and therefore induction 
of PDGFRβ expression in vivo might be dependent on presence of different pro-
fibrotic cytokines rather than TGFβ1. Interestingly, in the group treated with IFNγ 
and PPB-PEG-IFNγ, we noticed a trend towards reduction of PDGFRβ expression 
which might explain their antifibrotic effects via down regulation of the PDGF/
PDGFRβ signaling pathway. We observed that both IFNγ and PPB-PEG-IFNγ 
exert antifibrotic effects as they significantly dampened TGFβ-induced fibronectin, 
collagen I and collagen III expression after 48 h incubation. These observations 
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confirmed our recent in vivo data (Poosti et al., 2015). However, in contrast to these 
in vivo data, in the current study PPB-PEG-IFNγ did not show higher efficacy when 
compared with free IFNγ. This can be explained by the fact that TGFβ1 did not 
increase PDGFRβ expression on mPCKS as described above. Besides, there is usually 
no added benefit of targeted compounds in vitro, since compounds can easily and 
effectively access the target cells, which is not the case after in vivo administration. 
Similar results were also obtained after exposure of NIH3T3 fibroblasts to IFNγ and 
PPB-PEG-IFNγ in the presence of TGFβ1 (Poosti et al., 2015). In fact, an effect 
after receptor-mediated endocytosis (as for PPB-PEG-IFNγ) sometimes may even be 
slower than a pharmacological effect of compounds directly to its receptor. The ex 
vivo studies with PPB-PEG-IFNγ therefore demonstrate that the targeted construct is 
pharmacologically active and was included as proof of concept.
 To determine whether the antifibrotic effects were not due to PPB-induced 
blockade of PDGFRβ-signaling, we coupled PPB to albumin (HSA). We did not 
observe remarkable antifibrotic effects of PPB-HSA ex vivo; only on the mRNA 
level a (non-significant) effect of PPB-HSA on collagen III expression was observed, 
indicating that most of the observed antifibrotic effects are IFNγ-mediated. Biological 
effects of IFNγ take place via the nuclear signaling sequence (NLS) which is present 
in the C-terminus region of IFNγ. IFNγ containing NLS is capable to bind to IFNγ 
receptor1 (IFNγR1) and initiate a cascade of events which is required for nuclear 
import of STAT1 and generation of biological activity. Activation of STAT1 by PEG-
PPB-IFNγ was previously shown (Bansal et al., 2011a). We propose that PEG-PPB-
IFNγ is taken up via PDGFRβ and the internalized construct next releases IFNγ or 
its metabolite which then binds to the intracellular part of IFNγR1 and activates the 
JAK/STAT pathway. However, this premise needs to be further explored.
 In summary, the mPCKS model is a novel tool to study the pathophysiology 
of early fibrotic processes not only in animal tissue, but also in (fibrotic) human 
kidney tissue. Importantly, from the results of this study we conclude that the in 
vivo observed antifibrotic effect of IFNγ and PPB-PEG-IFNγ can be successfully 
reproduced to great extent using mPCKS. This indicates that this ex vivo model is 
a useful tool for preclinical studies to test the efficacy of potential new antifibrotic 
drugs on fibroblast activation in a multicellular, pro-fibrotic milieu. In addition, 
the use of this model can contribute substantially to the reduction, refinement, and 
potential replacement of animal experiments (the ‘3R’ principles). Further studies 
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are ongoing to investigate the application of non-fibrotic and fibrotic human PCKS 
in order to validate our targeting strategy in the human setting. We believe the PCKS 
model is able to bridge the gap between basic research performed using in vitro cell 
culture systems and translational human in vivo studies as schematically represented 
in Figure 6. The preclinical studies using PCKS should then pave the road towards 
clinical studies on cell-specific targeting of renal fibrosis.

Figure 6. The ex vivo PCKS model bridges the gap between basic research performed in in vitro cell 
culture models and translational in vivo human studies on pathophysiology and therapy of renal disease. 
In vitro cultured cells displayed are primary human tubular epithelial cells (PTECs).



134

Chapter 6 | PCKS TO STUDY DEVELOPMENT OF RENAL FIBROSIS

MATERIALS AND METHODS 

Mice

 Male C57BL/6 mice weighing 25-30 g were obtained from Harlan (Zeist, 
the Netherlands). Animals were housed in individual cages with free access to food 
and water. Before starting the experiment, animals were allowed to acclimatize 
for at least 7 days. The experimental protocol was approved by the Animal Ethical 
Committee of the University of Groningen (DEC 6427A).

Excision and preparation of mouse kidney slices 

 The protocol of the preparation and culture of kidney slices is illustrated in 
Figure 7 and a detailed description is given below.

Preparation of Krebs–Henseleit buffer (KHB)

 KHB was used as slicing buffer, and 10 l of a 10× concentrated KHB stock 
solution (10× KHB) were prepared by first dissolving 36.7 g CaCl2·2H2O in 5 l of 
ultrapure water (solution 1). Then, 37.3 g KCl, 690 g NaCl, 27.1 g MgSO4·7H2O 
and 16.3 g KH2PO4 were dissolved in ultrapure water to a volume of 5 l (solution 
2). Subsequently, solutions 1 and 2 were mixed and filtered through a 0.45-μm filter. 
This 10× KHB can be stored at 4°C for about 6 months. On the day of slicing, 5 l 1× 
KHB were prepared by dissolving 10.5 g NaHCO3 (Merck, Darmstadt, Germany), 
24.75 g D-glucose monohydrate (Merck, Darmstadt, Germany) and 11.9g HEPES 
(MP Biomedicals, Aurora, OH, USA) in ~2 l of ultrapure water at 4°C. Then, 500 ml 
10× KHB and ultrapure water at 4°C were added to yield a final volume of 5 l. This 
solution was kept at 0-4°C on melting ice, and was oxygenated with 95% O2/5% 
CO2 for 30 min on ice, using a gas dispersion tube with a fritted disc. The pH of the 
solution was adjusted to 7.42 by slowly adding 5 N NaOH solution. This solution 
can be stored for 24 h at 4°C. Before use, the buffer was reoxygenated and the pH 
was readjusted.  
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Williams medium E glutamax-I (WME) slice incubation medium 

 On the day of the experiment, slice incubation medium was prepared by 
adding 1.375 g D-glucose monohydrate (Merck, Darmstadt, Germany) and 500 μl 
gentamicin (50 mg/ml) (Invitrogen, Paisley, UK) to 500 ml Williams medium E with 
GlutaMAX (Invitrogen, Paisley, UK). If necessary, this solution can be stored for 24 
h at 4°C. 

