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GENERAL INTRODUCTIONChronic tissue inflammation or injury leads to fibrosis, a pathological processthat is characterized by the excessive accumulation of extracellular matrix (ECM) in anorgan, which will ultimately lead to loss of organ function. Fibrosis can affect almost alltissues and organs.1 In fact, 45% of deaths worldwide can be attributed to fibroticdisorders.1,2In this thesis, the focus is mainly on intestinal fibrosis. The intestines play animportant role in the absorption of, among others, nutrients and water and intestinalmalfunctioning will lead to a systemic imbalance of nutrients and water. Inflammatorybowel diseases (IBD) are related to an immunological disruption of the intestinalmucosa, mainly associated with cells of the adaptive immune system, which respondto the self-antigen producing chronic inflammatory conditions in these patients.3Crohn's disease (CD) and ulcerative colitis (UC) are the most widely known types ofIBD and have been the focus of attention due to their increasing incidence.3 CDgenerally involves the ileum and colon, but it can affect any region of thegastrointestinal tract, often discontinuously. UC involves the rectum and may affect apart of or the entire colon (pancolitis) in an uninterrupted pattern.4Intestinal fibrosis is predominantly found in patients with CD.5,6 More than 50%of CD patients have over their lifetime clinically apparent intestinal obstruction due tofibrostenosis, while for UC patients, reports of stenosis in the colon vary betweenapproximately 1-11%.6,7 CD is a life-long, incurable, disabling inflammatory disorderfrequently diagnosed between the age of 15 and 35 years, and the incidence continuesto increase worldwide.8 In CD, fibrosis is the end product of chronic transmuralinflammation and dysregulated healing mechanisms, resulting in excessive andabnormal deposition of ECM.9 The main purpose of CD therapy is to avoid endoscopicor surgical intervention; however, most patients will end up having at least one surgeryduring their life time because of stricture formation.6 After several years, these CDpatients usually have recurrence of the stricturing disease and will need to undergosurgery again.6 Since CD is known as a chronic inflammatory disease, improvedtherapies to control inflammation have been developed.6,10 However, this did notchange the incidence of strictures (i.e. intestinal fibrosis) in CD patients. Thus, there is
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an urgent need to find an effective therapy for intestinal fibrosis, targeting molecularmechanisms other than inflammation.Intestinal fibrosis is characterized by abnormal ECM deposition. The ECM ismainly produced by activated myofibroblasts1. The main effector cells in intestinalfibrosis, are mesenchymal cells, which exists in three distinct but interrelated forms:the fibroblast, the myofibroblast, and the smooth muscle cell.11 Regional differences inthe cellular composition of the intestinal tract might influence the development ofintestinal fibrosis in different parts of the intestine and may partly explain why fibrosisis predominantly found in the ileum and ileocolonic region, as compared to other partsof the intestine.11,12 Activation of collagen-secreting myofibroblasts is ultimatelyresponsible for increased tissue stiffness and progressive organ dysfunction.13 Thisprocess is further enhanced by both the innate and adaptive immune system, andincludes pro-inflammatory and profibrotic molecules such as interleukins (ILs), tumornecrosis factor-α (TNFα), transforming growth factor (TGF)-β1 and platelet-derivedgrowth factors (PDGF).13 Fibrogenesis is further boosted through the differentiation,recruitment, proliferation, and activation of ECM-producing myofibroblast progenitorsas well as dedifferentiation of epithelial cells by epithelial-mesenchymal transition(EMT)14 and endothelial cells via epithelial/endothelial–mesenchymal transition.Other players include stellate cells, pericytes, and bone marrow stem cells1,13,15 (Figure

1).

Figure 1. The process of tissue repair and fibrosis in the intestine.
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The etiology of intestinal fibrosis is diverse and disease development can occurin patients after radiation therapy,16 due to internal factors like gut microbiota orfibrogenesis can be triggered by external and environmental factors.17Irrespective of the initial trigger, numerous molecules are associated with thedevelopment of fibrosis. To date, the most important molecular mediators forintestinal fibrosis are TGF-β, PDGF, activins, connective tissue growth factor (CTGF),insulin-like growth factor (IGF)I, epidermal growth factor (EGF), fibroblast growthfactor (FGF), vascular endothelial growth factor (VEGF), various cytokines (e.g.interleukin [IL]-6, TNF-α and interferon [IFN]-γ), various chemokines (e.g. CCL2[monocyte chemoattractant protein-1; MCP1], CCL3 [macrophage inflammatoryprotein-1; MIP1], CCL4 [MIP-1β] and CCL20 [MIP-3α]) as well as reactive oxygenspecies (ROS) and associated products (Figure 2).13

Figure 2. Major molecular mediators in the intestinal fibrosis through activated myofibroblasts. Pro- orantifibrogenic effect (adapted from Lawrance et al., 2017).13
Some of these molecules are being investigated as potential targets ofantifibrotic drugs. For instance, the growth factors TGF-β, PDGF, and CTGF, mediatorsthat activate myofibroblasts, play an important role in wound healing, fibrosis, cellproliferation, and ECM production.13,18 Also, cytokines like IL-1 contribute to fibrosisduring chronic intestinal inflammation. IL-1, in combination with TNF and IFN-γ, also
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increases TGF-β-induced EMT, which promotes fibrogenesis through myofibroblastactivation, and chemokine and matrix metalloprotease (MMP) secretion.19TGF-β is primarily produced by several tissue-resident and blood-derivedcells.20 TGF-β has a critical role in intestinal mesenchymal cell activation and ECMproduction.21 In general, TGF-β increases collagen, fibronectin, tenascin, laminin, andentactin production.13 It also upregulates the tissue inhibitor of metalloproteinases(TIMP) expression and is a potent inductor of α-smooth muscle actin (α-SMA), amarker of myofibroblast.13 The intracellular TGF-β signal transduction pathway ismediated via Smad proteins. This TGF-β/Smad pathway is important in intestinalfibrosis since both TGF-β, and its receptors are overexpressed in fibrostenotic CD andanimal models of intestinal fibrosis.1,22 Therefore, inhibiting TGF-β signaling seems apromising strategy for fibrosis prevention.23 However, since TGF-β is also involved inseveral vital cellular functions, e.g. differentiation, chemotaxis, proliferation, andactivation of many immune cells,24 fully blocking this pathway is associated withsevere side effects. Still, selective inhibition of mediators in the TGF-β/Smad pathwaycan be useful to prevent the fibrotic process in the intestine (Chapter 2 and Chapter

4). PDGF is produced by, among others, macrophages, endothelial cells, fibroblasts,glial cells, astrocytes, myoblasts, and smooth muscle cells.25 PDGF has a crucial roleduring the development of fibrosis in several organs, including the intestine. The levelsof PDGF are increased in the inflamed mucosa of IBD patients, especially in theintestinal mucosa of CD patients. PDGF increases the migratory capacity of fibroblastand myofibroblast and promotes ECM deposition.13 In addition, proteins from thePDGF family, mainly PDGF-BB, promote the proliferation of intestinal fibroblasts andsubepithelial myofibroblasts.1 Several groups have shown that inhibiting the PDGFpathway in the liver, lung, and kidney successfully decreased fibrogenesis.26–28Moreover, we were the first to show that inhibitors of the PDGF pathway could haveantifibrotic effects in an ex vivo model of intestinal fibrosis (Chapter 2).CTGF is a downstream mediator of TGF-β, CTGF stimulates cell proliferation andECM synthesis.13 Its expression is controlled by TGF-β in a Smad-dependent manner.29Besides TGF-β, there are also other regulators of CTGF expression, such as VEGF, TNF-α, and ROS.30 CTGF could be a useful target for antifibrotic therapies since inhibitors of
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CTGF will block the profibrotic effects of TGF-β without affecting theimmunosuppressive and anti-inflammatory functions of TGF-β.31 In Chapter 2, theeffect of several antifibrotics was investigated on the CTGF gene expression inintestinal slices.Numerous in vitro and animal models are available to study intestinal fibrosis.32To date, in vitro models include fibroblast cultures,33 co-cultures,34 three-dimensionalculture models (between enterocytes, monocytes and dendritic cells),35 and intestinalorganoids36. In addition, there are different animal models of intestinal fibrosis, i.e.spontaneous, gene-targeted, chemical-, immune-, bacteria-, radiation-induced, andpostoperative fibrosis.32In the animal models that spontaneously develop intestinal fibrosis, theinflammatory and fibrotic responses occur without any exogenous manipulation. Thesenescence-accelerated mouse (SAM)P1/Yit and SAMP1/YitFc mice were generated bythe mating of a senescence-accelerated mouse line.37,38 These mice show impairedimmune functions with age, resulting in enteritis manifesting as a discontinuous lesionin the terminal ileum and caecum.37 Since the terminal ileum is the primary location ofstrictures in CD patients, this murine model can be used as a model to study thepathogenesis of intestinal stricture formation. However, these mice have a lowbreeding rate and are not commercially available, therefore these mice cannot be usedon a large scale.Manipulation of selected inflammation-associated genes that may lead tofibrosis is also used to create experimental models, i.e. IL-10 deficiency,39 TGF-βoverexpression,40 and monocyte chemoattractant protein (MCP)-1 overexpression41.These murine models are only useful to study the effect of antifibrotic compounds thattarget the specific pathways that have been manipulated. Because of this limitation,these models have not been used extensively to study intestinal fibrosis.Healthy wild-type animals can develop intestinal fibrosis by exposing them toexogenous agents that stimulate a local inflammatory response. Compounds that canbe used to induce intestinal fibrosis include dextran sodium sulfate (DSS),42trinitrobenzene sulfonic acid (TNBS)43 and peroxynitrite.44 These agents are widelyused since they cause epithelial cell injury followed by acute and chronic inflammatory
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responses. However, the clinical relevance of these models regarding CD-associatedintestinal inflammation and fibrosis is questionable.Immune-mediated models are developed to investigate the role of the intestinalmucosa during gut inflammation. One example is the T-cell naive CD45RBhigh CD4+transfer model.45 This model is associated with an increase in fibroblast and narrowingof the intestinal lumen. Since T-cells are also involved in chronic intestinalinflammation and fibrosis seen in human IBD, these models seem promising.In other models, microbial components are used to induce gut inflammation.46Intestinal inflammation in these animals can be induced by injecting bacterial cell wallpolymer peptidoglycan-polysaccharide directly into the bowel wall.47 Anotherapproach is injecting the colonic wall with a fecal suspension of luminal contents orselected aerobic and anaerobic strains isolated from the same animals,32 or by infectingthe animal with live bacteria (Salmonella enterica) via oral delivery.48 All of theseprotocols lead to an increased expression of TGF-β1, IGF-I, CTGF, and collagen. It is awidely held belief that CD is closely linked with immune responses against the gutmicrobiota, therefore these models seem to be useful to better understand one of thekey steps in the development of intestinal fibrosis.Exposure of the intestines to therapeutic doses of radiation will cause thedevelopment of intestinal inflammation and subsequent intestinal fibrosis.16 Based onthis observation, experimental models of radiation-induced intestinal fibrosis in ratsand mice were developed. In these models, upregulation of TGF-β1, CTGF, ECMproteins were observed as well as thickening of a submucosal and serosal layer of theintestine, thus mimicking radiation-induced human intestinal fibrosis.16,49As mentioned before, 50% of CD patients need surgery because of strictureformation, and in up to 40% of patients, there will be a symptomatic recurrence after4 years.7,50 Currently, it cannot be predicted which patients are at risk for therecurrence of strictures. Therefore, experimental models are needed to study clinicallyrelevant postoperative recurrence. An attempt was made with ileocecal resection in IL-10-/- mice, this mouse model develops inflammation and intestinal fibrosis.51The available in vitro and animal models of intestinal fibrosis help to unravelthe pathophysiological mechanisms underlying disease development and progression,and are used in preclinical therapeutic studies of fibrosis. However, none of these



Chapter 1

18

models is regarded as the golden standard, because they all fail to recapitulate thenumerous pathophysiological and clinical features of human intestinal fibrosis.Furthermore, in most animal models, intestinal fibrosis spontaneously reverses assoon as the inducing stimulus is removed, unlike the actual human situation.32 Totackle these issues, a new ex vivo model was developed -precision-cut tissue slices(PCTS)- as an ideal model to study the multicellular process of fibrosis. This model is auseful tool to study organ fibrosis in both human and animal tissue.52–54 Humanprecision-cut intestinal slices (PCIS) may better reflect the clinical condition becausethe slices contain all the different cells in their original organ environment allowing forcell-cell and cell-matrix interactions, also the organization of the intestinal villi andmicrovilli is well conserved.55 Furthermore, this technique is highly efficient, since alarge number of intestinal slices can be prepared from a small tissue sample, and theslices are relatively easy to process and culture.56 Thus, by using PCIS, we can test novelantifibrotic drugs (Chapter 2 and Chapter 3), study the factors that play a role infibrogenesis (Chapter 4) and intestinal drug metabolism (Chapter 5).
SCOPE AND AIM OF THE THESISOur group is working on the forefront of translational disease models and hasbeen greatly involved in the development of PCIS as intestinal fibrosis model.Previously, Pham et al. studied the early onset of intestinal fibrosis in PCIS preparedfrom the jejunum of mouse, rat, and human.53 In this thesis, this body of work wasexpanded by further characterizing the use of jejunum PCIS for the study of fibrosisand the testing of antifibrotic compounds. In Chapter 2 mouse jejunum slices wereused to study the antifibrotic efficacy of various TGF-β pathway inhibitors includingvalproic acid, tetrandrine, pirfenidone, SB203580, and LY2109761 as well as PDGFpathway inhibitors (e.g. imatinib, sorafenib, and sunitinib). This chapter demonstratedthe usefulness of PCIS as drug testing platform.Previously, Westra et al. studied the antifibrotic efficacy of rosmarinic acid inhuman and rat liver slices.52 In Chapter 3, this study was complimented by evaluatingthe antifibrotic efficacy of rosmarinic acid in mouse liver slices, as well as in mouse, rat,and human jejunum PCIS. Moreover, the anti-inflammatory effects of rosmarinic acidin tissue slices were also evaluated.
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However, in CD, the ileum and colon are mainly affected. Therefore, in Chapter

4, it was investigated whether human and mouse PCIS could be used to study the earlyonset of intestinal fibrosis in ileum and colon. In Chapter 5 the regional differenceswere studied in intestinal metabolic activity by using human ileum and colon PCIS.The aim of this thesis was to identify potential antifibrotic compounds for thetreatment of fibrosis, including intestinal fibrosis, by using PCTS. Moreover, we aimedto elucidate regional differences in the early onset of intestinal fibrosis as well asintestinal drug metabolism by using PCIS.
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ABSTRACT 

 

Background  

Intestinal fibrosis is a hallmark of Crohn’s disease. Here, we investigated the 

impact of several putative antifibrotic compounds on the onset of intestinal fibrosis 

using murine precision-cut intestinal slices (mPCIS). 

Methods 

mPCIS 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 (Col1α1), heat shock protein 47 (Hsp47), 

fibronectin (Fn2) and plasminogen activator inhibitor-1 (Pai-1). The effects of 

potential antifibrotic drugs mainly inhibiting the transforming growth factor β (TGF-

β) pathway, i.e. valproic acid, tetrandrine, pirfenidone, SB203580 and LY2109761 as 

well as compounds mainly acting on the platelet-derived growth factor (PDGF) 

pathway i.e. imatinib, sorafenib, and sunitinib were assessed in the model at non-toxic 

concentrations. 

Results 

mPCIS remained viable for 48 h and the onset of intestinal fibrosis was observed 

during culture, as demonstrated by an increased expression of, amongst others, Hsp47, 

Fn2, and Pai-1. Furthermore, TGF-β1 stimulated fibrogenesis while PDGF did not affect. 

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 Col1α1, Hsp47, Fn2 and Pai-1 following 

treatment. Moreover, sunitinib significantly reduced Hsp47 and Fn2 protein 

expressions. 

Conclusions 

PCIS can successfully be used to test drug efficacy in the early onset. Using the 

model, we demonstrated that sunitinib showed potential antifibrotic effects, 

warranting further evaluation of this compound for the treatment of intestinal fibrosis. 