Slicing procedure 

Preparations before start of slicing 

 KHB for slicing and WME (plus supplements) incubation medium were 
prepared as described above. WME incubation medium was transferred into culture 
plates, with 12-well plates requiring 1.3 ml of culture medium per well to support 
the tissue for 24 h. The volume-to-surface ratio of the culture medium is of great 
importance for optimal exchange of O2 and CO2 between the culture medium and 
the atmosphere of 80% O2/5% CO2, and the ratio of tissue to volume is important for 
sufficient supply of nutrients. The plates were pre-warmed and oxygenated by placing 
them in the shaking incubator at 37°C under 80% O2/5% CO2 for at least 30 min. 
The Krumdieck slicer (Alabama Research and Development, USA) was assembled 
according to the manufacturer’s instructions and pre-cooled by recirculating cooled 
water (4°C) through the cooling block, using a refrigerated circulator bath. 

Collection of kidney tissue 

 Mice were anesthetized under 2% isofluorane/O2 (Nicholas Piramal, London, 
UK), the right and left kidneys were retrieved as quickly as possible and placed into 
ice-cold University of Wisconsin (UW) organ preservation solution (DuPont Critical 
Care, Waukegab, IL, USA). All further steps up to incubation were performed on ice 
(at 0-4°C). The mouse kidneys were transferred to a Petri dish with a silicone insert 
in order to remove adipose tissue around the kidney. The whole kidney was then 
placed into the core cylinder. 
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Preparation of kidney slices 

 The slicer was filled with ice-cold oxygenated KHB through the glass-
trap assembly. It was ensured that the buffer reached the level required for proper 
functioning of the pump and that the tissue core was completely submerged. For 
mouse kidney slices, whole kidneys were transferred from the ice-cold UW solution 
used for storage into the cylindrical core holder of the slicer. 
 Slices were cut using the Krumdieck slicer at a speed setting of 30-40. The 
wet weight of the first few slices was checked as an indication of slice thickness 
after carefully blotting the slices on a smooth, not too absorptive paper to remove 
adherent water, with an optimal wet weight of 5 mg. 
 If necessary, the cutting thickness was adjusted by turning the graduated 
thickness control knob until the required wet weight was reached. The slice thickness 
can be slightly increased by placing weights on top of the tissue core holder, which 
may also facilitate the slicing of hard (fibrotic) kidney tissue. Kidney slices that 
are too thick (>400 μm) may develop necrosis in the center of the slice, as the 
diffusion distance for nutrients and oxygen is too long. After slicing one core, the 
slices were removed from the glass trap by opening the tap, collecting them in a 
beaker and placing them immediately on ice. Slices were selected on the basis of 
their appearance, with good slices having an equal thickness, uniform color and 
smooth edges. Selected slices were transferred into fresh ice-cold UW and stored on 
ice. 

A spatula (not forceps) was used to avoid damaging the slices. The KHB 
slicing buffer was replaced by fresh, ice-cold and oxygenated KHB every 15-30 min, 
and the knife was replaced when slice quality (judged by eye) decreased. 

Experimental setup slice cultures 

 In this study three independent experiments were performed, each using 
four kidneys (2 mice) from which in total four cores were drilled. After slicing, slices 
were pooled before plating them for culture. ATP measurements were performed 
on single slices. For mRNA expression analysis, in each experiment slices were 
cultured in triplicate for each condition after which they were pooled for RNA 
isolation. Histological analyses were performed on single slices per condition in 
each experiment.     
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Incubation of kidney slices

 Kidney slices were washed quickly by gently transferring them into WME 
to remove the UW. Before adding medium and mPCKS, 12 well plates were coated 
with 10% bovine serum albumin (BSA) in milliQ water for 30 minutes. The solution 
was removed and plates were air dried. Slices were then incubated in the coated plates 
containing per well 1.3 ml Williams Medium E glutamax-I (Gibco, Paisley, UK) per 
well supplemented with 25 mM D-glucose and 50 µg/ml gentamycin. Medium was 
pre-warmed and gassed with 80% O2/5% CO2 before it was added to the wells. Slices 
were individually transferred to the wells of a culture plate placed on a surgical 
mattress to maintain the medium at 37oC. Plates were immediately transferred back 
in a shaking CO2 incubator (90 cycles/min) under continuous supply of 80% O2/5% 
CO2, as the pH of the medium rapidly changes in normal atmosphere. Slices were 
incubated for 1, 6, 12, 24, 48 or 72 h. When appropriate, after 24 and 48 h slices were 
transferred to new plates with fresh medium. For refreshing, new culture plates were 
filled with medium, and the plates were pre-warmed and oxygenated. The incubated 
plates and new plates were placed on a surgical mattress to maintain the temperature 
at 37°C. The slices were quickly transferred from the incubated plates into the new 
plates with a spatula and placed in the incubator. 

Uptake of FITC-lysozyme by mPCKS 

 FITC-lysozyme was prepared as described before (Kok et al., 1998). Briefly, 
500 µl of 1 mg/ml FITC (Thermo Scientific, Wilmington, USA) was carefully mixed 
with 5 ml of 2 mg/ml lysozyme solution (Sigma-Aldrich, Saint Louis, USA) for 8 
h at 4 °C in the dark, dialysed against water and finally lyophilized. Mouse kidney 
slices were incubated up to 3 h with 1 mg/ml FITC-lysozyme. After 1 and 3 h, the 
mPCKS were embedded in Tissue-tek (Sakura, Japan) and snap-frozen in isopentane 
(-80 °C). They were stored at -80 °C until 4 μm cryosections were cut perpendicular 
to the surface of the slices. Cross-sections were allowed to dry on a glass microscope 
slide and covered with Citifluor (Citifluor Ltd., London, UK). Slides were examined 
using a high-end fully motorized Zeiss AxioObserver Z1 microscope and images 
were acquired using TissueFAXS Image Analysis Software (TissueGnostics, 
Austria). Images were converted to red/green pseudo-colours using lookup tables in 
ImageJ 1.47v (http://imagej.nih.gov/ij).
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Induction of renal pre-fibrosis ex vivo

 In order to induce renal pre-fibrosis ex vivo, slices were incubated for 
48 h in the presence of recombinant human TGFβ1 (5 ng/ml, hTGFβ1, Roche, 
Mannheim, Germany). Medium without TGFβ1 was used for comparison. After 24 
h of incubation, slices were transferred to new coated plates with fresh medium 
containing TGFβ1.

Figure 7. Schematic representation of the experimental approach for obtaining and culturing mPCKS. 
(1) Mouse kidneys (n = 3) were excised under isofluorane/O2 anesthesia and placed into ice-cold UW 
preservation solution. (2) Cores were drilled and immediately transferred to the cylindrical core holder 
of a Krumdieck slicer and cut into 5-mm diameter slices. (3) High-quality slices (equal thickness at 
all sides and smooth edges) were transferred to 12-well plates using a spatula to avoid damaging of 
the slices, and (4) were placed in a shaking (90 cycles/min) incubator under continuous supply of 80% 
O2/5% CO2 at 37°C.

Synthesis of conjugates

 PPB-PEG-IFNγ (in which PPB is the PDGFR recognizing binding peptide) 
was synthesized as described previously (Bansal et al., 2011a). Briefly, for PPB-
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PEG-IFNγ, recombinant murine IFNγ (0.256 nmol, Peprotech, London, UK) was 
mixed with 12.8 nmol of maleimide-PEG-succinimidyl carboxy methyl ester 
(Mal-PEG-SCM, 2 KDa, Creative PEGworks, Winston-Salem, NC) for 2 h and 
dialyzed overnight against PBS using 10 KDa dispodialyzer (Harvard Apparatus, 
Holliston, Massachusetts, USA). The dialyzed sample was then mixed with SATA 
(succinimidyl acetyltioacetate)-modified PPB (PPB-ATA, 25.6 nmol) in the presence 
of a deacetylating reagent. Finally, PPB-PEG-IFNγ was extensively dialyzed against 
PBS and stored at -80°C.
 For PPB-HSA, human serum albumin (HSA, 1.5 µmol dissolved in PBS) was 
mixed with γ-maleimidobutyryloxy-succinimide ester (GMBS, 30 µmol, dissolved 
in DMF) for 2 h and extensively dialyzed against PBS using 10 KDa cut-off dialysis 
membrane cassette (Thermo Scientific, Rockford, IL, USA). Next, PPB-ATA (34.5 
µmol; dissolved in DMF) was added to the GMBS-modified HSA for overnight, and 
dialyzed against PBS. The final product (PPB-HSA) was freeze-dried for storage at 
-20°C. 

Antifibrotic effects of free IFNγ and PPB-PEG-IFNγ 

 To determine the antifibrotic effects of free IFNγ and PPB-PEG-IFNγ, slices 
were incubated for 48 h with free IFNγ, PPB-PEG-IFNγ, PPB-HSA (equivalent 1 µg/
ml) or medium alone in the presence or absence of TGFβ1 as described above. After 
the first 24 h of incubation slices were transferred to new 12 well plates with fresh 
medium containing TGFβ1 and the respective antifibrotic compounds. TGFβ1 and 
IFNγ constructs were administered simultaneously. The concentration of 1 µg/ml 
of IFNγ constructs was chosen based on results from previous in vitro experiments 
(Bansal et al., 2011a; Poosti et al., 2014).

Viability of mPKCS: ATP and protein content 

 The general viability of the PCKS during culture was determined by measuring 
ATP content of the slices. For ATP measurements, single slices were transferred to a 
sonication solution containing 70% ethanol (v/v) and 2 mM EDTA (pH 10.9), snap-
frozen in liquid nitrogen and stored at -80°C until analysis. After homogenization 
using a Mini-BeadBeater-8 (BioSpec, Bartlesville, OK, USA), the samples were 
centrifuged for 2 min. at 13000 rpm. The supernatant was diluted 10 times with 
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0.1 M Tris–HCl/2 mM EDTA buffer (pH 7.8) to lower the ethanol concentration 
and used to measure ATP contents using the ATP Bioluminescence assay kit CLSII 
(Roche diagnostics, Mannheim, Germany) according to the manufacturer’s protocol. 
The remaining pellet was used to determine the protein content of the mPCKS by 
dissolving it in 200 μL of 5 M NaOH for 30 minutes. After dilution with water to 
a concentration of 1 M NaOH, the protein content of the samples was determined 
using the Lowry method (Bio-Rad DC Protein Assay, Bio-Rad, Munich, Germany). 
BSA was used for the calibration curve. ATP values (in pmol) were divided by the 
total protein content (in μg) of the respective slices and expressed as the ratio ATP/
protein. 

Quantitative Real-Time PCR

 In order to determine TGFβ-induced pre-fibrosis, and to examine the effect of 
IFNγ and PPB-PEG-IFNγ, gene expression of fibrosis markers [alpha smooth muscle 
actin (α-SMA), fibronectin (Fn), collagens I & III] was measured using quantitative 
Real-Time (qRT) PCR. The triplicate slices were pooled and snap-frozen. Total 
RNA from kidney slices was extracted using the RNeasy Mini Kit (Qiagen, Hilden, 
Germany) according to the manufacturer’s instructions. The RNA concentrations 
were measured on a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, 
Wilmington, USA). Single-stranded cDNA was synthesized using Superscript II and 
random hexamer primers (Invitrogen, Carlsbad, CA, USA) in a volume of 20 µl. 
cDNA was first diluted to a concentration of 2 ng/μl and 2.5 μl/reaction (5 ng) and was 
then used for qRT-PCR analysis. PCR reactions were performed in a 10 µl reaction 
volume containing 1 x qPCR master mix (Eurogentec, Liege, Belgium) and 1x 
TaqMan Gene Expression Assay mix (Applied Biosystems, Forster City, CA, USA). 
The TaqMan assay numbers were as follows: Ywhaz: Mm03950126_s1, Col1a1: 
Mm00801666_g1, Col3a1: Mm01254476_m1, α-SMA/Acta2: Mm01546133_m1, 
Fn: Mm01256744_m1, MHCII/CD74: Mm00658576_m1. qRT-PCR reactions 
were performed on a ABI7900HT thermal cycler (Biosystems, Forster City, CA, 
USA). Relative gene expression was calculated using the 2-ΔCt method with Ywhaz 
(tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein) as 
housekeeping gene. 
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Histology of mPKCS