 

 

Keywords: 

Antifibrotic compounds, intestinal fibrosis, platelet-derived growth factor inhibitors, precision-cut 

intestinal slices, transforming growth factor-β1 inhibitors 
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INTRODUCTION 

Crohn’s disease (CD) - an inflammatory bowel disease (IBD) – is often 

associated with intestinal fibrosis resulting in the formation of strictures, which will 

obstruct the intestinal lumen. These strictures are characterized by transmural 

condensed collagen layers in the intestinal wall.1–3 It is reported that intestinal fibrosis 

is initiated by severe and chronic tissue damage due to recurrent inflammation,4 as 

observed in CD patients. During CD, various cytokines are elevated in inflamed regions, 

including the archetypical profibrotic factors, transforming growth factor β (TGF-β) 

and platelet-derived growth factor (PDGF).1,5,6 These cytokines increase the expression 

of a variety of genes, including connective tissue growth factor (Ctgf), plasminogen 

activator inhibitor-1 (Pai-1) and C-myc.7 It has been reported that TGF-β is a key player 

during intestinal wound healing as well as stricture development in CD patients.1 

Activation of the TGF-β signaling pathway augments the expression of (pro)collagen 

1a1 (Col1α1), fibronectin (Fn2) and heat shock protein 47 (Hsp47).8,9 Therefore, TGF-

β is an interesting target for the treatment of fibrosis. In a previous study, we evaluated 

the therapeutic potential of a myriad of TGF-β pathway inhibitors in liver fibrosis using 

a unique ex vivo/in vitro model viz. precision-cut liver slices (PCLS).10–13 Using this 

model, we demonstrated that tetrandrine (Tet), valproic acid (Val), pirfenidone (Pir) 

and rosmarinic acid have potential for the treatment of liver fibrosis, in line with 

previous studies.14–17   

The other profibrotic growth factor, PDGF,18 induces cell proliferation and 

fibroblasts migration,9,19 but also activates intestinal myofibroblasts to increase 

collagen synthesis.20 Several groups successfully decreased fibrogenesis by inhibiting 

the PDGF pathway, via PDGF receptor inhibitors.14,21 Also, our group successfully used 

PCLS to study the efficacy of several PDGF inhibitors,13 including imatinib (Ima), 

sorafenib (Sor) and sunitinib (Sun). Despite these promising results, there are no drugs 

currently registered for the treatment of intestinal fibrosis and the only available 

therapy is surgical intervention.22  

Various animal models have been used to evaluate antifibrotic compounds in 

multiple organs.23,24 A good translational animal model for intestinal fibrosis is lacking, 

and as a result, elucidating the mechanism of intestinal fibrosis and testing the efficacy 

of therapeutic compounds is hampered. Recently, we established a novel model for the 
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onset of intestinal fibrosis using PCIS.10,25 The objective of the current study was to use 

this model to investigate the antifibrotic effect of several putative antifibrotic 

compounds in the intestine, including TGF-β pathway related inhibitors: Pir, Val, and 

Tet, LY2109761 and p38 MAPK inhibitor, SB203580 and PDGF related pathway 

inhibitors: Ima, Sor, and Sun. 

 

MATERIALS AND METHODS 

Preparation 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 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 (DEC 6416AA). 

Mice were anesthetized with isoflurane/O2 (Nicholas Piramal, London, UK). 

Mouse jejunum (about 15 cm distal from the stomach and 10 cm in length) were 

excised and preserved in ice-cold Krebs-Henseleit buffer (KHB) supplemented with 25 

mM 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% agarose (w/v) 

solution in 0.9% NaCl at 37 oC and embedded in an agarose core-embedding unit.26 

 

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 have an 

estimated thickness of 300-400 μm. Slices were stored on ice-cold KHB until the start 

of the experiments.26 
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Pro- and antifibrotic compounds 

TGF-β1 (5 ng/ml; hTGF-β1; Roche Applied Science, Mannheim, Germany) and 

PDGF-BB (50 ng/ml; Recombinant Human PDGF-BB; Peprotech, Bioconnect, Huissen, 

The Netherlands) were used as profibrotic stimuli. 

Different antifibrotic compounds were tested. The TGF-β 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 µM; Selleck 

Chemicals, Houston, USA). PDGF inhibitors, i.e. imatinib (10 μM; Novartis, Basel, 

Switzerland), sorafenib (4 μM; LC laboratories, Woburn, USA) and sunitinib (5 μM; LC 

laboratories). p38 MapK inhibitor: SB203580 (5 μM; Bioconnect, Huissen, The 

Netherlands). 

 

Incubation of intestinal slices 

Slices were incubated in 24-well plates for murine PCIS (mPCIS). mPCIS were 

incubated individually in 0.5 ml of Williams Medium E with L-glutamine (Invitrogen, 

Paisly, UK) supplemented with 25 mM glucose, 50 μg/ml gentamycin (Invitrogen, 

Paisly, UK) and 2.5 μg/ml amphotericin-B (Invitrogen, Paisly, UK). During incubation 

(at 37 oC and 80% O2/5% CO2) in an incubator (MCO-18M, Sanyo), the plates were 

horizontally shaken at 90 rpm (amplitude 2 cm). mPCIS was incubated up to 48 h, with 

and without human 5 ng/ml TGF-β1or 50 ng/ml PDGF-BB. 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.26 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. 
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Gene expression 

After incubation, slices were snap-frozen in liquid nitrogen and stored at -80 °C 

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). 

Afterward, 1 μg RNA was reverse transcribed using the Reverse Transcription System 

(Promega, Leiden, The Netherlands). The RT-PCR reaction was performed in the 

Eppendorf mastercycler with the following gradient: 25 °C for 10 min, 45 °C for 60 min, 

and 95 °C for 5 min. 

The expression of several fibrosis genes i.e. Col1α1, αSma, Hsp47, and Fn2 

(Table 1); three pathway-specific genes C-myc, Pai-1, and Ctgf (Table 1) were 

determined by SYBR green method. The Real-Time PCR reaction was performed in a 

7900HT Real-Time PCR (Applied Biosystems, Bleiswijk, The Netherlands) with 45 

cycles of 10 min 95 °C, 15 sec at 95 °C, and 25 sec at 60 °C followed by a dissociation 

curve. Ct values were corrected for the Ct values of the housekeeping gene Gapdh (∆Ct) 

and compared with the control group (∆∆Ct). Results are presented as fold induction 

(2-∆∆Ct). 

 

Table 1. Fibrotic primers gene expression 

 

Western blot 

Hsp47, Fn2 and PDGF-β-receptor protein expression was determined by 

Western blot. The Western blot analyses were performed as described by 

Luangmonkong et al.12 Snap frozen PCIS in liquid N2 and stored until analyses at -80 

°C, were lysate in 200 μl Pierce RIPA buffer (Thermo Fisher Scientific, USA) completed 

with PhosSTOPTM (Roche, Mannheim, Germany) and protein inhibitor cocktail (Sigma-

Primer Forward sequence Reverse sequence 

Gapdh ACAGTCCATGCCATCACTGC GATCCACGACGGACACATTG 

Col1α1 TGACTGGAAGAGCGGAGAGT ATCCATCGGTCATGCTCTCT 

αSma ACTACTGCCGAGCGTGAGAT CCAATGAAAGATGGCTGGAA 

Hsp47 AGGTCACCAAGGATGTGGAG CAGCTTCTCCTTCTCGTCGT 

Fn2 CGGAGAGAGTGCCCCTACTA CGATATTGGTGAATCGCAGA 

C-myc GCTGTAGTAATTCCAGCGAGAGACA CTCTGCACACACGGCTCTTC 

Pai-1 GCCAGATTTATCATCAATGACTGGG GGAGAGGTGCACATCTTTCTCAAAG 

Ctgf CAAAGCAGCTGCAAATACCA GGCCAAATGTGTCTTCCAGT 
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Aldrich, Zwijndrecht, The Netherlands). The tissue was homogenized on ice and 

centrifuged for 30 min at 4 °C at 13000 rpm. Protein concentrations were determined 

in the supernatant using a Bio-Rad DC protein assay according to the manufacturer’s 

protocol. As much as 50 µg protein samples were prepared in 4x Laemmli sample 

buffer (Bio-Rad, USA), supplemented with 10% ß-mercaptoethanol, boiled for 15 min 

at 100 °C and loaded on a 1.5 mm 10% stain-free gel to be separated by SDS-PAGE. 

Precision Plus protein standard Dual color (Bio-Rad, USA) was used as a reference 

marker on the gel. Gels were blotted using Bio-Rad semi-dry Trans-Blot TurboTM Mini 

PVDF system (1x minigel, 25 A, 10 min) and blocked in Tris-buffered saline 

supplemented with Blocking grade blocker (Bio-Rad, USA) and 0.1% Tween-20 for 1 h. 

Subsequently, membranes were incubated with rabbit-α-heat shock protein 47 

(1:1000, Abcam, UK), mouse-α-fibronectin [IST-9] (1:1000, Abcam, UK), rabbit-α-

PDGF-β-receptor (1:1000, Cell Signaling, USA) and mouse-α-Gapdh (1:5000, Sigma, 

Saint Louis, USA). For detection, Horseradish Peroxidase-conjugated secondary 

antibodies rabbit-α-mouse immunoglobulins-HRP and secondary goat-α-rabbit (Dako, 

Glostrup, Denmark) were used in combination with Clarity Western ECL Substrate 

(Bio-Rad, USA) chemiluminescence reagent kit and Chemidoc MP imaging system (Bio-

Rad, USA). Results are displayed as relative values compared to the control and 

normalized with Gapdh protein expression. 

 

Statistics  

Statistics were performed using GraphPad Prism 6.0. A minimum of three 

different intestines was used for each experiment, using 3-6 slices from each intestine. 

The results are expressed as a mean ± standard error of the mean (SEM). Differences 

were determined 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 were determined on the relative value of 

ATP, ∆∆Ct value for real-time PCR results, and relative signal intensity of the proteins.  

 

RESULTS 

After 48 h of incubation, there was no significant difference in the ATP content 

of PCIS compared to the 0 h time point (Supplementary Figure S1). Indicating that 
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the viability and morphological integrity of the slices was maintained, as demonstrated 

previously.25 During culture, gene expression of Hsp47 and Fn2, early markers of 

fibrosis, were increased significantly compared to 0 h. On the other hand, Col1α1 and 

αSma were significantly decreased compared to directly after slicing (Figure 1A). 

Exposure of PCIS to TGF-β1 and PDGF-BB did not affect the viability of the slices 

(Supplementary Figure S1). Gene expressions of the fibrosis markers, Col1α1, αSma, 

Hsp47, and Fn2 were upregulated at least 2-fold in the presence of TGF-β1 (Figure 1B).  

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.10,25 Moreover, TGF-β1 significantly increased the expression of 

all three pathway-related genes (C-myc, Pai-1, and Ctgf; Figure 1D). In contrast, 

treatment with PDGF-BB did not affect the expression levels of both fibrosis and 

pathway markers (Figures 1B, 1D), despite the presence of the PDGF receptor during 

culture (Figure 1E). Next, we evaluated the efficacy of multiple putative antifibrotics 

using the markers mentioned above. 

 

Antifibrotic effect of TGF-β related inhibitors  

Drugs, mainly acting on the TGF-β pathway, were studied for 48 h in the 

presence or absence of TGF-β1. The selected concentrations of the studied compounds 

were non-toxic for PCIS as illustrated by the ATP content of the slices following 

treatment (Figures 2A, 2B). In the absence of TGF-β1, all tested inhibitors, i.e. Val, Tet, 

and Pir, significantly decreased the gene expression of Hsp47. Also, Tet and Pir also 

downregulated Fn2 expression. Moreover, Pir was the TGF-β pathway associated drug 

that was able to decrease the gene expression of Col1α1 (Figure 3A).  

Among TGF-β specific inhibitors, LY2109761 decreased the expression of all 

fibrosis-related genes but especially reduced the gene expression of Col1α1 by 80%, to 

the level which was even lower than the expression of Col1α1 directly after slicing 

(Figure 3B). Meanwhile, the p38 MapK inhibitor, SB203580, only slightly 

downregulated the gene expression of Hsp47 in slices (Figure 3B). 

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

of TGF-β1.  Under these conditions, Val did not change the gene expression of any of 

the fibrosis markers studied (Figure 3C). However, Tet showed a clear antifibrotic 
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effect, as it significantly reduced the expression of most of the studied genes, except for 

Fn2, compared to PCIS incubated with only TGF-β1 (Figure 3C). Also, Pir significantly 

decreased the gene expression of Col1α1, Hsp47, and Fn2 as compared to PCIS 

incubated with TGF-β1 alone (Figure 3C). Moreover, LY2109761 markedly decreased 

Col1α1 expression (Figure 3D). In contrast, SB203580 did not affect any of the fibrosis-

related genes (Figure 3D). 

 

 

 

Figure 1. Gene expression of fibrotic markers: (A) Col1α1, αSma, Hsp47, Fn2; (B) Col1α1, αSma, Hsp47, 

Fn2 after treatment with TGF-β1 (5 ng/ml) and with PDGF (50 ng/ml). Gene expression of pathway 

markers: (C) C-myc, Pai-1, and Ctgf; (D) C-myc, Pai-1, and Ctgf after treatment with TGF-β1 (5 ng/ml) and 

with PDGF (50 ng/ml). (E) Protein expression of PDGFR during culture. Data are expressed as mean +/- 

SEM (n=3-5). One-tailed Student's t-test; *p<0.05, **p<0.01 vs. control. 
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Figure 2. The viability of PCIS determined by ATP content (relative value compared to 0 h) 

following treatment with: (A) Val, Tet, Pir; (B) SB203580, LY2109761; (C) Ima, Sor, Sun. Data are 

expressed as mean +/- SEM (n=3-5). One-tailed Student's t-test. 

 

 

When investigating the gene expression of pathway-related markers C-myc, Pai-

1, and Ctgf, Val downregulated all these markers significantly; Pir only decreased the 

expression of C-myc and Pai-1 (Figure 3E). Whereas, Tet did not affect any of the 

pathway related markers. Furthermore, LY2109761, the TGF-β specific inhibitor, 

significantly decreased Pai-1 and Ctgf gene expression in PCIS. While SB203580 only 

decreased Pai-1 gene expression significantly (Figure 3F).  

In the presence of TGF-β1, Pai-1 gene expression was downregulated by Val, Pir, 

and LY2109761. Val and LY2109761 also significantly decreased C-myc gene 

expression. Gene expression of Ctgf was only downregulated by LY2109761 (Figures 

3G, 3H). LY2109761 was the most effective antifibrotic compounds in both models of 

the early onset of fibrosis. Therefore, we studied the impact of LY2109761, 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 LY2109761 compared to control (Figure 4B). The representative Western 

blots can be seen in Figure 4C. 

Taken together, LY2109761 showed a significant reduction of the gene level but 

not on the protein expression of the investigated fibrosis markers. 
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Figure 3. Gene expression of Col1α1, αSma, Hsp47, and Fn2 in PCIS following treatment with: (A) 

Val, Tet, Pir; (B) SB203580, LY2109761; (C) Val, Tet, Pir in the presence of TGF-β1, and (D) SB203580, 

LY2109761 in the presence of TGF-β1. Gene expression of C-myc, Pai-1, and Ctgf in PCIS following 

treatment with: (E) Val, Tet, Pir; (F) SB203580, LY2109761; (G) Val, Tet, Pir in the presence of TGF-β1, 

and (H) SB203580, LY2109761 in the presence of TGF-β1. Data are expressed as mean +/- SEM (n=3-5). 

One-way ANOVA followed by Dunnett’s multiple comparisons test. *p<0.05, **p<0.01 vs. control. 

 

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  
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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 (Figures 5A, 5B). Sor, by itself, 

decreased Hsp47 expression, and in the presence of PDGF-BB both Hsp47 and αSma 

levels were reduced (Figures 5A, 5B). Meanwhile, Sun with and without PDGF-BB 

downregulated not only the early markers Hsp47 and Fn2 but also the gene expression 

of the main fibrosis marker Col1α1 (Figures 5A, 5B). 

While Sor only slightly decreased the gene expression of Ctgf in the absence of 

PDGF-BB (Figure 5C). Sun downregulated Pai-1 and Ctgf gene expression in both the 

absence and presence of PDGF-BB (Figures 5C and 5D). Sun was the most effective 

PDGF inhibitor. Therefore, we only studied the effect of Sun on the protein expression 

of Hsp47 and Fn2. Figure 4B shows that Sun also downregulated the protein 

expression of Hsp47 and Fn2 (p=0.06). Thus, among PDGF inhibitors, only Sun showed 

potential antifibrotic effects on gene and protein level. 

 

 

Figure 4. Protein expression of fibrosis markers Hsp47 and Fn2: (A) During culture; following 

treatment with: (B) LY2109761 and Sun; (C) Representative Western blots. Data are expressed as mean 

+/- SEM (n=3-18). One-tailed Student's t-test; *p<0.05, **p<0.01, ***p<0.001 vs. control. 
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Figure 5. Gene expression of Col1α1, αSma, Hsp47, and Fn2 in PCIS following treatment with: (A) 

Ima, Sor, Sun; (B) Ima, Sor, Sun in the presence of PDGF. Gene expression of C-myc, Pai-1, 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). One-way ANOVA followed by Dunnett’s multiple comparisons test; *p<0.05, 

**p<0.01 vs. control. 

 

 

DISCUSSION 

This is the first study that evaluates potential antifibrotic drugs for the 

treatment of intestinal fibrosis. As previously reported, we have developed rodent PCIS 

as an ex vivo model for the early onset of intestinal fibrosis.10,25 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).10–13 

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 TGF-β1 or PDGF-BB. Only TGF-β1 induced 

fibrosis markers and pathway related genes, which was in line with the study in 

isolated human intestinal fibroblasts where gene expression of CTGF and COL1α1 is 

elevated after TGF-β1 stimulation.27,28 However, a different response to PDGF-BB was 

observed in PCIS as compared to other in vitro models.13 In our hands, incubation of 
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PCIS with PDGF-BB did not affect the expression of the measured fibrosis genes, 

despite the presence of the PDGF receptor. It might be necessary to use higher 

concentrations of PDGF-BB.  