 Study of histological changes was performed on 2 µm sections from 
formalin-fixed paraffin-embedded slices. For immunohistochemistry the following 
primary antibodies were used: anti-alpha smooth muscle actin (α-SMA, clone ASM-
1, Progen Biotechnik, Heidelberg, Germany); anti-fibronectin (ab6584, Abcam, 
Cambridge, UK); and anti-collagen III (s1330-01, SouthernBiotech, Birmingham, 
Alabama, USA). Sections were deparaffinised in xylene and rehydrated in graded 
alcohol and distilled water. Antigen retrieval was achieved by overnight incubation 
at 60ºC in 0.1 M Tris/HCl buffer (pH 9.0) for fibronectin and collagen III staining. 
No antigen retrieval was performed for α-SMA staining. Endogenous peroxidase 
activity was blocked with 0.03% H2O2 (in PBS) for 30 min. Primary antibody binding 
was detected by sequential incubations with horseradish peroxidase (HRP)-labeled 
appropriate secondary and tertiary antibodies (obtained from DAKO, Glostrup, 
Denmark). Peroxidase activity was visualized using 3,3’-diaminobenzidine 
tetrahydrochloride (DAKO, Glostrup, Denmark) as chromogen (10 min incubation). 
Sections were counterstained with haematoxylin for 1 minute and mounted with 
Kaiser’s glycerin gelatin.

Quantification of immunostaining 

 To quantify immunostaining of fibronectin and collagen III, sections were 
first scanned using a NanoZoomer HT (Hamamatsu Photonics K.K., Shizuoka 
Pref., Japan). Next, the extent of fibronectin and collagen III positive staining was 
measured (number of positive pixels) using Aperio ImageScope software (version 
9.1.772.1570, Aperio Technologies Inc, Vista, CA, USA).  

Statistical analyses 

 Statistical analyses were performed using GraphPad Prism 5.0 (GraphPad 
Software Inc, La Jolla, CA, USA). Data are expressed as mean ± standard error of 
the mean of three independent experiments. Differences between multiple groups 
were calculated using ANOVA. Comparisons of two groups were performed using 
Student’s t-test. p < 0.05 was considered statistically significant.
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 Fibrosis is a condition, which is characterized by the excessive accumulation 
of extracellular matrix (ECM). It is well recognized that fibrosis is the result of 
chronic and recurrent injury, for instance due to inflammation. Fibrosis can occur in 
multiple organs, including, liver, kidney, intestine and lung (Wynn, 2008). However, 
the pathophysiological mechanisms leading to fibrosis are still poorly understood 
and the pathways leading to fibrosis may be different in each organ (Dugina et al., 
1998). One of the main hurdles to unravel the mechanism of fibrosis, and finding 
potential antifibrotic compounds, is the lack of suitable human in vitro models for 
disease development and progression. Animal models for some types of fibrosis, 
have been established, yet, these models do not, or only partly, mimic human fibrosis. 
Therefore, human in vitro models that can unravel the pathophysiology of fibrosis 
are needed, which will greatly aid in finding effective pharmacological therapies. 
 This thesis consists of two sections: the first section delineates the 
development of a novel ex vivo model for the early onset of intestinal fibrosis (IF) by 
using precision-cut intestinal slices (PCIS). The second section focuses on the use 
of precision-cut tissue slices (PCTS) to evaluate the efficacy of various compounds 
for the treatment of fibrosis, including IF. Furthermore, the organ-specific toxicity 
and species-specific antifibrotic effect of rosmarinic acid (RA) was assessed in both 
IF and liver fibrosis. Lastly, precision-cut kidney slices (PCKS) were used to study, 
amongst others, the efficacy of a novel an IFNγ conjugate which is targeted to the 
platelet-derived growth factor (PDGF) receptor with antifibrotic properties.

IBD and intestinal fibrosis

 Inflammatory bowel disease (IBD) affects more than 3.5 millions people 
worldwide (Kaplan, 2015). Ulcerative colitis (UC) and Crohn’s disease (CD) are the 
most common types of IBD. Furthermore, 60 % of all CD patients will finally progress 
to IF, which is characterized by the remodeling of intestinal tissue and the formation 
of strictures (Verstockt and Cleynen, 2016). Although the pathophysiological 
mechanism underlying IF is not completely clear, it is becoming apparent that 
profibrotic cytokines, especially transforming growth factor β1 (TGFβ1) and PDGF-
BB, play an important role in IF pathogenesis. These cytokines are released upon 
injury and when persistent, this will ultimately lead to development of fibrosis. 
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Identify markers for intestinal fibrosis

 In order to develop a good (ex vivo) model of IF relevant biomarkers of 
disease development and progression are a must. Chapter 1 provides a timely 
overview of the available markers for IF. Unfortunately, only a limited number of 
relevant and specific disease markers are available. Therefore, we build upon our 
prior knowledge gained from studies with PCTS prepared from other organs, e.g. 
liver, to identify potential markers of fibrosis in PCIS. The fibrogenesis markers used 
in this thesis are, in general, directly related to ECM formation. Furthermore, we 
included some markers of profibrotic pathway activation and downstream signaling 
to capture the gamut of fibrosis development. Of note, the majority of the markers 
are directly regulated by TGFβ1. 
 Activation of TGFβ1 signaling will induce, amongst others, plasminogen 
activator inhibitor 1 (PAI-1) and connective tissue growth factor (CTGF) (Kutz, 
Hordines, McKeown-Longo, & Higgins, 2001) via the phosphorylation of Smad 
proteins (Ghosh and Vaughan, 2012). This will subsequently result in the induction 
of pro-collagen1a1 (COL1A1), the precursor of collagen 1 which is an important 
constituent of fibrotic lesions. Furthermore, TGFβ1 stimulates the expression of 
Serpinh1, also known as heat shock protein 47 (HSP47), a chaperone protein that 
plays an essential role in collagen maturation, biosynthesis and secretion (Taguchi, 
Nazneen, Al-Shihri, Turkistani, & Razzaque, 2011; Taguchi & Razzaque, 2007). 
All in all, activation of TGFβ signaling will results in excessive ECM deposition. 
The fibrotic lesions in IF mainly contain collagen 1, collagen 3 and fibronectin 
(Dendooven et al., 2011; Latella et al., 2013; Speca, 2012). Interestingly, the type 
of collagens in the lesions as well as the ratio of various collagens depends on the 
region of the intestine that is affected and the state of disease (Graham et al., 1988; 
Rieder et al., 2014). 
 The main cell type that produces ECM in IF are activated myofibroblasts 
(Burke et al., 2007), which express α-smooth muscle actin (α-SMA) (Brenner et al., 
2012). Whereas in liver fibrosis, hepatic stellate cells are the main ECM-producing 
cells  (Cassiman et al., 1999; van de Bovenkamp et al., 2006). Interestingly, Fiocchi 
et al. have indicated that stellate cells are also present in the intestine (Fiocchi and 
Lund, 2011). Therefore, we utilized synaptophysin in our studies as a marker for 
intestinal stellate cells.
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Profibrotic stimuli in intestinal fibrosis

 In chapter 3, 4 and 5 we successfully used the above-mentioned markers 
to study fibrogenesis in rodent PCIS. In chapter 3, fibrosis was induced by either 
culture activation or TGFβ1 in both rat and murine PCIS, and we could clearly 
demonstrate that the slices acquired a fibrotic phenotype during the experiments. 
Conversely, in human PCIS, only HSP47 was increased during culture, while no 
regulation of COL1A1 was found, even in the presence of TGFβ1. We postulated 
that the TGFβ signaling pathway is already activated during or before procurement 
of the human intestine or that the TGFβ pathway cannot be activated. Interestingly, 
gene expression of PAI-1, a marker of TGFβ pathway activation, was elevated 
during culture. Yet, expression levels of this marker were not influenced by TGFβ1. 
These results indicate that the TGFβ pathway is activated during culture, but further 
stimulation is not feasible. Thus, the trigger for TGFβ1 signaling in human PCIS 
remains unknown. In future studies SMAD phosphorylation will also be studied to 
obtain more information regarding downstream signal propagation (Rieder et al., 
2016).
 A major difference between human and rodent PCIS is the presence of 
the intestinal muscle layer during culture. During preparation of human PCIS the 
mucosa and muscle layer of the intestine are separated before the slices are prepared. 
This is in contrast to animal PCIS described in chapter 3, 4 and 5. Thus, the observed 
differences in the fibrotic response in human and rodent PCIS suggests that the 
surrounding muscle layer may play a role in fibrogenesis (Rieder and Fiocchi, 2008). 
However, this hypothesis requires further scrutiny and studies in this direction are 
currently being performed in our lab. 
 Also in murine PCIS differences can arise, mainly due to strain-specific 
responses.  In this thesis, murine PCIS were mainly prepared from C57BL/6J and 
our results demonstrated that the TGFβ signaling pathway could be activated, which 
resulted in fibrogenesis (chapter 3, 4 and 5) and this process could be inhibited by 
TGFβ inhibitors (chapter 4 and 5). These results indicate that PCIS from C57BL/6J 
mice can be used to study fibrosis. However, in PCIS prepared from BALB/c mice, 
TGFβ1 does not stimulate fibrogenesis (Pham et al., 2013a). Therefore, murine 
models for IF should be developed in C57BL/6J, and these strain and species 
differences should be taken into account when setting up new fibrosis models.  
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 In chapter 4, we showed that several inhibitors, could mitigate the fibrotic 
response induced by TGFβ1. In contrast, chapter 5 delineates that RA did not impact 
TGFβ1 induced gene transcription in human PCIS, while it does mitigate liver 
fibrosis (Li et al., 2010; Westra et al., 2014b). These results illustrate that putative 
antifibrotic compounds can elicit organ-specific effects which needs to be taken into 
consideration during the search for novel therapeutic agents. 
 Various studies have implicated that PDGF works in concert with TGFβ1 in 
the development of organ fibrosis. As described in chapter 4, incubation of murine 
PCIS with PDGF BB (up to 50 ng/ml) did not induce fibrogenesis. Noteworthy, the 
PDGF receptor was present during culture, thus modulation of PDGF signaling should 
be feasible. Yet, the PDGF-related antifibrotic compounds studied in chapter 4, only 
showed minor antifibrotic efficacy in murine PCIS. Of all the tested compounds only 
sunitinib was able to decrease expression of several fibrosis markers. Interestingly, 
sunitinib also reduced Pai-1 and Ctgf expression, suggesting that sunitinib mitigated 
TGFβ signaling. Thus, further research, focusing on the downstream signaling 
proteins of PDGF pathway, e.g. pAKT or pErk, is needed to confirm whether the 
PDGF signaling pathway is present in rodent and human PCIS (Bonner, 2004; 
Donovan et al., 2013). 

Species differences in ex vivo model for intestinal fibrosis

 As described in chapter 3, one of the striking differences between slices 
prepared from different species pertains to the viability of PCIS during culture. In rat 
PCIS, the ATP content after 24 h of culture was 50% less than compared to freshly 
prepared PCIS, in contrast to murine and human PCIS, where the viability could 
be sustained till 72 h. It is striking that rat PCIS can only be used up to 24 h. Dr. 
M. Oltean (Gothenburg University, Sweden), an expert on intestinal preservation, 
suggested that rats have less tight junctions between the enterocytes when compared 
to enterocytes in the human villus (personal communication). This could make the rat 
villus more vulnerable to the culture conditions. Moreover, as postulated in chapter 
3, in rat PCIS xanthine oxidase (XO) will steeply increase during ischemia. Upon re-
oxygenation, XO will lead to the production of reactive oxygen species (ROS), and 
the presence of ROS in combination with a relatively low amount of tight junctions 
can be the cause for the fast decline in viability of rat PCIS during culture compared 
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to the viability of human and mouse PCIS (Bianciardi et al., 2004).
Another aspect of our studies clearly influenced by species differences is the 

efficacy of putative antifibrotic compounds. As reported in chapter 5, RA reduced the 
gene expression of fibronectin in murine PCIS, while no effect was observed in rat 
and human PCIS. This finding is in line with other studies reporting species-specific 
effects of antifibrotic compounds. Previous work from our group revealed that 
imatinib showed profound antifibrotic effects in rat precision-cut liver slices (PCLS), 
whereas this effect was completely absent in human PCLS. This corroborated clinical 
trials in which imatinib also failed to show any antifibrotic effects (Westra et al., 
2014b; Westra et al., 2016). Therefore, it is of utmost importance to study antifibrotic 
compounds in human tissue.