Several TGF-β pathway related inhibitors were evaluated in this study, 

including Val, Tet and Pir. As reported previously, in an ex vivo rat PCLS model, Val 

reduced the gene expression of multiple fibrosis makers.29 In our PCIS model, Val did 

not have an antifibrotic effect. However, it affected the expression of pathway-related 

genes. Indicating that Val inhibited the TGF-β pathway but did not alter the early onset 

of fibrosis. Mannaerts et al., showed that Val reduced Col1α1 gene expression in mouse 

hepatic stellate cell (HSC) after 96 h of culture.15 Also, Val suppressed renal fibrosis of 

TGF-β1-stimulated αSMA expression and induction of autophagy in unilateral ureteral 

obstruction (UOO) mice after 5 days.30 Therefore, an increased incubation period might 

be needed to fully unveil the effect of Val on the gene expression of fibrosis markers in 

PCIS. Furthermore, Val is a histone deacetylase inhibitor and the effect on the pathway 

related genes could also be caused by hyperacetylation of histones.31 

Tet blocks the TGF-β/Smad pathway by upregulating Smad 7, which inhibits 

Smad2/3 phosphorylation.1,13 In our hands, Tet did not affect the pathway related 

genes but attenuated the levels of several fibrosis markers. This ostensible discrepancy 

might also be due to timing, as the inhibition of the pathway related genes could have 

occurred before the 48 h sampling time. Therefore, more research is necessary to 

elucidate the molecular mechanisms involved in the antifibrotic effect of Tet.  

Pir decreases gene expression of TGF-β, Collagen I and Hsp47 in both cell 

cultures and animal fibrosis models from different organs.16,32,33 Pir was the first 

antifibrotic compound on the market, currently registered for the treatment of 

idiopathic pulmonary fibrosis.14 The antifibrotic properties for Tet and Pir in the 

intestine are in line with the results obtained in fibrosis models in other organs and 

PCLS.16,29 In addition, our result showed that Pir could reduce all fibrosis markers 

except αSma. Schaefer et al. stated that the in vitro antifibrotic activities of Pir could be 

divided into three general mechanisms i.e., reduction of fibroblast and myofibroblast 

proliferation, inhibition of extracellular matrix synthesis/deposition, and reduction of 

fibrosis markers.16 The antifibrotic mechanism of Pir in the intestine may be mainly 
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inhibiting the extracellular matrix synthesis/deposition. Thus, Tet and Pir could be 

effective for the treatment of intestinal fibrosis.  

Recently, other inhibitors, albeit no marketed drugs, surfaced that are used to 

inhibit specific pathways in fibrosis, namely LY2109761 and SB203580. LY2109761 is 

a TGF-β inhibitor that showed promising results in blocking TGF-β signaling in cancer 

and fibrotic diseases.34–37 SB203580 is a p38 MAP Kinase inhibitor,38 which decreased 

the gene expression of fibrosis markers in the precision-cut liver slices (PCLS). In our 

PCIS model, only LY2109761 showed a clear antifibrotic effect. This suggests that the 

TGF-β signaling pathway is instrumental during the development of intestinal fibrosis, 

whereas the p38 MAP Kinase pathway does not play a role. 

Our results further illustrated that LY2109761 could dampen the expression of 

multiple fibrosis markers on the gene level. Further supporting the notion that 

hampering the TGF-β pathway is a promising therapeutic target to treat intestinal 

fibrosis.  

We evaluated the antifibrotic activity of the small molecule tyrosine kinase 

inhibitors: Ima, Sor, and Sun. All three drugs are used primarily in cancer therapy.39 

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.40,41 Our results showed that Sun had a clear effect in the early onset of 

intestinal fibrosis (both gene and protein level), compared to Sor and Ima, especially 

in the presence of PDGF. Sun also significantly downregulated the pathway related 

gene expression of Pai-1 and Ctgf suggesting that Sun has an inhibitory effect upstream 

of the molecular pathogenesis of intestinal fibrosis, most likely by blocking the PDGF-

α and PDGF-β receptors.42 Moreover, a recent study from Huang et al. showed that Sun 

suppressed the degree of epithelial-to-mesenchymal transition induced by TGF-β in 

human bronchial epithelial cells and the proliferation of WI-38 human lung fibroblasts. 

Although the mechanism remains unknown, they showed that Sun as a tyrosine kinase 

inhibitor reduced the phosphorylation of serine residues on Smad2/3, which is 

induced by TGF-β.43 This is in line with our study as Sun significantly downregulated 

the downstream targets of TGF-β signaling, Pai-1 and Ctgf. These results may indicate 

that Sun also has anti-TGF-β activity. 
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Westra et al. used the ex vivo rat PCLS model to test Ima, Sor and Sun.29 They 

demonstrated that Ima was the most effective antifibrotic compounds in both the early 

and late stages of liver fibrosis in rat PCLS,13,29 while it did not become effective in 

human PCLS.44 Also, our results showed that Ima did not influence intestinal fibrosis in 

murine PCIS. Thus, it is clear that Ima elicits organ- and species-specific effects. 

Recently, in a review of Qu et al. the antifibrotic effect of Ima and Sor on liver 

fibrosis. The beneficial effects of these compounds were observed in preclinical animal 

models and in patients with liver fibrosis. Ima reduced number of activated HSCs and 

inhibited ECM production in preclinical models, only during early fibrogenesis and not 

in established fibrosis.45 Sor is used as the first treatment for advanced hepatocellular 

carcinoma cell in the clinical trials.46 A recent multi-center, placebo-controlled 

randomized clinical trial of Sor also antifibrotic effects in patients with a fibrotic livers 

were found.45  

From the result of our study, it can be concluded that although Ima, Sor, and Sun 

all inhibit tyrosine kinase activity, only Sun effectively downregulated fibrogenesis in 

the PCIS model. From our results, it may be concluded that the dual effect on both TGF-

β and PDGF signaling pathway of Sun may be beneficial in intestinal fibrosis. However, 

a recent case report from Boers-Sonderen et al. showed that Sun treatment could cause 

an exacerbation of pre-existent Crohn’s disease.47 Therefore, even if our result gave an 

insight that Sun has a potential effect at the early onset of fibrosis, more studies are 

necessary to before Sun can be used in CD patients with intestinal fibrosis. Thus, to 

further understand the mechanisms of action of Sun will help to explain the side effects 

and improve its safety profile. 

 

CONCLUSION 

This study shows that PCIS could be a valuable tool to evaluate the efficacy of 

compounds for the treatment of intestinal fibrosis in the early onset. Of the various 

compounds that we tested, only Sun showed potential antifibrotic efficacy. This 

candidate and its mechanism of action should be further investigated to unveil its 

therapeutic aptitude completely. Future studies using human PCIS will establish 

whether these potential antifibrotic compounds are also effective in man. 
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SUPPLEMENTARY DATA 

 
 

 

  

Figure S1. Viability of PCIS determined by ATP content (relative value compare to 0 h). Data are 

expressed as mean +/- SEM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2 

46 

 

 

Pražský Orloj (Astronomical Clock), Prague, Czech Republic 



3

Organ- and Species-specific Biological

Activity of Rosmarinic Acid

R. Iswandanaa,b, B.T. Phama,c, W.T. van Haaftena, T. Luangmonkonga,d,

D. Oosterhuisa, H.A.M. Mutsaersa,e, §, P. Olingaa, §,*

aDivison of Pharmaceutical Technology and Biopharmacy, Department of Pharmacy,University of Groningen, The Netherlands
bFaculty of Pharmacy, Universitas Indonesia, Indonesia
cDepartment of Pharmaceutics, Hanoi University of Pharmacy, Vietnam
dDepartment of Pharmacology, Faculty of Pharmacy, Mahidol University, Thailand
eDepartment of Clinical Medicine, Aarhus University, Denmark
*Corresponding author
§These authors shared senior authorship

Toxicology in Vitro 32, 261 – 268 (2016)

Chapter 3



Chapter 3

48

ABSTRACT

BackgroundRosmarinic acid (RA), a compound found in several plant species, has beneficialproperties, including anti-inflammatory and antibacterial effects. We investigated thetoxicity, anti-inflammatory, and antifibrotic effects of RA using precision-cut liver slices(PCLS) and precision-cut intestinal slices (PCIS) prepared from human, mouse, and rattissue.
MethodsPCLS and PCIS were cultured up to 48h in the absence or presence of RA. Geneexpression of the inflammatory markers: IL-6, IL-8/CXCL1/KC, and IL-1β, as well as thefibrosis markers: pro-collagen 1a1, heat shock protein 47, α-smooth muscle actin,fibronectin (FN2) and plasminogen activator inhibitor-1 (PAI-1) were evaluated byqPCR.
ResultsRA was only toxic in murine PCIS. RA failed to mitigate the inflammatoryresponse in most models, while it clearly reduced Il-6 and Cxcl1/kc gene expression inmurine PCIS at non-toxic concentrations. With regards to fibrosis, RA decreased thegene levels of Fn2 and Pai-1 in murine PCLS, and Fn2 in murine PCIS. Yet, no effect wasobserved on the gene expression of fibrosis markers in human and rat PCIS.
ConclusionsIn conclusion, we observed clear organ- and species-specific effects of RA. RAhad little influence on inflammation. However, our study further establishes RA as apotential candidate for the treatment of liver fibrosis.

Keywords:Antifibrotic, anti-inflammatory, precision-cut intestinal slices, precision-cut liver slices, rosmarinic acid,toxicity
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INTRODUCTIONRosmarinic acid (RA) is an ester of caffeic acid and 3,4-dihydroxyphenyllacticacid (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 insome fern and hornwort species.1 RA has a gamut of beneficial biological activities,such as anti-inflammatory,2 antioxidant, antiapoptotic, and antifibrotic effects.3,4Rocha et al., 2005 demonstrated that RA might be useful in the pharmacologicalmodulation of injuries associated with inflammation.2 The anti-inflammatoryproperties of RA are thought to be based on the inhibition of lipoxygenase andcyclooxygenases, interference with the complement cascade1,5,6 and down-regulationof inflammatory cytokines.7 Because chronic inflammation is an important trigger forfibrogenesis, RA might mitigate fibrosis by dampening the inflammatory responseduring chronic diseases. Liver fibrosis, especially the end stage cirrhosis, is a majorcause of mortality worldwide.8 Similarly, intestinal fibrosis is found in most patientswith inflammatory bowel disease (IBD), which affects at least 2.2 million Europeans.8,9Currently, 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., 2014 showed that RA decreased the expression of thefibrosis markers collagen 1α1 (COL1α1), heat shock protein 47 (HSP47), and α-smoothmuscle actin (αSMA) in both human and rat precision-cut liver slices.10 In addition, RAalso showed therapeutic activity against acute liver toxicity in vivo.4 RA amelioratedhepatic oxidative/nitrosative stress, suppressed inflammation, and inhibitedactivation of hepatic stellate cells (HSCs) and apoptosis in CCl4-injured livers. Thehepatoprotective activity of RA was accompanied by induction of the Nrf2/HO-1pathway.3 Moreover, it has also been shown that RA inhibits COX-2 activation in coloncancer HT-29 cells.11,12 These results suggest that RA may be a promising anti-inflammatory and antifibrotic compound in both liver and intestinal fibrosis. Yet, thediscovery of effective antifibrotics is hampered by the absence of good translationalmodels, variability in the observed efficacy of drug candidates in rodent models due tospecies- and strain-dependent responses and the inability to replicate the multicellularpathophysiology of fibrosis in vitro.13–15 To tackle these issues, the objective of thisstudy was to investigate organ- and species-specific biological activity of RA with a
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focus on the putative anti-inflammatory and antifibrotic effects using precision-cutliver 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. fibrosis,because the slices contain all the different cells in their original environment allowingfor cell-cell and cell-matrix interactions.16

Figure 1. Rosmarinic acid structure
MATERIALS AND METHODS
ChemicalAll chemicals were obtained from Sigma (Zwijndrecht, the Netherlands) unlessstated otherwise. Stock solutions of RA were prepared in milli-Q and stored at -20 °C.During experiments, stocks were diluted in culture medium with a final solventconcentration of ≤ 1%.
AnimalsTissue was obtained from male Wistar rats (Harlan Laboratories B.V., Horst,The Netherlands) and C57BL/6 mice (De Centrale Dienst Proefdieren, UniversityMedical Center Groningen, Groningen, The Netherlands). Animals were housed undercontrolled conditions with a twelve-hour light/dark cycle and free access to water andfood (Harlan chow no.2018, Horst, The Netherlands). Organs were harvested via aterminal procedure performed under isoflurane/O2 anesthesia (Nicholas Piramal,London, UK). All experiments were approved by the Animal Ethical Committee of theUniversity of Groningen.
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Preparation of murine precision-cut liver slicesMurine liver slices (PCLS) were prepared according to the protocol by de Graaf
et al.17 In short, liver cores were obtained using a 5-mm biopsy-punch. Subsequently,slices were made using a Krumdieck tissue slicer (Alabama Research andDevelopment, USA), filled with ice-cold Krebs-Henseleit buffer (KHB) supplementedwith 25 mM D-glucose (Merck, Darmstadt, Germany), 25 mM NaHCO3 (Merck), 10 mMHEPES (MP Biomedicals, Aurora, OH), saturated with carbogen (95% O2/5% CO2) andadjusted to pH 7.4. PCLS with a wet weight of approximately 3 mg, have an estimatedthickness of 300-400 μm. To prevent rapid loss of viability after slicing, PCLS weredirectly transferred to ice-cold University of Wisconsin organ preservation solution(UW-solution).
Preparation of intestinal slicesHealthy human jejunum tissue was obtained from pylorus preservingpancreaticoduodenectomies. Use of human tissue was approved by the Medical EthicalCommittee of the University Medical Centre Groningen (UMCG), according to Dutchlegislation and the Code of Conduct for dealing responsibly with human tissue in thecontext 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 inaccordance with the experimental protocols approved by the Medical EthicalCommittee of the UMCG.Rat jejunum (about 25 cm distal from the stomach and 15 cm in length) ormouse jejunum (about 15 cm distal from the stomach and 10 cm in length) wereexcised and preserved in ice-cold KHB until use.
Slicing of precision-cut intestinal slicesPreparation of intestinal slices (PCIS) was carried out according to the protocolof de Graaf et al.17 In short, tissue was cleansed by flushing KHB through the lumen andsubsequently divided into 2 cm segments. Afterwards, intestinal cores were preparedusing 3 % (w/v) agarose (Sigma-Aldrich, Steinheim, Germany) in 0.9 % NaCl at 37 °Cand embedded in an agarose core-embedding unit. Next, PCIS were prepared using a
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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 directlytransferred to KHB to prevent loss of viability.
Incubation of slicesAfter 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/mlgentamycin (Gibco). PCIS medium also contained 2.5 µg/ml fungizone (amphotericinB; Invitrogen, Paisly, Scotland). Slices were incubated for 24 h (rat PCIS) or 48 h at 37°C in an 80% O2/5% CO2 atmosphere. The culture plates were horizontally shaken at90 rpm (amplitude 2 cm). For experiments, PCLS and PCIS were incubated with RA(100 µM – 500 µM) for 24 – 48 h.
ViabilityViability of the slices was assessed by measuring the adenosine triphosphate(ATP) content using the ATP bioluminescence kit (Roche diagnostics, Mannheim,Germany), as previously described.17 Determined ATP values (pmol) were normalizedto the total amount of protein (µg) estimated by the Lowry method (BIO-rad RC DCProtein Assay, Bio Rad, Veenendaal, The Netherlands). Values displayed are relativevalues compared to the related controls.
Gene expressionAfter incubation, PCLS and PCIS were snap-frozen in liquid nitrogen and storedat -80 °C until use. Total RNA of three to six pooled snap-frozen slices was isolatedusing the Qiagen RNAeasy mini kit (Qiagen, Venlo, The Netherlands), and the amountof isolated RNA was measured with the BioTek Synergy HT (BioTek Instruments,Vermont, USA). Afterwards, RNA (1 μg) was reverse transcribed using the reversetranscriptase kit (Promega, Leiden, The Netherlands). The RT-PCR reaction wasperformed in the Eppendorf mastercycler using the following gradient: 25 °C for 10min, 45 °C for 60 min and 95 °C for 5 min.
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Subsequently, gene expression was studied via RT-qPCR using the SYBR greenmethod or Taqman gene expression assays (Applied Biosystems, Bleiswijk, TheNetherlands). Samples were analyzed using a 7900 HT Fast Real-Time RT-PCR(Applied Biosystems) with 45 cycles of 10 min 95 °C, 15 sec at 95 °C, and 25 sec at 60°C following by a dissociation stage (SYBR green) or with 40 cycles of 10 min at 95°C,15 sec at 95 °C and 1 min at 60 °C (Taqman). GAPDH was used as housekeeping gene,and relative expression was calculated as fold change (2-ΔΔCt). Used primers and probesare listed in Table 1.
Table 1. Fibrotic and inflammatory primers and probes gene expression.