Organ ex vivo models for the early onset of fibrosis

Next to PCIS, it is possible to prepare slices from other organs in order 
to study fibrosis. In chapter 5 and 6 we successfully used liver and kidney PCTS. 
PCLS model were already established for fibrosis research (Westra et al., 2014a) 
and used to test the efficacy of a broad range of potential drug for the treatment of 
early-stage liver fibrosis as well as cirrhosis. Conversely, the model of PCKS had to 
be optimized to study fibrogenesis (Chapter 6, Stribos et al., 2016). As illustrated in 
chapter 6, similar markers of fibrosis can be used to study disease development and 
progression in PCKS as in PCLS and PCIS. In murine PCKS, TGFβ1 increased both 
the gene and protein expression of α-SMA and fibronectin. Indicating that PCKS 
can be used to study TGFβ1 induced fibrogenesis. Interestingly, protein levels of 
fibronectin could not by induced by TGFβ1 in murine PCIS. This may be due to 
the fact that in renal fibrosis, fibronectin is the first ECM protein that is deposited 
(Eddy, 1996; Genovese et al., 2014). These findings suggest that the fibrotic ECM 
composition might differ slightly between organs.  

Antifibrotic drugs

A variety of putative antifibrotic compounds have been tested in this thesis 
and the most promising drug in our ex vivo study of murine IF was pirfenidone. This 
compound showed promising antifibrotic effects on gene level, warranting further 
evaluation of this compound in human PCIS. If successful, these studies could be 
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extended to clinical trials with CD patients. Since pirfenidone is already subscribed 
to patients who suffer from idiopathic pulmonary fibrosis (Cottin and Maher, 2015), 
such trials would be relatively easy to perform. This approach could lead to the rapid 
development of an antifibrotic therapy for IF, which would be extremely beneficial 
for CD patients at risk for fibrosis. 
 RA only showed antifibrotic properties in liver slices prepared from rodent 
and human tissue, but not in PCIS. Thus, even though RA is an interesting candidate 
for the treatment of liver fibrosis, it does not show any promise to be effective as a 
therapeutic agent for IF.

PPB-PEG-IFNγ successfully inhibited ECM deposition in murine PCKS, 
yet it remains to be elucidated whether this construct is effective in IF. Since, the 
PDGFRβ is expressed in PCIS (chapter 4), one could argue that the construct will also 
be effective in these slices. Yet, this hypothesis requires further testing. Moreover, 
to improve translation, it is also worthwhile to develop and test PPB-PEG-IFNγ in 
human PCTS models.
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PERSPECTIVES

The studies described in this thesis are at the basis of the use of precision-
cut intestinal and kidney slices in fibrosis research. And, similarly as for liver and 
lung (Westra et al., 2013), we successfully established both PCIS and PCKS as ex 
vivo models for the early onset of fibrosis. Recently, human PCKS were developed 
to study the early onset of fibrosis, and it was demonstrated that fibrogenesis could 
be induced by both culture activation and TGFβ1 (Stribos et al., 2016), similar to 
murine PCKS (chapter 6). This differs from our studies with human PCIS, in which 
TGFβ1 did not elicit a fibrotic response. A possible explanation for this discrepancy 
could be that a second hit is necessary to induce fibrosis in tissue slices. This notion 
is supported by previous work from our group showing that both PDGF and TGFβ1 
were necessary to further induce gene expression of several fibrosis markers in 
human liver slices (Westra et al., 2016). To further investigate this hypothesis, (gene 
expression) studies are currently ongoing in which human PCIS are treated with the 
combination of PDGF and TGFβ1.

In this thesis, the studies pertaining to the efficacy of antifibrotic compounds 
were solely performed using rodent kidney and intestinal slices. To fully unravel 
drug efficacy these studies should also be completed in slices prepared from human 
tissue. Furthermore, our studies mainly focused on the early development of fibrosis. 
To gain more insight into the pathophysiology of established intestinal and renal 
fibrosis, it is necessary to develop novel translation models. To this end, preparation 
and characterization of PCIS and PCKS from animal disease models and from 
patients are underway. 
 The PCIS used for the work described in this thesis were all prepared from 
the jejunum. However, the intestine consists of different regions, i.e. jejunum, ileum 
and colon, and all these parts have a different function and physiology (Lawrance 
et al., 2001; Louis et al., 2003; Xavier and Podolsky, 2007). Moreover, CD is 
heterogeneous in its pathology, which is reflected by the disparate incidence of IF in 
jejunum, ileum and colon (Cosnes et al., 2002). CD-related IF is mostly presents itself 
in the ileum and colon (Cosnes et al., 2002; Rieder et al., 2014). Thus, because of the 
differences in physiology, it is essential to study the effect of antifibrotic compounds 
in different intestinal regions. Recently, we demonstrated that it is possible to prepare 
and culture murine PCIS from jejunum, ileum and colon to study the early-onset of 



155

C
hap

ter 7 | G
E

N
E

R
A

L D
IS

C
U

S
S

IO
N

 A
N

D
 P

E
R

S
P

E
C

TIV
E

S
 

fibrosis. Initial results have shown that there are differences in the effect of TGF-β1 
and PDGF on the early onset of fibrosis in different regions of the intestine (Pham et 
al., 2013b; Pham et al., 2014).
 A disadvantage of the PCTS model is the limited time that the slices remain 
viable and functional in culture. If it were possible to culture the slices for an extended 
period of time, this would enable us to evaluate the protein expression of fibrosis 
markers and ECM production, synthesis and breakdown to greater extent, which would 
be a tremendous asset in the search for effective antifibrotic compounds. Therefore, 
new culture strategies, such as already implemented for PCLS (Starokozhko et al., 
2015), could be used to improve PCIS and PCKS. Moreover, PCTS ex vivo model 
lack the presence of circulating inflammatory cells that contribute to fibrogenesis 
(Speca, 2012; Wynn, 2008; Wynn and Barron, 2010). To mimic this aspect ex vivo, 
studies are underway to add inflammatory cells e.g. T-cells to the culture medium.

Conclusion

 PCIS have been extensively used as ex vivo model for metabolism and 
toxicity testing. In this thesis, great progress has been made to optimize and 
implement the model for the study of fibrosis as well as in the search for effective 
antifibrotic compounds. An outstanding quality of PCTS pertains to the fact that the 
model reduces the number of animals needed in fibrosis research and the model can 
bridge the gap between nonclinical and clinical research. 
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 Overtollige littekenvorming (fibrose) in organen wordt gekenmerkt door 
een excessieve productie en depositie van extracellulaire matrix (ECM) eiwitten in 
het orgaan, resulterend in het verlies van functioneel weefsel. Fibrose ontstaat vaak 
door chronische schade en komt voor in nagenoeg alle organen waaronder de lever, 
nier, darm en longen. Darmfibrose is een complicatie van chronische darmziekte, 
zoals bijvoorbeeld de ziekte van Crohn. In 30% van alle Crohnpatiënten is de  mate 
van fibrose zo ernstig dat er een vernauwing van de darm optreedt, die alleen door 
een chirurgische ingreep kan worden verholpen. Het moleculaire mechanisme dat 
leidt tot fibrose is nog steeds niet volledig opgehelderd en het ziekteproces verloopt 
anders in de verschillende organen. Om het mechanisme van fibrose in de mens 
te ontrafelen is het essentieel dat onderzoekers beschikken over goede humane (in 
vitro)-modellen. Helaas zijn deze modellen niet voorhanden, wat het bestuderen 
van fibrose belemmert. Doordat het ontstaan en de progressie van fibrose niet goed 
kunnen worden onderzocht, is het ook moeilijk om anti-fibrotische geneesmiddelen 
te ontwikkelen. Experimentele diermodellen voor de verschillende typen van fibrose 
(bijvoorbeeld lever- of nierfibrose) bestaan wel, maar deze modellen kunnen niet, of 
alleen gedeeltelijk, het ziekteproces in mensen simuleren. Daarom is het van groot 
belang om humane in vitro-modellen te ontwikkelen om zowel het pathologisch 
mechanisme van fibrose te bestuderen als om geneesmiddelen te vinden tegen fibrose. 
In dit proefschrift wordt gebruikt gemaakt van “precies gesneden weefselslices” 
(precision-cut tissue slices; PCTS). In dit model blijft de originele structuur van het 
orgaan behouden, wat het mogelijk maakt om, onder andere, de interactie tussen 
cellen in hun normale omgeving te bestuderen. 

 Het doel van dit onderzoek was om te bestuderen of PCTS van darm en nier 
gebruikt kunnen worden als fibrosemodel. Daarnaast is er onderzocht of dit model 
toepasbaar is om de anti-fibrotische effectiviteit van verschillende stoffen te bepalen 
(hoofdstuk 2).

 Dit proefschrift behelst twee delen: 

 De eerste sectie beschrijft de ontwikkeling van een nieuw ex vivo-model, 
precision-cut darmslices, om de beginfase van darmfibrose te bestuderen. In de 
tweede sectie zijn   

 PCTS gebruikt om de anti-fibrotische effectiviteit van stoffen te meten, 
onder andere in darmfibrose. 
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 Hoofdstuk 1 beschrijft de huidige stand van zaken betreffende het gebruik 
van PCTS in het onderzoek naar fibrose in de lever, long, darm en nier.

 In hoofdstuk 3 beschrijven we hoe precision-cut darmslices (PCIS) werden 
gebruikt om de beginfase van darmfibrose in ratten, muizen en mensen te bestuderen. 
PCIS werden gemaakt van het jejunum (middelste deel van de dunne darm). De PCIS 
werden tot 72 uur gekweekt in aan- of afwezigheid van de pro-fibrotische factor 
transforming growth factor beta 1 (TGFβ1). Uit onze experimenten bleek dat PCIS 
van ratten maar 24 uur levensvatbaar waren, wat we baseerden op het ATP- gehalte 
in de slices en de morfologie van de slices. Daarentegen bleven PCIS van muizen en 
mensen tijdens kweek tot 72 uur vitaal. In alle PCIS nam gedurende de kweekperiode 
de expressie toe van genen gerelateerd aan fibrose, te weten heat shock protein 47 
(HSP47) en plasminogen activator 1 (PAI-1). Genexpressie van synaptofysine, een 
marker voor stellaatcellen, nam alleen toe gedurende de kweek van humane PCIS, 
terwijl de expressie van fibronectine (Fn2) en TGFβ1 alleen in PCIS van ratten steeg. 
In PCIS van muizen nam de genexpressie van Fn2 en connective tissue growth factor 
(Ctgf) toe gedurende de kweek. Toevoeging van TGFβ1 aan het kweekmedium 
leidde alleen in PCIS van rat en muis tot een verhoging van de genexpressie van de 
fibrosemarkers (pro)collageen 1a1 (Col1a1), Fn2 en Ctgf. 

 In dit hoofdstuk hebben we aangetoond dat we de beginfase van fibrose 
in de darm kunnen nabootsen in PCIS en dat de pro-fibrotische groeifactor TGFβ1 
alleen in knaagdier-PCIS een verdere toename in de genexpressie van verscheidene 
fibrosemarkers veroorzaakt.