Species Primer Forward sequence Reverse sequence Probe sequence

Human

GAPDH ACCAGGGCTGCTTTTAACTCT GGTGCCATGGAATTTGCC TGCCATCAATGACCCCTTCA
COL1α1 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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StatisticsStatistics were performed using GraphPad Prism 6.0 via one-way analysis ofvariance (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/liverwas used for each experiment, using 3–6 slices from each intestine/liver per condition.The results are expressed as mean ± standard error of the mean (SEM). Statisticaldifferences in ATP levels were determined using the values relative to the controlvalues. Regarding the RT-qPCR results, statistics were performed using the ΔΔCtvalues, while the data is presented as fold change (2-ΔΔCt). Differences between groupswere considered to be statistically significant when P < 0.05.
RESULTS
Antifibrotic effect of RA in murine PCLSOur lab previously demonstrated that RA mitigated fibrogenesis in human andrat PCLS. To elucidate potential species differences, we investigated whether the sameeffect could be observed in murine PCLS (n=4). First, we characterized the viability, byATP content, and both the inflammatory and fibrotic response in the slices duringculture. As shown in Figure 2A (n=4), ATP content of murine PCLS significantlyincreased after 24 h of culture, as compared to the 0 h control. Furthermore, ATP levelsremained elevated, indicating that the slices were viable for 48 h.  In addition, weobserved an increase in inflammatory markers. Gene expression of Il-6 wassignificantly up-regulated 77-fold after 24 h and Il-6 levels were further elevated at 48h (165-fold; Figure 3A, n=4). Concurrently, qPCR revealed a marked increase inmultiple fibrosis markers after 48 h. Gene expression of Col1α1, Hsp47, Fn2, and Pai-1were significantly elevated 15, 7, 43, and 216-fold, respectively. These results indicatethe presence of both an inflammatory and fibrotic response in murine PCLS duringculture. Figure 2B (n=4) demonstrates that RA (100-300 µM) does not exert toxicityin PCLS, yet we observed a concentration-dependent induction of Il-1β after 24 h(Figure 3C, n=4). Conversely, RA effectively mitigated fibrogenesis in PCLS as shownby a clear reduction in the expression of both Fn2 and Pai-1 at all the testedconcentrations (Figure 3D, n=4). Thus, despite the observed induction of Il-1β, RA
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shows great potential as antifibrotic compound in murine PCLS, in concordance withour previous findings in human and rat PCLS.10,18

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 areexpressed as mean +/- SEM. Student's t-test; *p<0.05, **p<0.01, ***p<0.001 vs. control.
Antifibrotic effect of RA in human, murine, and rat PCISNext, we investigated whether RA had a similar positive effect in intestinal slicesprepared from tissue obtained from man, mouse, and rat.
Human PCIS

Figure 4A demonstrates that the viability of human PCIS (n=9) remainedconstant 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 duringculture (Figure 5B, n=5). The latter is in line with the observed onset of fibrosis inhuman PCIS reported previously.19 These results indicate the presence of both aninflammatory and fibrotic response in human PCIS during culture. As shown in Figure
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4B, RA (100 – 300 µM) had no impact on the viability of human PCIS (n=9) as illustratedby stable ATP levels. In contrast to liver slices, RA had no significant influence on theexpression of the investigated inflammatory and fibrotic markers in human PCIS. Outof interest, PAI-1 level was elevated during culture with RA (Figures 5C and 5D,3F,n=5).

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 PCISSimilar to human PCIS, murine PCIS (n=4) remain viable during culture for 48h (Figure 2C). In addition, gene expression of Il-6 and Cxcl1/kc, the murine Il-8homologue,20 were 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 aslight reduction of viability after 24 h, yet viability remained at an adequate level to
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study the effects of RA. However, there was a significant reduction in viability afterexposure to 200 – 300 µM RA for 48 h (Figure 2D, n=4). Figure 4C (n=4) shows thatthere was a significant reduction in Il-6 expression when PCIS were treated with 300µM RA for 24 h. Furthermore, the expression of Il-6 and Cxcl1/kc also showed asignificant reduction following exposure to 100 µM of RA for 48 h. In addition, weobserved a concentration-dependent reduction of the studied fibrosis markers withsignificant effect on Fn2 expression during 24 h, while RA had no effect after 48 h(Figure 4D, 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.
Rat PCISRat 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 (Figures 7A, 7B, n=4).Furthermore, in contrast to the results obtained with murine PCIS, RA did not affectthe viability of rat PCIS, nor did it affect the inflammatory and fibrotic response
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(Figures 4D, 7C, 7D, n=4). Taken together, it is clear that RA elicits species-specificeffects in the intestine.

Figure 5. The effect of incubation and rosmarinic acid on human PCIS (n=5): (A) Inflammatorymarkers 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) Fibrosismarkers COL1α1, HSP47, αSMA, FN2, and PAI-1 expressions (rosmarinic acid). Data are expressed asmean +/- SEM. ANOVA; *p<0.05, ****p<0.0001 vs. control.
DISCUSSIONRA 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, suchas anti-inflammatory and antibacterial effects. Moreover, there is evidence indicatingthat RA might mitigate fibrosis,3,4,10–12,18 a detrimental pathophysiological processassociated with various chronic diseases. In this study, we further evaluated tobiological effects of RA.
Organ toxicity of RAOur results demonstrated that RA concentration-dependent decreased theviability of murine PCIS, whereas both rat and human PCIS were unaffected. This
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discrepancy might be caused by species differences in the metabolism of RA. Severalstudies have previously shown that there were variances in absorption, metabolism,degradation and urinary excretion of RA between rats and humans, with rats excretingmore of the glucuronide conjugate and humans the sulfate conjugate.21–24 Yet, RAmetabolism in mice requires further investigation. Of note, several studies have shownthat RA induces cell death in a variety of human colorectal carcinoma cell lines25,26 aswell as cells derived from mouse adenomas.27 These findings suggest that, undercertain circumstances, RA might indeed be toxic for intestinal cells. Conversely, ourresults, and previous work from our group, showed that RA is not toxic for liver slicesprepared from murine, rat and human tissue.10,18 Furthermore, a multitude of studiesdemonstrated that RA protects neural cell against apoptosis.28 Thus, RA appears to begenerally non-toxic.

Figure 6. The effect of incubation and rosmarinic acid on murine PCIS (n=4): (A) Inflammatorymarkers Il-6, Cxcl1/kc, and Il-1β expressions (incubation); (B) Fibrosis markers Pai-1 expression(rosmarinic 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 expressedas mean +/- SEM. ANOVA; *p<0.05, **p<0.01, ****p<0.0001 vs. control.
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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 marker 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.
Anti-inflammatory effect of RATo our knowledge this is the first study that addresses the effect of RA on theinflammation in human, rat and murine intestine. Our results with intestinal murinePCIS showed that RA only has anti-inflammatory effects in the murine intestine. Asillustrated, RA potently reduced Il-6 and Cxcl1/kc expression. Previously, Wang et al.,showed that Il-6 is a potent pro-inflammatory cytokine which plays an important rolein the pathogenesis of inflammatory bowel disease (IBD).29 Our PCIS studies indicatethat RA will not be a potential treatment of IBD.
Antifibrotic effect of RAOur results demonstrated that RA can hamper fibrogenesis in murine PCLS,similar to previous observations from our lab using human and rat PCLS.10,18 Incontrast, RA did not affect the fibrotic response in PCIS of these species. A possible
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explanation for the observed discrepancy could be the mechanisms underlyingfibrogenesis in both organs. In the liver, fibrosis is mainly caused by activated residentcells, whereas infiltrating immune cells are key players in the fibrotic response in theintestine.30,31 Activated hepatic stellate cells (HSCs) have numerous interactions withthe immune system by means of antigen presentation, secretion of chemokines and viaexpression of adhesion molecules,31 and they produce the majority of the ECMcomponents associated with liver fibrosis.32 On the other hand, intestinal fibrosis ismainly caused by damaging processes that elicit infiltration of immune cells, which willultimately result in destruction of the mucosal and submucosal layers via oxidantactivity.30 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 inPCIS. Further research is needed to elucidate whether RA can mitigate intestinalfibrosis in a co-culture model using PCIS and activated macrophages.
CONCLUSIONTaken together, our results clearly demonstrate that RA has potential as atherapeutic agent for the treatment of liver fibrosis. In addition, RA appears to elicitanti-inflammatory and antifibrotic effects in murine PCIS. Conversely, these beneficialeffects were not observed in human and rat PCIS. Thus, the advantageous effects of RAare clearly organ- and species-specific.
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ABSTRACT

BackgroundIntestinal fibrosis is one of the major complications in Crohn’s disease patients.Intestinal fibrosis can cause narrowing of the intestinal lumen. The mechanism ofintestinal fibrosis is still unknown and adequate models are lacking. By usingprecision-cut intestinal slices (PCIS), we studied regional differences in the early onsetof fibrosis in murine and human ileum and colon PCIS, as well as the response totransforming growth factor (TGF)-β1.
MethodsMurine PCIS (mPCIS) and matched human PCIS (hPCIS) were prepared andincubated up to 48 h with or without TGF-β1. ATP content of the PCIS was used toassess general viability. The gene expression of different fibrosis markers, includingpro-collagen 1α1 (COL1α1), alpha-smooth muscle actin (αSMA), heat shock protein 47(HSP47) and fibronectin (FN2), were determined to study fibrogenesis.
ResultsMurine and human PCIS from different intestinal segments were viable up to 48h. After 48 h of incubation, Hsp47 and Fn2 expression was significantly upregulated incolon mPCIS. In contrast, none of the tested genes were significantly upregulated inileum mPCIS. In addition, HSP47 expression tended to increase in colon hPCIS.TGF-β1, increased the expression of Col1α1 (1.8-fold), Hsp47 (1.6-fold), and Fn2(1.9-fold) in colon mPCIS and only Col1α1 (24.5-fold) in ileum mPCIS. In contrast, TGF-β1 did not appear to affect hPCIS in the cohort, but we did observe inter-individualdifferences in the sensitivity to TGF-β1.
ConclusionsPCIS is a valuable tool to study regional differences in intestinal fibrogenesis. Inmice, TGF-β1 has a more profound impact on colon PCIS as compared to ileum PCIS.Also, we found clear species differences in the early-onset of fibrosis.
Keywords:Intestinal fibrosis, precision-cut intestinal slices, regional differences, transforming growth factor-β1
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INTRODUCTIONInflammatory bowel disease (IBD) is a group of chronic inflammatory diseasesof the gastrointestinal tract. Reports have shown that the incidence and prevalence ofIBD is increasing and it is becoming one of the major diseases in the world.1,2 There aretwo main types of IBD, namely Crohn’s disease (CD) and ulcerative colitis (UC). Chronicinflammation of the gastrointestinal tract causes severe complications like swelling,intestinal fistulas and intestinal fibrosis.3 The latter is characterized by intestinal wallthickening due to the accumulation of extracellular matrix (ECM) proteins, which willultimately lead to strictures. About 50% of patients with CD and 5% of UC patientssuffer from intestinal fibrosis.4,5 Intestinal fibrosis is a consequence of an imbalancebetween acute/chronic inflammation and wound healing.6 Fibrosis-induced strictureswill ultimately lead to obstruction and distortion, which can only be treated byendoscopic dilatation or surgical resection.3The main effector cells for all types of organ fibrosis, including intestinalfibrosis, are mesenchymal cells, which exists in three distinct but interrelated forms:the fibroblast, the myofibroblast and the smooth muscle cell.7 Regional differences inthe cellular composition of the intestinal tract might influence the development ofintestinal fibrosis in different parts of the intestine and may explain why fibrosis ispredominantly found in the ileum and ileocolonic region, as compared to other partsof the intestine.7,8 The main pathway driving fibrogenesis is related to transforminggrowth factor-β1 (TGF-β1).9–11 When TGF-β1 is released, mesenchymal cells areactivated and start to produce ECM.12 In these activated cells the gene and proteinexpression of alpha-smooth muscle actin (αSMA), collagen (COL1α1), fibronectin(FN2) and heat shock protein 47 (HSP47)13 is increased. All of which could potentiallybe used as early markers for intestinal fibrosis.14–16To date, numerous in vitro and animal models are available to study intestinalfibrosis.17 However, there are no animal models that mimic Crohn’s disease. Recently,precision-cut tissue slices (PCTS) have shown their use in the study of toxicology, drugmetabolism and fibrosis.18–22 Moreover, the model can be used to study the humanpathogenesis of fibrosis because slices can be prepared from human tissue.
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The aim of this study was to evaluate the differences in (TGF-β1-induced)fibrogenesis in different regions (ileum and colon) of the intestine by using precision-cut intestinal slices (PCIS). To this end, we prepared PCIS from mouse tissue as well ashuman ileum and colon tissue obtained concurrently from the same patient. PCIS is an
ex vivo model in which all intestinal cell types are retained in their original tissue-matrix environment. Moreover, the (micro)villus organization is also preserved in theslices.23–25 Precision-cut tissue slices from various organs have been successfully usedas a model to study the mechanisms of fibrosis and the efficacy of antifibroticcompounds.23,26 In this study, PCIS were prepared from murine (mPCIS) and matchedhuman (hPCIS) ileum and colon tissue, and cultured up to 48 hr. The gene expressionsof the above-mentioned fibrosis markers (COL1α1, αSMA, HSP47, and FN2) weredetermined in PCIS in the presence and absence of the profibrogenic factor TGF-β1.
MATERIALS AND METHODS
Preparation mouse intestinal coresIntestinal tissue from adult non-fasted male C57BL/6 mice (Harlan PBC, Zeist,The Netherlands) was used for PCIS preparation. The mice were housed in a 12:12 hlight/dark cycle in a temperature and humidity-controlled room with ad libitum accessto food (Harlan chow no. 2018, Horst, The Netherlands) and water. The animals wereallowed to acclimatize for at least seven days before the start of the experiment. Theexperiments were approved by the Animal Ethical Committee of the University ofGroningen (DEC 6416AA).Tissue was obtained via a terminal procedure performed under isoflurane/O2anesthesia (Nicholas Piramal, London, UK). Mouse ileum (localized 10 cm after thejejunum, which is located 5 cm distal from the stomach) and colon (about 8 cm aftercecum) 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 ileum and colon were cleaned by flushing KHB through the lumen andsubsequently divided into 2 cm segments. These segments were filled with 3 % agarose
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(w/v) solution in 0.9 % NaCl at 37 °C and embedded in an agarose core-embeddingunit.24
Preparation of human intestinal slicesMatched healthy human ileum and colon tissue was obtained from patientsundergoing hemicolectomy due to adenocarcinoma (See Table 1 for patientcharacteristics). Use of human tissue was approved by the Medical Ethical Committeeof the University Medical Centre Groningen (UMCG), according to Dutch legislation andthe Code of Conduct for dealing responsibly with human tissue in the context of healthresearch (www.federa.org), refraining the need of written consent for ‘further use’ ofcoded-anonymous human tissue. The procedures were carried out in accordance withthe experimental protocols approved by the Medical Ethical Committee of the UMCG.

Table 1. Characteristics of human PCIS from the human donors.
Human ID Gender* AgePatient 1 M 39Patient 2 M 76Patient 3 M 63Patient 4 F 86*M=male; F=female

Preparation of PCISPCIS were prepared in ice-cold KHB using a Krumdieck tissue slicer (AlabamaResearch and Development, USA). The slices, with a wet weight of 3-4 mg, have anestimated thickness of 300-400 μm. Slices were stored in ice-cold KHB until the startof the experiments.24
Incubation of intestinal slicesSlices were incubated in 12-well plates or 24-well plates for hPCIS or mPCIS,respectively. hPCIS and mPCIS were incubated individually in Williams’ Medium E withL-glutamine (Invitrogen, Paisly, UK) supplemented with 25 mM glucose, 50 μg/mlgentamycin (Invitrogen, Paisly, UK) and 2.5 μg/ml amphotericin-B (Invitrogen, Paisly,UK). During incubation, at 37 °C and 80% O2/5% CO2, the plates were horizontallyshaken at 90 rpm (amplitude 2 cm). hPCIS and mPCIS were incubated up to 48 h, with
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and without human TGF-β1 (Roche Diagnostics, Mannheim, Germany), 5 ng/ml forhPCIS and ileum mPCIS, and 1 ng/ml for colon mPCIS. The TGF-β1 concentration isbased on preliminary concentration-finding experiments (Supplementary Figure S1)
ViabilityViability was assessed by measuring the adenosine triphosphate (ATP) contentof the PCIS, as previously described.25
Gene expressionAfter incubation, slices were snap-frozen in liquid nitrogen and stored at -80 °Cuntil use. Total RNA of three pooled snap-frozen slices was isolated using a QiagenRNAeasy mini kit (Qiagen, Venlo, The Netherlands). The amount of isolated RNA wasmeasured with the BioTek Synergy HT (BioTek Instruments, Vermont, USA).Afterwards, cDNA was synthesized using 1 μg RNA and the Reverse TranscriptionSystem (Promega, Leiden, The Netherlands). The RT-PCR reaction was performed inan Eppendorf mastercycler with the following gradient: 25 °C for 10 min, 45 °C for 60min and 95 °C for 5 min.Expression of pro-collagen 1A1 (COL1α1), αSMA, HSP47, and FN2 weredetermined by the SYBRgreen method or by using Taqman gene expression assays.Samples were analyzed using a 7900 HT Fast Real-Time RT-PCR (Applied Biosystems)with 45 cycles of 10 min 95 °C, 15 sec at 95 °C, and 25 sec at 60 °C followed by adissociation stage (SYBR green) or with 40 cycles of 10 min at 95 °C, 15 sec at 95 °C and1 min at 60 °C (Taqman). Ct values were corrected for the Ct values of the referencegene Gapdh (∆Ct) and compared with the control (∆∆Ct). Results are calculated as foldinduction (2-∆∆Ct). Used primers and probes are listed in Table 2.
StatisticsStatistics were performed using GraphPad Prism 6.0. A minimum of threedifferent intestines was used for each experiment, using 3-6 slices from each intestineper condition. The results are expressed as mean ± standard error of the mean (SEM).Data was analyzed using a Mann-Whitney or Wilcoxon test and one-way ANOVAfollowed by Tukey’s multiple comparisons test. A p-value < 0.05 was considered
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statistically significant. Differences in ATP concentration were determined using thevalues relative to the control. qPCR results were compared using the mean ∆∆Ct or 2-ΔCt values.
Table 2. Primer sequences