 In hoofdstuk 4 hebben we gebruik gemaakt van de muizen-PCIS om het 
effect van potentiële anti-fibrotische stoffen op de beginfase van darmfibrose te 
meten. Hiervoor werden PCIS van muizen blootgesteld aan pro-fibrotische en/of 
anti-fibrotische stoffen. Het resulterende fibrotische proces werd bestudeerd op gen- 
en eiwitniveau, gebruikmakend van verschillende markers zoals Col1a1, Hsp47, 
Fn2 en Pai-1. Het effect van potentiële anti-fibrotische stoffen die vooral de TGFβ-
signaalroute remmen, te weten valproïnezuur, tetrandrine, pirfenidone, SB203580 
en LY2109761 en stoffen die vooral de PDGF-signaalroute beïnvloeden, namelijk 
imatinib, sorafenib and sunitinib, werden in niet-toxische concentraties getest. PCIS 
van muizen bleven gedurende 48 uur vitaal en in deze periode werd een toename 
van de expressie van verschillende fibrosemarkers, waaronder Hsp47, Fn2 en Pai-1, 
waargenomen. Toevoeging van TGFβ1 aan het kweekmedium leidde tot een verdere 
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toename van de expressie van de fibrosemarkers. PDGF had dit effect echter niet. Van 
de geteste anti-fibrotische middelen hadden pirfenidone, LY2109761 en sunitinib het 
meeste effect op het ontstaan van darmfibrose. Vooral de genexpressie van de fibrose 
markers Col1a1, Hsp47, Fn2 en Pai-1 werd verlaagd door deze stoffen. Daarnaast 
reduceerde LY2109761 ook nog de eiwitexpressie van Fn2. Concluderend kunnen 
we vaststellen dat PCIS gebruikt kunnen worden om de anti-fibrotische effectiviteit 
van geneesmiddelen aan te tonen. Door gebruik te maken van het muizen-PCIS 
model hebben we aangetoond dat tetrandrine, pirfenidone, LY2109761 en sunitinib 
op genniveau een anti-fibrotisch effect hebben en dit rechtvaardigt verdere studies 
naar de effectiviteit van deze stoffen voor de behandeling van darmfibrose.

 Uit eerder onderzoek in (humane) leverslices bleek dat rozemarijnzuur 
(RA) een potentieel anti-fibrotisch geneesmiddel zou kunnen zijn. In hoofdstuk 5 
hebben we de anti-fibrotische effectiviteit en eventuele toxiciteit van RA bestudeerd 
in een ander orgaan, namelijk de darm. RA is een organische verbinding die 
gevonden wordt in verschillende plantensoorten, waaronder de ruwbladigenfamilie 
en lipbloemenfamilie, en waaraan gunstige eigenschappen worden toegeschreven, 
waaronder ontstekingsremmende en antibacteriële effecten. In dit hoofdstuk 
onderzochten we de toxiciteit, ontstekingsremmende en anti-fibrotische effecten 
van RA in precision-cut leverslices (PCLS) en PCIS van humaan, muizen- en 
rattenweefsel. PCLS en PCIS werden gedurende 48 uur gekweekt in aan- of 
afwezigheid van RA. Genexpressie van de ontstekingsfactoren: IL-6, IL-8, CXCL1 
/ KC en IL-1β, evenals de fibrosemarkers Col1a1, Hsp47, α-SMA, Fn2 en Pai-1 
werd gemeten. Onze resultaten lieten zien dat RA alleen toxisch was in PCIS van 
muizen. Daarnaast zorgde RA niet voor een vermindering van de ontstekingsreactie 
in de meeste modellen, hoewel een duidelijk afname van IL-6 en CXCL1 / KC 
genexpressie in PCIS van muizen werd waargenomen bij niet-toxische concentraties. 
Verder leidde blootstelling aan RA tot een daling van de genexpressie van Fn2 en 
Pai-1 in muizen-PCLS en van Fn2 in muizen-PCIS. Er werd echter geen effect 
waargenomen op de genexpressie van fibrosemarkers in de humane en ratten-PCIS. 
Uit onze studie bleek dus duidelijk dat RA orgaan- en species-specifieke effecten 
bewerkstelligt. Concluderend kunnen we stellen dat RA weinig invloed had op de 
ontstekingsreactie in PCTS. Verder blijkt dat RA wel een potentiële kandidaat is 
voor de behandeling van leverfibrose.

 In hoofdstuk 6 gebruiken we precision-cut nierslices (PCKS) om de 
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ontwikkeling van nierfibrose te bestuderen en om de anti-fibrotische werking van een 
nieuw medicijnpreparaat te testen. Nierfibrose wordt beschouwd als het schadelijkste 
proces in patiënten met chronische nierschade. Desondanks zijn er geen preventieve 
en curatieve therapieën beschikbaar om nierfibrose te behandelen. De zoektocht naar 
nieuwe en doeltreffende behandelingsstrategieën is daarom van levensbelang. Uit 
onze studie bleek dat PCKS van muizen gedurende 72 uur vitaal blijven, ook in 
aanwezigheid van TGFβ. Behandeling met TGFβ verhoogde duidelijk de gen- en 
eiwitexpressie van α-SMA, Fn2 en Col1a1. Dit pro-fibrotische effect van TGFβ kon 
worden tegengegaan door middel van interferon gamma (IFNy) en het preparaat 
PPB-PEG-IFNy. Dit preparaat bindt specifiek aan de PDGF-receptor β, welke sterk 
tot expressie wordt gebracht door geactiveerde fibroblasten. Deze resultaten tonen 
aan dat PKCS gebruikt kunnen worden om de beginfase van fibrose te bestuderen 
en dat het model geschikt is om de effectiviteit van potentiële anti-fibrotische 
geneesmiddelen te testen. 

 Het in dit proefschrift beschreven onderzoek laat zien dat er een grote 
vooruitgang is geboekt in het optimaliseren van het PCTS-model voor de studie van 
darm- en nierfibrose. Daarnaast bleken PCIS en PCKS een ideaal experimenteel 
model te zijn bij de zoektocht naar effectieve anti-fibrotische verbindingen. Verder 
dragen PCTS er toe bij dat het aantal proefdieren dat wordt gebruikt in fibrose-
onderzoek gereduceerd kan worden. Ten slotte kan het humaan PCTS-model een 
brug vormen tussen basaal pre-klinisch en klinisch onderzoek.
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