Species Primer Forward sequence Reverse sequence Probe sequence

Human
GAPDH ACCAGGGCTGCTTTTAACTCT GGTGCCATGGAATTTGCC TGCCATCAATGACCCCTTCA
COL1α1 CAATCACCTGCGTACAGAACGCC CGGCAGGGCTCGGGTTTC CAGGTACCATGACCGAGACGTG
αSMA AGGGGGTGATGGTGGGAA ATGATGCCATGTTCTATCGG GGGTGACGAAGCACAGAGCA
HSP47 GCCCACCGTGGTGCCGCA GCCAGGGCCGCCTCCAGGAG CTCCCTCCTGCTTCTCAGCG
FN2 AGGCTTGAACCAACCTACGGATGA GCCTAAGCACTGGCACAACAGTTT ATGCCGTTGGAGATGAGTGGGAA

Mouse
Gapdh ACAGTCCATGCCATCACTGC GATCCACGACGGACACATTG -
Col1α1 TGACTGGAAGAGCGGAGAGT ATCCATCGGTCATGCTCTCT -
αSma ACTACTGCCGAGCGTGAGAT CCAATGAAAGATGGCTGGAA -
Hsp47 AGGTCACCAAGGATGTGGAG CAGCTTCTCCTTCTCGTCGT -
Fn2 CGGAGAGAGTGCCCCTACTA CGATATTGGTGAATCGCAGA -

RESULTS
Viability of PCISThe ATP content of PCIS was used to evaluate the viability of the slices duringculture. The ATP content of both mPCIS and hPCIS did not significantly change during48 h of incubation (Figure 1). Moreover, exposure for 48 h to the chosen TGF-β1concentrations did not impact the ATP content of the slices (Figure 1B, n=4-8; Figure

1D, n=4-5). In addition, we found no correlation between ATP content and theexpression of fibrosis markers in hPCIS when incubated with or without TGF-β1(Supplementary Figures S2-S5).
Gene expression of fibrosis markers

Murine PCISThe gene expression of fibrosis markers in ileum and colon mPCIS was studieddirectly after slicing. As shown in Figure 2, all genes were significantly higherexpressed in the colon as compared to ileum. From all the fibrotic markers, αSma hadthe highest basal expression in all regions of the intestine directly after slicing (Figure

2B).
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Figure 1. The effect of incubation time and TGF-β1 on murine PCIS (n=4-8) and human PCIS (n=4-
5) up to 48 h: (A) murine PCIS viability (relative value; incubation); (B) murine PCIS viability (relativevalue; TGF-β1, ileum= 5 ng/ml, colon=1 ng/ml); (C) human PCIS viability (relative value; incubation);(D) human PCIS viability (relative value; TGF-β1 5 ng/ml). Data are expressed as mean +/- SEM. One-way ANOVA followed by Tukey's multiple comparisons test or Mann-Whitney test.

The gene expression profile of the fibrotic markers during culture was alsodetermined. In ileum PCIS, a significant decrease in Col1α1 and αSma expression wasobserved after 24 h and 48 h of incubation, as compared to control (0 h; Figures 3A,

3B). Conversely, the expression of Hsp47 was increased after 48 h of incubation,although not significant (Figure 3C). Fn2 gene expression appeared to be elevatedafter 24 h of incubation, but levels returned to baseline after 48 h (Figure 3D).In colon PCIS, the expression of Col1α1 was significantly decreased after 24 h ofincubation, as compared to control. However, after 48 h of incubation, Col1α1expression was significantly increased compared to 24 h (Figure 3A). Hsp47 and Fn2expression was significantly increased after 48 h of incubation, as compared to both 0
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h (3.0-fold and 1.8-fold, respectively) and 24 h of incubation (Figures 3C and 3D). Incontrast, αSma mRNA levels were lower throughout the incubation period, ascompared to directly after slicing (Figure 3B).

Figure 2. Fibrotic gene expression in murine PCIS from different regions at 0 h (n=4): (A) Col1α1;(B) αSma; (C) Hsp47; (D) Fn2. Data are expressed as mean +/- SEM. Mann-Whitney test; **p<0.01 vs. 0h.
Next, we investigated the fibrogenic response in mPCIS following exposure toTGF-β1 (Figure 4). Exposure of ileum mPCIS to 5 ng/ml TGF-β1 for 48 h resulted in asignificant increase in the gene expression of Col1α1 (24.5-fold, Figure 4A), and Hsp47mRNA levels had a tendency to be up-regulated (Figure 4C). In contrast, αSma and Fn2gene expression was not affected by TGF-β1 (Figures 4B, 4D).In colon mPCIS, almost all the tested fibrosis markers were significantlyelevated following exposure to 1 ng/ml TGF-β1 (Col1α1: 1.8-fold; Hsp47: 1.6-fold, and

Fn2: 1.9-fold; Figures 4A, 4C, 4D). Conversely, the expression of αSma remainedunaffected (Figure 4B).
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Figure 3. Fibrotic gene expression in murine PCIS from different regions up to 48 h incubation
(n=4-8): (A) Col1α1; (B) αSma; (C) Hsp47; (D) Fn2. Data are expressed as mean +/- SEM. One-wayANOVA followed by Tukey's multiple comparisons test; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 vs.0 h; #p<0.05, ##p<0.01, ####p<0.0001 vs. 24 h.
Human PCISFirst, we investigated the constitutive gene expression of several fibrosismarkers in matched ileum and colon hPCIS. As shown in Figure 5, none of the testedgenes were differentially expressed in ileum and colon. From all the fibrotic markers,

FN2 had the highest basal expression in all regions of the intestine directly after slicing(Figure 5D). Moreover, in all subjects, αSMA expression was lower in colon hPCIS ascompared to ileum PCIS (0h; Supplementary Figure S6).Next, we determined the gene expression profile of the fibrotic markers duringculture. In ileum PCIS, although not significant, the expression of HSP47 was increasedafter 24 and 48 h of incubation as compared to 0 h (Figure 6C).In colon PCIS, the expression of αSMA was significantly decreased after 24 and48 h of incubation, as compared to directly after slicing (Figure 6B) Also FN2 gene



Regional Differences in the Early Onset of Intestinal Fibrosis

77

4

expression was significantly lower after 24 h of incubation (Figure 6D). In contrast,the expression of COL1α1 and HSP47 appeared to be increased after 48 h of incubation;however, these changes were not statistically significant (Figures 6A and 6C). Furtherinvestigation per patient showed that COL1α1 and HSP 47 expressions in all patientswas lower in colon hPCIS after 24 h incubation as compared to ileum hPCIS(Supplementary Figure S7). Conversely, at 48 h, COL1α1 and HSP47 levels werehigher in colon hPCIS as compared to ileum hPCIS (in 3 out of 4 patients;
Supplementary Figure S8).Furthermore, we found that there is a significant correlation between FN2expression in ileum and colon at 0 h (Supplementary Figure S9). In addition, αSMAexpression in ileum and colon showed a significant correlation after 48 h of incubation.Also, HSP47 (p=0.07, r=0.93) and COL1α1 (p=0.08, r=0.92) expressions in ileum andcolon tend to be correlated after 24 and 48 h of incubation, respectively(Supplementary Figures S10-S11).

Figure 4. Fibrotic gene expression in murine PCIS from different regions after 48 h incubation
with TGF-β1 (ileum= 5 ng/ml, colon=1 ng/ml) (n=4): (A) Col1α1; (B) αSma; (C) Hsp47; (D) Fn2. Dataare expressed as mean +/- SEM.  Mann-Whitney test. *p<0.05 vs. 48 h.



Chapter 4

78

Figure 5. Fibrotic gene expression in human PCIS from different regions at 0 h (n=4): (A) COL1α1;(B) αSMA; (C) HSP47; (D) FN2. Data are expressed as mean +/- SEM. Wilcoxon test.

Figure 6. Fibrotic gene expression in human PCIS from different regions up to 48 h incubation
(n=4): (A) COL1α1; (B) αSMA; (C) HSP47; (D) FN2. Data are expressed as mean +/- SEM. One-way ANOVAfollowed by Tukey's multiple comparisons test. *p<0.05, **p<0.01, ****p<0.0001 vs. control.
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Similar to mPCIS, hPCIS were also incubated with TGF-β1. However, in contrastto the results obtained in mPCIS, exposure to TGF-β1 did not alter the gene expressionof any of the tested genes in hPCIS (Figure 7). Nevertheless, when looking at the geneexpression per patient our data shows that in 3 out of 4 patients the expression offibrosis markers in colon hPCIS increased after 24 h of incubation with TGF-β1, incontrast to ileum hPCIS (Supplementary Figures S12, S13). After 48 h of incubationwith TGF-β1, only COL1α1 levels increased in ileum hPCIS and αSMA expressionincreased in colon hPCIS (3 out of 4 patients; Supplementary Figures S14, S15).Moreover, when we compared ileum and colon hPCIS, 3 out of 4 patients showed that
COL1α1 expression was higher in colon hPCIS than ileum hPCIS after 24 h of incubationwith TGF-β1; αSMA and FN2 expression was higher in colon hPCIS than ileum hPCISafter 48 h of incubation with TGF-β1 (Supplementary Figures S16, S17).Furthermore, we found that αSMA expression in ileum and colon tended to correlate(p=0.07, r=0.93) after 48 h of incubation with TGF-β1 (Supplementary Figure S18).

Figure 7. Fibrotic gene expression in human PCIS from different regions after 48 h incubation
with TGF-β1 5 ng/ml (n=4): (A) COL1α1; (B) αSMA; (C) HSP47; (D) FN2. Data are expressed as mean+/- SEM. Wilcoxon test.
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DISCUSSIONAs reported previously, there is a disparity in the incidence of intestinal fibrosisin the ileum and colon.27 Intestinal fibrosis mainly occurs in the ileum, and althoughthere are clear histological and physiological differences between the ileum and colon,it remains unclear why the ileum is more prone to fibrosis.2 To further elucidate theseregional differences in fibrogenesis, we studied the early-onset of fibrosis bydetermining the gene expression of fibrosis markers in the ileum and colon of mPCISand hPCIS in the absence or presence of TGF-β1.Directly after slicing the mice intestine, all studied genes were significantlyhigher expressed in the colon as compared to ileum. Moreover, in ileum and colonmPCIS, Col1α1 was down regulated after 24 h of incubation, but increased in colonmPCIS after 48 h, probably due to the activation of the wound healing process followingslicing.28 In addition, Hsp47 and Fn2 expression levels were increased in colon mPCISafter 48 h of incubation. These results imply that culturing of the slices inducesfibrogenesis. More importantly, it was shown that Hsp47 and Fn2 are highly expressedin Crohn’s patients with strictures.29,30 Thus, mPCIS might possibly reflect humanpathology. On the other hand, gene expression of αSMA was decreased in both mPCISand hPCIS. This might indicate that there is a loss of fibroblasts, since αSMA is a markerfor these cells. The loss of αSMA expression is also observed in slices prepared fromother tissues.23 However, the protein level of αSMA in other PCTS remained constantover time.19,31,32 Further studies are needed to elucidate if this also the case in PCIS. Inline with our result from colon mPCIS and hPCIS, Pham et al. showed that theexpression of Hsp47 and Fn2 significantly increased in jejunum mPCIS during culture,while αSma mRNA levels decreased. Also, they found that during incubation HSP47expression increased and αSMA expression decreased in jejunum hPCIS.20The onset of fibrosis was not clearly observed in ileum and colon hPCIS, mostlikely due to the low number of patients included in the study and high inter-individualvariation. However, this study used matched ileum and colon hPCIS allowing us toinvestigate intra-individual correlation in the gene expression profile. Our results showthat FN2 and αSMA expression in ileum correlated with colon at 0 and 48 h,respectively. These results suggest that there might be a shared stress-response
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mechanism between ileum and colon, despite differences in the development infibrosis.
Col1α1, Hsp47, and Fn2 were significantly up-regulated in colon mPCIS aftertreatment with TGF-β1. In ileum mPCIS, Col1α1 was the only marker that wassignificantly up-regulated following exposure to TGF-β1. Although intestinal fibrosis ismore common in the ileum, these results indicate that TGF-β1 can stimulate the onsetof fibrosis in the murine colon, indicating the potency of TGF-β1 as profibrotic stimulusin rodents.In contrast to mPCIS, TGF-β1 did not affect the expression of fibrosis markersin hPCIS. A possible explanation is that the concentration used was too low to inducefibrosis. Also, the addition of another trigger, such as platelet-derived growth factor(PDGF), might be necessary to induce fibrosis in hPCIS. In human liver slices, bothPDGF and TGF-β1 were necessary to induce the gene expression of fibrosis markers.18Another reason could be that the TGF-β signaling pathway is already activated due tothe surgical procedure or the preparation of the slices, as suggested previously.20Moreover, Smith et al. reported that intestinal resident macrophages, which play animportant role in the fibrotic process, are mainly present in the muscularis.33 This layerwas removed from the tissue before the preparation of hPCIS, but not during thepreparation of mPCIS. Thus, the human slices might lack a key cellular component offibrogenesis. Nevertheless, when looking at the response to TGF-β1 per patient, 3 outof 4 patients showed higher COL1α1 expression in colon hPCIS at 24 h, and αSMA and

FN2 expression was higher in colon hPCIS at 48 h. Thus, it seems that there is an inter-individual difference in the sensitivity to TGF-β1. Nevertheless, more extensive studiesare needed to fully elucidate this observation.As mentioned earlier, we used different dose of TGF-β1 for human and mousecolon. 5 ng/ml of TGF-β1 showed no toxic effects in colon hPCIS, while it was toxic incolon mPCIS. This result indicates that there is a species differences in the response toTGF-β1.This study has some limitations: 1) low number of patients, 2) fibrosis was onlystudied on gene level, and 3) we did not investigate the impact of PDGF. Regarding thelatter, it has been shown that PDGF expression is significantly increased in the inflamed
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intestine of IBD patients, especially in Crohn’s Disease,29 and the factor is known tostimulate myofibroblast proliferation and ECM production in PCIS.29,30
CONCLUSIONTaken together, PCIS could be a valuable tool to study regional differences inintestinal fibrogenesis. Moreover, in mice, TGF-β1 has a more profound impact oncolon PCIS as compared to ileum PCIS. Also, we found clear species differences in theearly-onset of fibrosis.
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SUPPLEMENTARY DATA

Figure S1. Effect of TGF-β1 on viability of murine colon PCIS (n=3-6) after 48 h incubation. Dataare expressed as mean +/- SEM. Mann-Whitney test; *p<0.05, ****p<0.0001 vs. control.
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Figure S2. Correlation between ATP and the fibrotic marker expression in human PCIS at 0 h: inileum (A-D) and colon (E-H), n=4.
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Figure S3. Correlation between ATP and the fibrotic marker expression in human PCIS after 24 h
incubation: in ileum (A-D) and colon (E-H), n=4.
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Figure S4. Correlation between ATP and the fibrotic marker expression in human PCIS after 48 h
incubation: in ileum (A-D) and colon (E-H), n=4.
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Figure S5. Correlation between ATP and the fibrotic marker expression in human PCIS with TGF-
β1 5 ng/ml after 48 h incubation: in ileum (A-D) and colon (E-H), n=4.
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Figure S6. Gene expressions in human ileum and colon PCIS at 0 h per patient: (A) COL1α1; (B)
αSMA; (C) HSP47; (D) FN2.

Figure S7. Gene expressions in human ileum and colon PCIS after 24 h incubation per patient: (A)
COL1α1; (B) αSMA; (C) HSP47; (D) FN2.
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Figure S8. Gene expressions in human ileum and colon PCIS after 48 h incubation per patient: (A)
COL1α1; (B) αSMA; (C) HSP47; (D) FN2.

Figure S9. Correlation between the expression of fibrotic markers in human ileum and colon PCIS
at 0 h: (A) COL1α1; (B) αSMA; (C) HSP47; (D) FN2. * indicates significantly different and stronglycorrelated (p<0.05, r>+/-0.5). n=4.
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Figure S10. Correlation between the expression of fibrotic markers in human ileum and colon
PCIS after 24 h incubation: (A) COL1α1; (B) αSMA; (C) HSP47; (D) FN2. n=4.

Figure S11. Correlation between the expression of fibrotic markers in human ileum and colon
PCIS after 48 h incubation: (A) COL1α1; (B) αSMA; (C) HSP47; (D) FN2. * indicates significantly differentand strongly correlated (p<0.05, r>+/-0.5). n=4.
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Figure S12. Gene expression in human ileum PCIS treated with TGF-β1 5 ng/ml after 24 h per
patient: (A) COL1α1; (B) αSMA; (C) HSP47; (D) FN2.

Figure S13. Gene expression in human colon PCIS treated with TGF-β1 5 ng/ml after 24 h per
patient: (A) COL1α1; (B) αSMA; (C) HSP47; (D) FN2.
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Figure S14. Gene expression in human ileum PCIS treated with TGF-β1 5 ng/ml after 48 h per
patient: (A) COL1α1; (B) αSMA; (C) HSP47; (D) FN2.

Figure S15. Gene expression in human colon PCIS treated with TGF-β1 5 ng/ml after 48 h per
patient: (A) COL1α1; (B) αSMA; (C) HSP47; (D) FN2.
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Figure S16. Gene expression in human ileum and colon PCIS treated with TGF-β1 5 ng/ml after
24 h per patient: (A) COL1α1; (B) αSMA; (C) HSP47; (D) FN2.

Figure S17. Gene expression in human ileum and colon PCIS treated with TGF-β1 5 ng/ml after
48 h per patient: (A) COL1α1; (B) αSMA; (C) HSP47; (D) FN2.
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Figure S18. Correlation between the expression of fibrotic markers in human ileum and colon
PCIS treated with TGF-β1 5 ng/ml after 48 h: (A) COL1α1; (B) αSMA; (C) HSP47; (D) FN2. n=4.



Regional Differences in the Early Onset of Intestinal Fibrosis

97

4



Chapter 4

98 Brandenburger Tor (Brandenburg Gate), Berlin, Germany



5

Regional Differences in Human

Intestinal Drug Metabolism

R. Iswandanaa,b, M.I. Iriantia,b, D. Oosterhuisa, H.S. Hofkerc,

M.T. Meremad, M.H. de Jagerd, H.A.M. Mutsaersa,e, P. Olingaa,*

aDivision of Pharmaceutical Technology and Biopharmacy, Department of Pharmacy,University of Groningen, The Netherlands
bFaculty of Pharmacy, Universitas Indonesia, Indonesia
cDepartment of Surgery, University Medical Center Groningen, Groningen, TheNetherlands
dDivision of Pharmacokinetics, Toxicology and Targeting, Department of Pharmacy,University of Groningen, The Netherlands
eDepartment of Clinical Medicine, Aarhus University, Denmark
*Corresponding author

Drug Metabolism and Disposition 46(12), 1879 – 1885 (2018)

Chapter 5



Chapter 5

100

ABSTRACT

BackgroundThe intestines are key for the absorption of nutrients and water as well as drugmetabolism, and it is well known that there are clear differences in the expressionprofile of drug metabolism enzymes along the intestinal tract. Yet only a few studieshave thoroughly investigated regional differences in human intestinal drugmetabolism. In this study, we evaluated phase I and phase II metabolism in matchedhuman ileum and colon precision-cut intestinal slices (PCIS).
MethodsTo this end, human PCIS were incubated for 3 h with testosterone and 7-hydroxycoumarin (7-HC) to examine phase I and phase II metabolism, respectively.Metabolite formation was assessed by high-performance liquid chromatographyanalysis.
ResultsOur results demonstrated that androstenedione, 6β-hydroxytestosterone, 2β-hydroxytestosterone, and 7-HC sulfate, were predominantly formed in the ileum, while15α-hydroxytestosterone and 7-HC glucuronide were mainly produced in the colon.Moreover, we also observed sex differences in phase II metabolite formation, whichappeared to be higher in males as compared to females.
ConclusionsTaken together, we demonstrated that phase I metabolism predominantlyoccurs in ileum PCIS, while phase II metabolism mostly takes place in colon PCIS.Moreover, we revealed that human PCIS can be used to study both regional and sexdifferences in intestinal metabolism.
Keywords:Cytochrome P450, gastrointestinal tract, glucuronidation/UDP-glucuronyltransferases/UGT, HPLC,metabolite disposition, sulfate conjugation/sulfotransferases/SULT.
Abbreviations:15α-TOH, 15α-hydroxytestosterone; 2β-TOH, 2β-hydroxytestosterone; 6β-TOH, 6β-hydroxytestosterone; 7-HC, 7-hydroxycoumarin; CAR, constitutive androstane receptor; CYP,cytochrome P450; DMEs, drug metabolizing enzymes; hPCIS, human precision-cut intestinal slices;HPLC, high-performance liquid chromatography; KHB, Krebs-Henseleit Buffer; PCIS, precision-cutintestinal slices; PCTS, precision-cut tissue slices; PXR, pregnane X receptor; P450, cytochrome P450;SULTs, sulfotransferase; TT, testosterone; UGTs, uridine 5’-diphospho-N-acetylgalactosamineglycosyltransferase.
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INTRODUCTIONIn addition to the absorption of nutrients and water, the intestines also fulfill animportant role in drug metabolism.1–3 This is illustrated by the high expression level ofdrug metabolizing enzymes (DMEs) along the intestinal tract.4,5In the human body, xenobiotics are metabolized via various pathways includingphase I and phase II metabolism. Phase I reactions are oxidation, reduction, andhydrolysis processes. These chemical reactions change the biological activity of theparent compound rendering it less or completely inactive.6 In the intestines, the mostabundant group of enzymes belong to the cytochrome P450 subfamily 3A. Nonetheless,the expression profile of CYP enzymes differs along the intestinal tract and speciesdifferences are apparent.7 For instance, CYP3A13 is more common in the mouseintestine while CYP3A4/5 is predominantly found in the human small intestine.7 Inaddition, it has been demonstrated that the mRNA levels of CYP isoforms diminishalong the intestinal tract, with the highest CYP expression in the duodenum and thelowest in the colon.7,8 In order to study metabolic activity, it is key to use suitablesubstrates. In the last decades, testosterone (TT9; Figure 1) and 7-hydroxycoumarin(7-HC9; Figure 1) have been widely used to examine phase I and phase II metabolism,respectively.10,11 TT can be used to study phase I metabolism since this hormone ishydroxylated by cytochrome P450 enzymes (CYP3A, CYP2A, and CYP2B).12–15Phase II reactions are conjugation reactions, e.g. glucuronidation and sulfation,that improve the solubility of endo- and xenobiotics.6 7-HC can be used to examine bothreactions,15 glucuronidation of 7-HC is mediated by uridine 5’-diphospho-N-acetylgalactosamine glycosyltransferase (UGTs), while sulfotransferase (SULTs)catalyze sulfation reactions.3,16Until now, most in vitro studies on intestinal metabolism were conducted byusing subcellular fractions like microsomes or enterocytes. Using advanced analyticalmethods, it has been demonstrated that the majority of drug metabolism enzymes canbe detected in intestinal microsomes. Moreover, it has been shown that microsomescan be used to investigate enzymatic activity and the intestinal contribution to firstpass drug metabolism.17–19 However, microsomes, lack membrane transporters as wellas low abundant enzyme systems and the enzymatic activity in microsomes is highlydependent on the isolation method.14,20–22
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Recently, it has been demonstrated that precision-cut tissue slices (PCTS) canbe used to study intestinal drug metabolism.23 In this ex vivo model, all the differentcells that constitute an organ are maintained in their original environment allowing forcell-cell and cell-matrix interactions.24 In precision-cut intestinal slices (PCIS) theorganization of the intestinal villi and microvilli is well conserved.25 Also, the methodis highly efficient, since a large number of slices can be prepared from a small tissuesample, and the slices are relatively easy to process.14 Here, we studied the regionaldifferences in intestinal metabolism by using matched human ileum and colon PCISfocusing on both phase I and phase II metabolism.
MATERIALS AND METHODS
ChemicalAll chemicals were obtained from Sigma (Zwijndrecht, the Netherlands) unlessstated otherwise. Stock solutions of testosterone (TT) and 7-hydroxycoumarin (7-HC)were prepared in methanol and stored at -20 °C.
Preparation of intestinal slicesHealthy human ileum and colon tissue was obtained following hemicolectomyfor adenocarcinoma (See Table 1 for patient characteristics). Use of human tissue wasapproved by the Medical Ethical Committee of the University Medical CentreGroningen (UMCG), according to Dutch legislation and the Code of Conduct for dealingresponsibly with human tissue in the context of health research (www.federa.org),refraining the need of written consent for ‘further use’ of coded-anonymous humantissue. The procedures were carried out in accordance with the experimental protocolsapproved by the Medical Ethical Committee of the UMCG.
Slicing of precision-cut intestinal slicesPreparation of intestinal slices (PCIS) was carried out according to the protocolof de Graaf et al., 2010.26 In short, intestinal tissue was cleansed by flushing Krebs-Henseleit Buffer (KHB) through the lumen and subsequently divided into 2-cmsegments. 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-



Regional Differences in Human Intestinal Drug Metabolism

103

5

embedding unit. Next, PCIS were prepared using a Krumdieck tissue slicer. PCIS had awet 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.
Table 1. Characteristics of human PCIS from the human donors.

Human ID Gender* AgePatient 1 M 64Patient 2 M 52Patient 3 M 88Patient 4 F 79Patient 5 F 65Patient 6 M 64Patient 7 F 81*M=male; F=female
Incubation of slicesAfter slicing, PCIS were cultured in 12-well plates containing Williams’ MediumE + Glutamax (Gibco, New York, NY) supplemented with 14 mM Glucose (Merck,Darmstadt, Germany), 50 µg/ml gentamycin (Gibco) and 2.5 µg/ml fungizone(amphotericin B; Invitrogen, Paisly, Scotland). Slices were cultured at 37 °C in an 80%O2/5% CO2 atmosphere, while horizontally shaken at 90 rpm (amplitude 2 cm). Formetabolism experiments, PCIS were incubated with TT (250 µM) or 7-HC (500 µM) for3 h.
ViabilityViability of PCIS was assessed by measuring the adenosine triphosphate (ATP)content of the slices using an ATP bioluminescence kit (Roche diagnostics, Mannheim,Germany), as previously described.26 Determined ATP values (picomoles) werenormalized to the total amount of protein (micrograms) estimated by the Lowrymethod (BIO-rad RC DC Protein Assay, Bio Rad, Veenendaal, The Netherlands). Resultsare shown as relative values compared to the related controls.
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Figure 1. Testosterone and 7-hydroxycoumarin metabolism pathways: (A) Phase I; (B) Phase II.
Metabolite analysis

Testosterone. After incubation with testosterone (TT), PCIS and medium werecollected and stored at -20 °C until further use. Sample extraction and high-
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performance liquid chromatography (HPLC) analysis was performed as describedearlier.27
7-Hydroxycoumarin. 7-Hydroxycoumarin (7-HC) and their metabolites do notaccumulate in PCIS; therefore the analysis was performed using medium samplesonly.10,28 After incubation, samples were collected and stored at -20 °C until use. Levelsof 7-HC glucuronide and 7-HC sulfate were determined via HPLC analysis as describedpreviously.14

StatisticsStatistics were performed using GraphPad Prism 6.0 via two-tailed Student's t-test and Pearson rank correlation as appropriate. A minimum of three differentintestines was used for each experiment, using 3–6 slices from each intestine percondition. The results are expressed as mean ± standard error of the mean (SEM).Statistical differences in ATP levels were determined using the values relative to thecontrol values. Differences between groups were considered to be statisticallysignificant when P < 0.05.
RESULTS
Viability of ileum and colon slicesOur laboratory previously demonstrated that rat PCIS can be used to studyintestinal metabolism in vitro. To gain more insight into human metabolism, weprepared matched ileum and colon PCIS, allowing us to study regional differences inintestinal metabolism. First, we characterized viability of the slices by determining theATP content. As shown in Figure 2, the ATP content of human ileum PCIS significantlyincreased after 3 h of culture, as compared to the 0-hour control, after which the levelsremained stable. Similar results were obtained with colon PCIS, indicating thatintestinal slices remain viable in culture for at least 24 h.
Assessment of phase I metabolism in ileum and colonTo study phase I metabolism, we incubated ileum and colon PCIS with TT. Asshown in Figure 3, several testosterone metabolites were formed in both ileum andcolon slices, e.g. androstenedione, 6β-hydroxytestosterone (6β-TOH), 15α-
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hydroxytestosterone (15α-TOH), and 2β-hydroxytestosterone (2β-TOH). However, there was a clear distinction between the metabolite levels in ileum and colon (Figure 

3, n=5). Androstenedione, formed by 17β-hydroxysteroid dehydrogenase, is the main TT metabolite that can be found in both the ileum and colon with a mean concentration of 9.55 ± 2.27 (range 3.0-15.6) and 4.34 ± 0.96 (range 2.0-9.3) pmol/µg protein, respectively. 6β-TOH was also found in all patient samples, however, the levels were approximately 4.2-fold higher in the ileum than in the colon (Figure 3, n=5). In addition, 2β-TOH levels also appeared to be higher in the ileum than in the colon, with a mean concentration of 0.24 ± 0.11 and 0.06 ± 0.01 pmol/µg protein, respectively, although differences were not statistically significant. Regarding 15α-TOH, no differences were observed. Overall, these results suggest that the ileum plays a bigger role in phase I metabolism as compared to the colon (Supplementary Table S1).

Figure 2. Viability (relative value) of human ileum and colon slices (n=7). Data are expressed asmean +/- SEM. *p<0.05 vs. control (0 h).
Assessment of phase II metabolism in ileum and colonNext, we investigated phase II metabolism by using 7-HC. As shown in Figure

4, both glucuronidation and sulfation reactions took place in the ileum and the colon(n=7). Although not statistically significant, the concentration of 7-HC glucuronide was2.2-fold higher in the colon as compared to the ileum. In contrast, there was nostatistically -significant difference in sulfation in the ileum and colon. Furthermore,
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Figure 4 shows that, in the colon, 7-HC glucuronide levels were 5.8 times higher ascompared to 7-HC sulfate (p<0.05). Taken together, these results suggest that phase IIreactions are more prevalent in the colon than the ileum, especially regardingglucuronidation.

Figure 3. Testosterone metabolite formation in human ileum and colon slices (n=5). Data areexpressed as mean +/- range. *p<0.05.
Furthermore, we studied the overall occurrence of phase I and II metabolism inthe ileum and colon by comparing relative metabolite formation. A ratio higher thanone (r>1) indicates that the metabolites were more prevalent in the ileum than thecolon. Conversely, a ratio of less than 1 (r<1) shows that the metabolites were mainlypresent in the colon instead of the ileum. As shown in Figure 5, androstenedione, 6β-TOH, 2β-TOH, and 7-HC sulfate, were predominantly found in the ileum instead of thecolon. While, 15α-TOH (0.69), and 7-HC glucuronide (0.45) levels were higher in thecolon rather than the ileum (Supplementary Table 1).Moreover, as illustrated in Figure 6, we also observed sex differences in phaseII metabolite formation, which appeared to be higher in men as compared to women.

Influence of viability on metabolite formationTo exclude the possibility that metabolite formation was influenced by theviability of the slices we performed a correlation analysis, which revealed no significant
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correlation between the ATP content of the slices and the formation of most phase Iand phase II metabolites, both in the ileum and colon. However, we found a trendtowards a negative correlation between ATP levels and 7-HC glucuronide in the ileum(p=0.08, r=0.7).

Figure 4. 7-Hydroxycoumarin metabolite formation in human ileum and colon slices (n=7). Dataare expressed as mean +/- SEM. *p<0.05. Zero metabolite formation due to the limit of detection of theHPLC.

Figure 5. Testosterone and 7-Hydroxycoumarin metabolite formation in human ileum and colon
slices (n=5-7). Data are expressed as mean +/- range.
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Correlation between phase I and phase II metabolismFinally, to understand better the relationship between phase I and phase IImetabolism, we investigated the correlation between all the studied metabolites.As demonstrated in Figure 7, we found a strong positive correlation in theileum between 2β-TOH and 6β-TOH, 7-HC glucuronide and 6β-TOH, 7-HC sulfate and6β-TOH, 7-HC glucuronide and 2β-TOH, as well as 7-HC sulfate and 2β-TOH(Supplementary Table S2). There was also a strong positive correlation between 7-HC glucuronide and 15α-TOH, as well as 7-HC sulfate and 7-HC glucuronide in the colon(Supplementary Table S2). However, we did not observe a correlation between themetabolic activity of phase I and phase II enzymes in matched slices (Supplementary

Figures S1 and S2).

Figure 6. Sex differences on phase II metabolism of human ileum and colon slices: (A) 7-HCGlucuronide; (B) 7-HC Sulfate. Data are expressed as mean +/- range.
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Figure 7. Correlations of phase I and phase II metabolite formation: in the ileum (A-E) and colon(F-G), n=5-7. p<0.05, r>+/-0.5.
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DISCUSSIONThe intestines fulfill an important role in drug metabolism, and it is known thatthe expression levels of the involved enzymes differ along the intestinal tract. However,studies in humans are lacking, especially with regards to intraindividual differences inregional metabolism.  Here, we evaluated the differences in phase I and II metabolismusing matched ileum and colon hPCIS.Our results demonstrated that the ATP level, as a marker of viability, increasedafter 3 h of culture and remained elevated for 24 h in both human ileum and colon PCIS.A similar observation was previously made using rat PCIS.15 In addition, we found nocorrelation between ATP levels and the formation of phase I and phase II metabolites,in both ileum and colon (Supplementary Figures S3 and S4). This result emphasizesthat the viability of PCIS had no impact on the metabolic activity of phase I and phaseII enzymes.A unique aspect of this study was the fact that we were able to use matchedileum and colon hPCIS. This allowed us to show that there is no correlation betweenthe metabolic rate of phase I and phase II enzymes in matched slices (Supplementary

Figures S1 and S2). This strongly suggests that the regional drug metabolism capacityis differently regulated within one human being. Furthermore, pharmacokinetics andbioavailability of drugs are greatly affected in patients with a short small bowelfollowing gastro-intestinal surgery, and the changes will vastly differ betweenpatients.29,30 Studies with matched hPCIS can aid in the identification of suitabletherapies for this patient population.We demonstrated that testosterone metabolism mostly occurred in the ileum.This result is in line with a previous study showing that protein levels of CYP3A, whichexhibits testosterone 6β-hydroxylase activity,31 is highest in the proximal region of theintestine and declines in the distal part.21,32–34 In addition, other studies revealed thatCYP3A and CYP2C are the major intestinal CYPs, accounting for approximately 80%and 18%, respectively, of all CYPs.19,35 In line with our findings, Thelen and Dressmanalso showed that CYP3A content is generally higher in the proximal region of theintestine.35Our results further demonstrated that metabolism of 7-HC mostly took place inthe colon. These findings corroborate previous works showing that UGTs are primarily
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found in the colon.36,37 In contrast, Drozdzik et al. has reported that UGT1A1 was themost abundant UGT in jejunum, compared to other intestinal segments.21 However,they only measured mRNA level and protein content, not enzyme activity.Previously, the metabolic activity in intestinal slices and intestinal ratmicrosomes has been compared. The results showed that the metabolic rates inintestinal slices was significantly higher for all substrates studied (including TT, 3- to29-fold) compared with the microsomes.7 In addition, in agreement with our findings,Ho et al. described that CYP3A4 (TT as a substrate) was the most active enzymes incryopreserved enterocytes from human small intestines followed by UGT and SULT (7-HC as a substrate), respectively.38Furthermore, we also discovered a strong correlation between several productsformed by CYP3A (e.g. 2β-TOH and 6β-TOH),31,39 CYP2A (15α-TOH),13 UGT1A (7-HCglucuronide)16 and SULT1 (7-HC sulfate)16 in both the ileum and colon. These resultssuggest that there might be a shared regulatory mechanism between phase I and phaseII enzymes. Indeed, work by Xie and colleagues demonstrated that the constitutiveandrostane receptor (CAR) and pregnane X receptor (PXR) are involved in theregulation of CYP3A and CYP2B,40 as well as specific UGT1A isoforms.41 In addition,Maglich et al. has shown that CAR regulates CYP2A6 and SULT1.42 Thus, it is clear thatseveral signaling pathways can regulate both phase I and phase II enzymes.We also observed that the rate of phase II metabolism was higher in male PCISas compared to female PCIS. To the best of our knowledge, sex differences in humanintestinal metabolism have not been reported before. However, using human livermicrosomes, Court et al. previously established that acetaminophen metabolism,catalyzed by UGT1A1, UGT1A6, and UGT1A9, was higher in males as compared tofemales.43 Men also show a higher rate of clearance of several benzodiazepines (e.g.diazepam, chlordiazepoxide, and olanzapine), which is catalyzed by CYP1A2.Furthermore, men more rapidly clear chloroxazone, a CYP2E1 substrate.44 Also, it isclear that endogenous sex hormones can impact hepatic enzyme activity resulting insex differences in pharmacokinetics.44 However, Miyauchi et al. reported that therewas no significant difference between men and women in the expression level of CYPsand UGTs in human jejunal tissues.45 In addition, Her et al. described a large variationin the jejunal expression of SULT1E1 and SULT2A1 independent of gender or age.46
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Thus, more research is needed to characterize fully sex-based differences in intestinaldrug metabolism.
CONCLUSIONPCIS is a promising model to investigate intestinal drug metabolism. Based onthis study, it can be concluded that there is a significant difference in the rate of phaseI and II metabolism in the ileum and the colon. We demonstrated that phase Imetabolism predominantly occurs in ileum PCIS, while phase II metabolism mostlytakes place in colon PCIS. Moreover, our study revealed that PCIS could be used toinvestigate sex differences in drug metabolism.
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SUPPLEMENTARY DATA

TABLE S1. Metabolic rates during 3 h of incubation in small intestinal (ileum) and colon slices (Data areexpressed as mean +/- SEM, n=5-7).

*Significantly different from ileum with p < 0.05ϮSignificantly different from 7-HC Sulfate colon with p < 0.05

TABLE S2. Correlations between phase I and phase II metabolite formation in the ileum (all data abovethe black box) and the colon (all data below the black box); n=5-7.
Correlationvs. Andro 6β-TOH 15α-TOH 2β-TOH

7-HC
Glucuronide

7-HC
Sulfate

Andro
p=0.13r=0.76 p=0.99r=-0.01 p=0.27r=0.62 p=0.34r=0.54 p=0.32r=0.56

6β-TOH
p=0.09r=0.81 p=0.45r=0.44 p=0.01r=0.97 p=0.01r=0.94 p=0.02r=0.93

15α-TOH
p=0.74r=0.21 p=0.54r=0.37 p=0.50r=0.40 p=0.26r=0.63 p=0.39r=0.50

2β-TOH
p=0.34r=-0.55 p=0.97r=0.63 p=0.93r=0.06 p=0.01r=0.94 p=0.001r=0.99

7-HC
Glucuronide

p=0.40r=0.49 p=0.13r=0.80 p=0.02r=0.94 p=0.91r=0.07 p=0.11r=0.65
7-HC

Sulfate
p=0.40r=0.49 p=0.59r=0.33 p=0.10r=0.81 p=0.48r=-0.42 p=0.04r=0.77: Significantly different and strongly correlated (p<0.05, r>+/-0.5)

Metabolite Formed
0-3 hours (pmol/µg protein)

Ratio (Ileum/Colon)
Ileum ColonAndrostenedione 9.55 ± 2.27 4.34 ± 0.96 2.206β-TOH 1.78 ± 0.65 0.42 ± 0.05* 4.2415α-TOH 0.33 ± 0.08 0.48 ± 0.08 0.692β-TOH 0.24 ± 0.11 0.06 ± 0.01 4.007-HC Glucuronide 27.16 ± 7.27 59.37 ± 20.85Ϯ 0.457-HC Sulfate 17.59 ± 6.34 10.29 ± 3.97 1.71
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Figure S1. The metabolism rate of phase I in human ileum and colon PCIS: (A) Patient 1; (B) Patient2; (C) Patient 3; (D) Patient 4; (E) Patient 5 (Each data was obtained triplicates; Zero metaboliteformation due to the limit of detection of the HPLC).
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Figure S2. The metabolism rate of phase II in human ileum and colon PCIS: (A) Patient 1; (B) Patient2; (C) Patient 3; (D) Patient 4; (E) Patient 5; (F) Patient 6; Patient 7 (Each data was obtained triplicates;Zero metabolite formation due to the limit of detection of the HPLC).
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Figure S3. Correlations of ATP with the phase I metabolite formation: in the ileum (A-D) and colon(E-H), n=5.
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Figure S4. Correlations of ATP with the phase II metabolite formation: in the ileum (A and B) andcolon (C and D), n=7.
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SUMMARY AND GENERAL DISCUSSIONIntestinal fibrosis is a chronic disease caused by persistent injury andinflammation of the intestine, which will ultimately result in loss of organ function.1Understanding the development of intestinal fibrosis is important to be able to detectthe disease at an early stage and to prevent surgical intervention. Furthermore,knowledge about the pathophysiology of intestinal fibrosis will also benefit thedevelopment of antifibrotic drugs.This thesis delineates the use of precision-cut intestinal slice (PCIS) as a tool tostudy the pathophysiology of intestinal fibrosis, as well as a drug screening platform.The thesis consists of two parts; the first part focuses on the exploration of several drugcandidates for the treatment of fibrosis by using the precision-cut tissue slices (PCTS).The second part is devoted to the use of PCIS to study the regional differences in theearly onset of intestinal fibrosis and intestinal drug metabolism.
IBD, Crohn’s disease, and intestinal fibrosisInflammatory bowel diseases (IBD) are characterized by chronic inflammationof the intestinal tract. IBD has been associated with an imbalance of the intestinalmicrobiota, genetics as well as external and environmental factors (including smoking,diet, and lifestyle).2–4 IBD is traditionally considered as a disease of Westernizednations (North America, Europe, and Oceania). However, the epidemiology of IBDchanged throughout the world at the turn of the 21st century. There is an increase inthe incidence of IBD in South America, Eastern Europe, Asia, and Africa.5 Over 1 millionresidents in the USA and 2.5 million in Europe are estimated to have IBD.6 Crohn'sdisease (CD) and ulcerative colitis (UC) are the most widely known types of IBD.2 InIndonesia, the IBD incidence rate has been reported to be 1.7 per 100,000 persons and0.33 per 100,000 persons are categorized as CD patients.7 Over their lifetime, morethan 50% of CD patients have clinically apparent intestinal obstruction due tofibrostenosis.8 Although the pathophysiological mechanism of intestinal fibrosis is notfully understood, the main effector cells for fibrogenesis are mesenchymal cells, whichholds true for all types of organ fibrosis. The mesenchymal cells consist of three distinctbut interrelated forms: the fibroblast, the myofibroblast and the smooth muscle cell.9Regional differences in the cellular composition of the intestinal tract might influence
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the development of intestinal fibrosis in different parts of the intestine. The mainpathway driving fibrogenesis in CD is related to transforming growth factor-β1 (TGF-β1).10–12 When TGF-β1 is released, mesenchymal cells in the intestine are activated andstart to produce extracellular matrix (ECM).13 Besides TGF-β1, various cytokines areelevated in inflamed regions, including platelet-derived growth factor (PDGF),14–16which will ultimately lead to the development of intestinal fibrosis.
Pro-inflammatory markers in fibrosisIn IBD, the initiation and continuance of intestinal inflammation andfibrogenesis are depended on the persistent and/or recurrent epithelial injury.1Epithelial and endothelial damage results in the release of chemotactic factors thatpromote the recruitment and activation of innate and adaptive immune cells.17Activated innate immune cells, including monocytes, neutrophils, and mast cells,produce pro-inflammatory and pro-fibrotic molecules like interleukins (ILs), tumornecrosis factor-α (TNFα), TGF-β1 and PDGF.1 Moreover, innate immune signalingpathways are important drivers of myofibroblast transdifferentiation.18IL-1 is a pro-fibrotic cytokine that promotes myofibroblast activation,stimulates the production and secretion of chemokines and matrix metalloproteinases(MMP) by myeloid cells.19,20 IL-6 is a potent pro-inflammatory cytokine, which plays animportant role in the pathogenesis of IBD.21,22 It stimulates fibrogenetic mesenchymalcells, increases the expression of TGF-β and TGF-β receptor 2 in the epidermal, andpromotes fibroblast proliferation.23 IL-8 is a chemoattractant for immune cells,promotes cell proliferation, motility, invasion, and epithelial-mesenchymal transition,and has pro-angiogenesis functions.24,25 In Chapter 3, some of these pro-inflammatorymarkers were investigated namely IL-1, IL-6, and IL-8 (CXCl1/KC). We demonstratedthat Il-6 was up-regulated in murine precision-cut liver slices (PCLS). Moreover, all ofthe tested pro-inflammatory markers were up-regulated in human PCIS, as well as Il-6and Cxcl/kc or Il-8 in murine PCIS and rat PCIS. Our findings support the notion that IL-6 plays an important role in the pathogenesis of fibrosis in the intestine,26,27 liver,28,29kidney,30,31 and lung.32,33 Therefore, IL-6 might possibly be used as fibrosis biomarker.However, more studies are needed to unveil sensitivity and specificity.
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Markers for intestinal fibrosis  

To elucidate the pathophysiology of intestinal fibrosis, it is important to develop 

a model that recapitulates intestinal fibrosis in vivo. To this end, PCIS hold great 

potential. In this ex vivo model, all the different cells that constitute an organ are 

maintained in their original tissue environment allowing for cell-cell and cell-matrix 

interactions.34 Moreover, in PCIS the organization of the intestinal villi and microvilli 

is well conserved.35 Also, the method is highly efficient, since a large number of slices 

can be prepared from a small tissue sample, and the slices are relatively easy to 

process.36 However, we are still in need of good markers that allow us to monitor 

fibrogenesis in PCIS. In Chapter 2, 3, and 4 we used markers that were previously 

described by Pham and colleagues, the majority of which are directly regulated by TGF-

β1.  

TGF-β1 is produced by macrophages and fibroblasts. Activation of TGF-β1 

signaling will increase the production of ECM proteins (e.g. collagen, fibronectin, 

tenascin, laminin, and entactin).37 Moreover, TGF-β1 is the most potent inductor of 

αSMA in the intestine.1 αSMA-positive myofibroblasts is the main cell type that 

produces ECM during intestinal fibrosis. Interestingly, in Chapter 4, αSMA gene 

expression was decreased in both murine and human jejunum PCIS. This might 

indicate that there is a loss of fibroblasts. The reduction in αSMA gene expression is 

also observed in slices prepared from other tissues.38 However, in these slices, the 

protein level of αSMA remained constant over time.39–41 Further studies are needed to 

elucidate if this is also the case in PCIS. In Chapter 2, we showed upregulation of αSma 

during culture with TGF-β1 in murine PCIS (mPCIS) of the jejunum. In contrast, the 

expression of αSma remained unaffected by TGF-β1 in ileum and colon mPCIS 

(Chapter 4). This might indicate that there are regional differences in the sensitivity 

to TGF-β. However additional studies are needed to elucidate the impact of TGF-β1 on 

αSma protein expression in mPCIS.  

TGF-β and its receptors are over-expressed particularly in fibrostenotic CD and 

in animal models of intestinal fibrosis42–44, the expression of these receptors still has 

to be clarified in murine and human PCIS. Activation of the TGF-β signaling pathway 

will induce the expression of plasminogen activator inhibitor 1 (PAI-1) and connective 

tissue growth factor (CTGF).1,45 In Chapter 2, we clearly demonstrated that Pai-1 and 
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Ctgf expression was induced in jejunum mPCIS following treatment with TGF-β1. Ourresults were in line with the previous study by Pham et al., they discovered that CTGFand PAI-1 expression was up-regulated in the jejunum of human, rat, and mouse PCIS.35Furthermore, activation of the TGF-β signaling pathway increases theexpression of pro-collagen 1α1 (Col1α1) and heat shock protein 47 (Hsp47), acollagen-specific molecular chaperone that plays a role in the maturation, biosynthesis,and secretion of various types of collagens.46 In Chapter 2, we showed that the geneexpression of all several fibrosis markers (Col1α1, Hsp47, and Fn2) was induced duringculture with TGF-β in jejunum mPCIS. Moreover, as described in Chapter 4, exposureof colon mPCIS to TGF-β1 increased the expression of all the tested fibrosis markers,and in ileum mPCIS, we observed a significant increase of Col1α1. In contrast, exposureof human PCIS to TGF-β1 did not alter the gene expression of any of the tested genes.Taken together, these results indicate that TGF-β1 is a major profibrotic stimulus inmPCIS, but not in hPCIS. This might be due to species differences in the sensitivity toTGF-β1.
Exploration of antifibrotic drugsIn Chapter 2 and 3, we studied the antifibrotic efficacy of several compounds.Of the various compounds we tested, only sunitinib showed potential antifibroticeffects (Chapter 2). Sunitinib reduced the gene expression of Pai-1 and Ctgf suggestingthat it has an inhibitory effect upstream of the molecular signaling pathways, mostlikely by blocking the PDGF-α and PDGF-β receptors.47 These findings also indicate thatsunitinib might target the TGF-β pathway. This potential dual effect on both the TGF-βand PDGF signaling pathway makes sunitinib an interesting drug candidate for thetreatment of intestinal fibrosis. Still, more studies are needed to fully unveil thetherapeutic effectiveness of sunitinib.Many of the compounds tested in Chapter 2 were demonstrated to have anantifibrotic effect in precision-cut liver slices; however, only sunitinib was effective inPCIS. A similar observation was made with rosmarinic acid. As detailed in Chapter 3rosmarinic acid only showed antifibrotic properties in rodent and human liver slices,48but not in PCIS. Thus, the antifibrotic effects of putative drugs are clearly organ- andspecies-specific.
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Regional, sex, species, and organ differences in the ex vivo model for fibrosis 

It is important to study intestinal fibrosis in different parts of the intestine, 

because regional differences in the cellular composition of the gut may influence the 

local fibrotic process. In Chapter 4 we treated murine and human PCIS with 5 ng/ml 

TGF-β1. This concentration did not elicit toxicity in colon hPCIS, while it was toxic in 

colon mPCIS (Chapter 4). In addition, Pham et al. showed that the same concentration 

of   TGF-β1  was  not  toxic  for  jejunum  mPCIS  and  hPCIS,35  and  others  have 

demonstrated that it was not toxic for liver,49 kidney,50 and lung slices (Putri et al., 

manuscript in preparation). Why colon mPCIS are the only slices prone to TGF-β1-

induced toxicity requires further study. 

Our results further demonstrated that Hsp47 and Fn2 expression levels were 

only increased during incubation in colon and jejunum mPCIS, 35 but not in ileum 

mPCIS nor in ileum and colon hPCIS. Moreover, we showed that TGF-β1 only 

stimulated fibrosis in jejunum, ileum and colon mPCIS, and not in hPCIS (Chapter 2 

and 4). These findings illustrate that the fibrotic process differs per intestinal region 

and species. Therefore, it is of the utmost importance to take regional differences into 

consideration during drug development.  

It is well known from rodent studies that there are regional differences in 

intestinal phase I and phase II drug metabolism.36 Chapter 5 describes the first-ever 

study on intestinal drug metabolism in matched human ileum and proximal colon PCIS. 

Our results demonstrated that phase I metabolism of testosterone predominantly 

occurred in ileum PCIS, while phase II metabolism of 7-hydroxycoumarin glucuronide, 

mostly took place in proximal colon PCIS. These results are in line with a previous study 

showing that protein levels of cytochrome P450 (CYP)3A, which exhibits testosterone 

6β-hydroxylase activity,51 is highest in the proximal region of the intestine and declines 

in the distal part.51–54 In addition, Van de Kerkhof et al. showed that phase II (7-

hydroxycoumarin glucuronidation) metabolism predominantly occurred in the 

proximal jejunum and colon.55 In addition to regional differences in intestinal 

metabolism, we also found sex differences (Chapter 5). In both regions, we observed 

that the rate of phase II metabolism was higher in PCIS prepared from male patients as 

compared to PCIS prepared from females. To the best of our knowledge, this has not 
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been reported before. However, our study only included a small number of patients, somore research is needed to completely characterize sex differences in intestinal drugmetabolism.Taken together, this research has made it very clear that organ, sex, and speciesdifferences should be taken into account during the search for novel therapeuticagents.
CONCLUSIONS AND PERSPECTIVESPreviously, our group successfully established PCIS as an ex vivo model for theearly onset of fibrosis.56 In this thesis, we successfully used this model for testing theantifibrotic potential of putative drugs. Furthermore, we also studied regionaldifferences in fibrogenesis and drug metabolism.Since CD is heterogeneous in its pathology, and mostly present in the ileum andcolon, it is essential to study the early onset of fibrosis and the effect of antifibroticcompounds in different intestinal regions. Due to intra-individual differences in drugresponses, one would, ideally, use different gut regions from the same patient for drugtesting, which is arduous. Therefore, these studies are lacking. However, we were ableto use matched ileum and colon PCIS, which were prepared from the same patient.Thus, this approach is feasible.Moreover, it is essential to study the efficacy of antifibrotic drugs in establishedfibrosis. Therefore, future studies should include hPCIS prepared from fibrotic tissue.These studies are ongoing but are hampered by the fact that human intestinal stricturesamples are still relatively scarce. It is possible to isolate fibroblasts from strictures ofCD patients.57–59 However, these cells will not fully recapitulate in vivo pathogenesisand drug responses.In our study with human PCIS, TGF-β1 did not elicit a fibrotic response in theileum and colon. This could be due to the fact that an additional trigger (like PDGF) isnecessary to induce fibrosis in human PCIS. Previous work from our group showed thatboth TGF-β1 and PDGF were necessary to promote fibrogenesis in human liver slices.49To investigate whether the same holds true for hPCIS studies are currently beingperformed in which human PCIS are treated with the combination of TGF-β1 and PDGF.
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The studies described in this thesis mainly investigated the gene expression offibrosis markers. However, it is known that mRNA levels not always directly reflectprotein expression due to the time needed for transcription and translation.39–41 Onedisadvantage of the PCTS model is that the slices remain viable and functional for alimited period of time.56,60–62 If the culture period could be extended, this would allowfor more detailed studies on (ECM) protein expression. Therefore, new culturestrategies, such as already implemented for PCLS,61 or by using organoid medium63(Bigaeva et al., manuscript in preparation), could be utilized to prolong PCIS culture.Furthermore, this human model, which is highly efficient and relatively easy touse, may become an effective tool in exploring new antifibrotic drug candidates. Inaddition, PCIS can also be used to evaluate the safety of drug candidates and can beutilized to assess if the candidate drug is delivered to the site action. Finally, PCIS arein good compliance with the 3Rs (replacement, reduction, and refinement), mostnotably with reduction, because the number of animals needed can be considerablyreduced when using PCIS. Hopefully, human PCIS will ultimately eliminate the need foranimal studies in the field of intestinal fibrosis.
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SUMMARYChronic (inflammation-mediated) tissue injury can lead to fibrosis, apathological process that is characterized by the excessive accumulation ofextracellular matrix proteins in an organ, which will ultimately result in loss offunction. The main focus of this thesis is intestinal fibrosis, a common complication ofinflammatory bowel disease. Intestinal fibrosis can occur in patients with Crohn’sdisease or ulcerative colitis. An effective treatment for intestinal fibrosis is currentlyunavailable. Thus, there remains an urgent and unmet clinical need. Crohn’s disease isregarded as a heterogeneous pathology and the disease mostly presents itself in theileum and colon. Therefore, it is essential to study the early onset of fibrosis and theeffect of antifibrotic compounds in the different intestinal regions. To this end, an ex

vivo model employing precision-cut tissue slices was developed to study themulticellular process of fibrosis. This model represents a useful tool to study organfibrosis in man and experimental animals.In Chapter 2, we used mouse jejunum slices to study the antifibrotic efficacy ofcompounds that target either the transforming growth factor β (TGF-β) or platelet-derived growth factor signaling pathway, including valproic acid, pirfenidone, imatiniband sunitinib. This study shows that precision-cut intestinal slices (PCIS) can be usedas a screening platform for drug discovery for the early onset of intestinal fibrosis. Ofthe various compounds that were tested, only sunitinib showed potential antifibroticefficacy. This drug candidate and its mechanism of action should be furtherinvestigated to completely unveil its therapeutic aptitude. Future studies using humanPCIS will establish whether these potential antifibrotic compounds are also effective inman. In Chapter 3, we evaluated the antifibrotic efficacy of rosmarinic acid (RA) inmouse liver slices as well as in mouse, rat and human jejunum PCIS. In addition, weevaluated the anti-inflammatory effects of RA. Our results clearly demonstrate that RAhas potential as a therapeutic agent for the treatment of liver fibrosis. In addition, RAappears to elicit anti-inflammatory and antifibrotic effects in murine PCIS. Conversely,these beneficial effects were not observed in human and rat PCIS. Thus, theadvantageous effects of RA are clearly organ- and species-specific.
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Crohn’s disease mainly affects the ileum and colon. Therefore, in Chapter 4, weinvestigated these regions of the intestine and we demonstrated that human andmouse PCIS can be a valuable tool to study regional differences in intestinalfibrogenesis. Moreover, in mice, TGF-β had a more profound impact on fibrogenesis incolon PCIS as compared to ileum PCIS. Also, we found clear species differences in theearly onset of fibrosis.
Chapter 5 delineates the regional differences in intestinal drug metabolism.Phase I and phase II metabolism was evaluated in human ileum and colon slices usingtestosterone and 7-hydroxycoumarin. Based on this study, it can be concluded thatthere is a significant difference in the rate of phase I and II metabolism in the ileum andthe colon. We demonstrated that phase I metabolism of testosterone predominantlyoccurs in ileum PCIS, while phase II metabolism of 7-hydroxycoumarin glucuronidemainly occurs in colon PCIS. Moreover, our study reveals that PCIS can be used toinvestigate sex differences in drug metabolism.In conclusion, PCIS is a great translational screening platform that can be usedin the search for antifibrotic drugs. Moreover, this thesis has clearly demonstrated thatorgan- and species-differences should be taken into account during drug development.In addition, PCIS are in good compliance with the 3Rs (replacement, reduction, andrefinement), most notably regarding reduction, because the number of animals neededfor fibrosis research can be considerably reduced when using PCIS. Hopefully, in thefuture, human PCIS will fully replace animal studies for intestinal fibrosis.
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SAMENVATTINGChronische weefselontsteking of -schade leidt tot fibrose. Fibrose is een procesdat gekenmerkt wordt door een overmatige productie en ophoping van extracellulairematrix (ECM) in een orgaan, wat uiteindelijk kan leiden tot functieverlies. In ditproefschrift richten we ons op darmfibrose. Deze aandoening komt vooral voor bijpatiënten met de ziekte van Crohn (CD). Bij de ziekte van Crohn ontstaat fibrose dooreen chronische ontsteking van de darmwand en een ontregelde wondheling, ditresulteert in overmatige en abnormale depositie van ECM. Momenteel is er geenspecifieke antifibrotische therapie beschikbaar voor darmfibrose bij patiënten metinflammatoire darmaandoeningen. Er is dus een dringende behoefte om een effectievetherapie voor darmfibrose te vinden. Omdat de ziekte van Crohn voor kan komen inhet gehele maagdarmkanaal, maar vooral in het ileum en de dikke darm, is hetessentieel om fibrose en het effect van antifibrotische verbindingen in de verschillendedarmdelen te bestuderen. Om deze verschillende darmdelen te bestuderen, werd het
ex vivo model – precision-cut tissue slices: PCTS – ontwikkeld als een ideaal model omhet multicellulaire proces van fibrose te bestuderen. Dit model is uitermate geschiktom orgaanfibrose zowel bij de mens als bij proefdieren te bestuderen.In Hoofdstuk 2 gebruikten we jejunum-PCTS van de muis om de transforming

growth factor β (TGF-β) en platelet-derived growth factor signaaltransductieroute tebestuderen alsmede de effectiviteit van remmers van deze routes, inclusiefvalproïnezuur, pirfenidon, imatinib, en sunitinib. Deze studie toont aan dat darm PCTSeen waardevol model kan zijn om de werkzaamheid van verbindingen in het begin vandarmfibrose te bestuderen. Van de verschillende verbindingen die we hebben getest,vertoonde alleen sunitinib een mogelijke antifibrotische werking. Hetwerkingsmechanisme van sunitinib moet verder worden onderzocht voordat het ookals geneesmiddel voor darmfibrose gebruikt kan worden. Toekomstige studies metPCTS gemaakt van humane darmen zullen uitwijzen of deze potentiële antifibrotischeverbindingen ook effectief zijn bij de mens.In Hoofdstuk 3 evalueerden we de antifibrotische effectiviteit vanrosmarinezuur (rosmarinic acid, RA) in slices van muislever, evenals in PCTS gemaaktvan jejunum van muis, rat en mens. Bovendien evalueerden we ook anti-inflammatoireeffecten van rosmarinezuur in het jejunum. Onze resultaten tonen aan dat RA potentie
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heeft als een antifibrotisch middel bij leverfibrose. Bovendien lijkt RA anti-inflammatoire en antifibrotische effecten te hebben in darmslices van muizen, maardeze gunstige effecten niet waargenomen in darmslices van mens en rat. Debestudeerde effecten van RA blijken orgaan- en organisme specifiek.Omdat de ziekte van Crohn voornamelijk in het ileum en de dikke darmvoorkomt, hebben we in Hoofdstuk 4 deze delen van de darm onderzocht. Er werdaangetoond dat PCTS van de mens en muis een waardevol model kan zijn om regionaleverschillen in de darmfibrogenese te bestuderen. Bovendien stimuleerde TGF-β inmuizen de fibrogenese meer in dikke darm-PCTS dan in ileum-PCTS. Ook vonden weduidelijke species verschillen in het begin van de darmfibrose.Om regionale verschillen in de functie van de darm te bestuderen, hebben we in
Hoofdstuk 5 het geneesmiddelmetabolisme in het ileum en de dikke darm van demens bestudeerd. We evalueerden fase I en fase II geneesmiddelmetabolisme inmenselijke ileum en dikke darm slices met respectievelijk testosteron en 7-hydroxycoumarine. Op basis van deze studie kan worden geconcludeerd dat er eensignificant verschil is in de snelheid van fase I en fase II geneesmiddelmetabolisme inhet ileum en de dikke darm. We hebben aangetoond dat het metabolisme vantestosteron voornamelijk plaatsvindt in ileum PCTS, terwijl 7-hydroxycoumarine-glucuronide vooral in dikke darm PCTS wordt geproduceerd. Bovendien bleek uit onzestudie dat darmslices kunnen worden gebruikt om geslachtsverschillen ingeneesmiddelmetabolisme te onderzoeken.Het gebruik van darmslices zou een grote invloed kunnen hebben op deontwikkeling van geneesmiddelen voor darmfibrose. Bij het zoeken naar nieuweahtifibrotische geneesmiddelen moet rekening worden gehouden met orgaan- enspeciesverschillen. Bovendien leveren darmslices een belangrijke bijdrage aan de  3V’s(vervanging, vermindering en verfijning), met name vervanging, omdat het aantalbenodigde proefdieren aanzienlijk kan worden verminderd middels het gebruik vanPCTS. Bovendien zal het gebruik van humane darmslices de vertaling van resultatenverkregen in proefdieren naar de mens elimineren, en dit zal uiteindelijk leiden tot eenvervanging van proefdierstudies voor darmfibrose.
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Chapter 7
RINGKASANPeradangan atau cedera jaringan kronis dapat menyebabkan fibrosis, suatu proses yang ditandai dengan akumulasi matriks ekstraseluler yang berlebihan dalam suatu organ, yang akhirnya dapat menyebabkan hilangnya fungsi organ. Dalam tesis ini kami berfokus pada fibrosis usus, yang merupakan suatu komplikasi umum dari penyakit peradangan saluran cerna (inflammatory bowel disease). Fibrosis usus dapat terjadi pada pasien dengan Crohn's disease atau ulcerative colitis. Penanganan yang efektif untuk fibrosis usus saat ini belum ada. Oleh karena itu, masih ada kebutuhan klinis yang mendesak dan tidak terpenuhi. Crohn’s disease dikenal memiliki sifat yang heterogen dalam patologinya dan sebagian besar terjadi pada ileum dan kolon. Dengan demikian, penting untuk mempelajari awal timbulnya fibrosis dan efek senyawa antifibrotik di wilayah usus yang berbeda. Untuk mengatasi masalah ini, suatu model 
ex vivo dengan menggunakan irisan presisi jaringan (precision-cut tissue slices) –dikembangkan untuk mempelajari proses fibrosis multiseluler. Model ini merupakan alat yang berguna untuk mempelajari fibrosis organ, baik pada manusia dan hewan percobaan.Pada Bab 2, kami menggunakan irisan jejunum mencit untuk mempelajari efikasi dari senyawa antifibrosis yang mentarget jalur transforming growth factor β (TGF-β) dan jalur platelet-derived growth factor, termasuk asam valproat, pirfenidone, imatinib, dan sunitinib. Studi ini menunjukkan bahwa irisan presisi usus (precision-cut 

intestinal slices; PCIS) dapat menjadi alat penapisan penemuan obat untuk pengobatan fibrosis usus pada awal permulaan. Dari berbagai senyawa yang kami uji, hanya sunitinib yang menunjukkan khasiat antifibrosis yang potensial. Kandidat ini dan mekanisme kerjanya harus diselidiki lebih lanjut untuk mengungkap kemampuan terapeutik sepenuhnya. Studi masa depan menggunakan PCIS manusia akan menentukan apakah senyawa antifibrotik potensial ini juga efektif pada manusia.Pada Bab 3, kami mengevaluasi khasiat senyawa antifibrosis asam rosmarinat (rosmarinic acid; RA) dalam irisan hati mencit, serta pada PCIS mencit, tikus dan jejunum manusia. Selain itu, kami juga mengevaluasi efek antiinflamasi dari RA pada irisan tersebut. Hasil kami dengan jelas menunjukkan bahwa RA memiliki potensi sebagai agen terapi untuk pengobatan fibrosis hati. Selain itu, RA tampaknya menimbulkan efek anti-inflamasi dan antifibrosis pada PCIS mencit. Sebaliknya, efek
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menguntungkan ini tidak diamati pada PCIS manusia dan tikus. Dengan demikian, efekmenguntungkan dari RA jelas spesifik terhadap organ dan spesies tertentu.
Crohn’s disease terutama terjadi di ileum dan kolon. Oleh karena itu, pada Bab

4, kami menyelidiki daerah-daerah dari usus tersebut dan kami menunjukkan bahwaPCIS manusia dan mencit bisa menjadi alat yang berharga untuk mempelajariperbedaan regional dalam fibrogenesis usus. Selain itu, pada mencit, TGF-β memilikidampak yang lebih mendalam pada PCIS kolon dibandingkan dengan PCIS ileum. Selainitu, kami menemukan perbedaan spesies yang jelas pada awal fibrosis.
Bab 5 menunjukkan perbedaan regional pada metabolisme obat di usus.Metabolisme fase I dan fase II dievaluasi pada irisan ileum dan kolon manusia denganmenggunakan testosteron dan 7-hidroksi kumarin. Berdasarkan penelitian ini, dapatdisimpulkan bahwa ada perbedaan yang signifikan dalam tingkat metabolisme fase Idan II di ileum dan kolon. Kami menunjukkan bahwa metabolisme fase I daritestosteron dominan terjadi pada PCIS ileum, sedangkan metabolisme fase II dari 7-hidroksi kumarin glukuronida sebagian besar terjadi pada PCIS kolon. Selain itu,penelitian kami mengungkapkan bahwa PCIS dapat digunakan untuk menyelidikiperbedaan jenis kelamin dalam metabolisme obat.Pada kesimpulannya, PCIS merupakan suatu platform penapisan translasi yangdapat digunakan pada pencarian obat antifibrosis. Selain itu, tesis ini telahmenunjukkan dengan jelas bahwa perbedaan organ dan spesies harus menjadipertimbangan saat pengembangan suatu obat. Selain itu, PCIS telah memenuhi 3P(penggantian, pengurangan, dan penyempurnaan), terutama dengan pengurangan,karena jumlah hewan yang dibutuhkan pada penelitian fibrosis dapat sangatberkurang saat menggunakan PCIS. Diharapkan, di masa depan, PCIS dari organmanusia akan sepenuhnya menggantikan penelitian yang menggunakan hewan ujiuntuk fibrosis usus.
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