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1.1. Introduction 

The human gut is composed of two main segments, the small intestine and the large 

intestine, that forms a continuous tract for food digestion and absorption. The length 

of the intestine is dependent on age and height. The small intestine is approximately 3-

5 meters long in adults and subdivided into the duodenum, jejunum and ileum [1]. The 

large intestine is about 1.5 meters long and is subdivided into the cecum, 

colon, rectum, and anal canal [2]. The main function of the gut is digestion and 

absorption of food and fluids and at the same time form a tight barrier for potential 

pathogens. The small intestine contains large amounts of potential aggressive digestive 

enzymes necessary for chemical digestion and is equipped by a mucosa specialized in 

absorption [3]. The intestine absorbs water and nutrients from the food into the 

bloodstream by either diffusion or active transport. Bacteria in the colon help to 

ferment undigested components so that humans, as omnivores, can utilize food from 

both animal and plant sources to provide nutrition and energy for the body [4].  

Maintaining intestinal integrity of the intestinal epithelium, where most physiological 

digestive, absorptive and secretory processes take place, is crucial [5]. The 

intestinal epithelium is a single layer of cells that is completely renewed every 4-5 days. 

This remarkably rapid epithelial cell renewal is driven by LGR5+ multipotent intestinal 

stem cells (ISCs) located at the bottom of the epithelial crypts [5]. ISCs continuously 

proliferate and differentiate into specialized cells that serve multiple functions [6,7]. 

Figure 1 shows schematically the distribution of the main classes of intestinal epithelial 

cells in the crypt-villus axis. Enterocytes make up most (~80%) of the intestinal 

epithelium and specialized in absorbing nutrients [5]. Goblet cells secrete mucins, 

particularly mucin 2, that create a protective mucus layer on top of the intestinal 

epithelium [8]. Relative numbers of goblet cells in the epithelium increase along the 

intestinal tract from duodenum (~4%) to the descending colon (~16%). 

Enteroendocrine cells sense the luminal content of the gut, in particular nutrients, and 

in response secrete a great variety of different hormones. They constitute a 

heterogeneous group of cells with around 15 subtypes characterized, based on cellular 
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morphology, specific hormones produced and subtype-specific markers [9]. 

Approximately 1% of the differentiated intestinal epithelial cells in the human gut are 

enteroendocrine cells. Paneth cells produce lysozymes, antimicrobials and defensins 

and play a key role in the innate immunity [10]. The epithelial cells moving up from the 

crypt to the villus are closely connected by semipermeable cellular junctions in order 

to prevent leakage of transported solutes and water and selectively seal the 

paracellular pathway for harmful substances [6,11,12].  

 

Figure 1: Major cell types and structural representation of human intestinal epithelium. 

Beneath the epithelial layer is the lamina propria. The lamina propria is a thin layer 

of connective tissue rich in cells, such as fibroblasts, myofibroblasts, endothelial cells, 

lymphocytes, macrophages, dendritic cells, mast cells and leukocytes [13]. The 

immune system in the intestine is tolerant towards the normal intestinal microbiota 

and harmless food antigens, however, a guardian against pathogenic microbiota and 

harmful substances [14,15]. For this reason, the lamina propria contains many immune 

cells that control the intestinal mucosal immune response [14,16,17]. Fibroblasts and 

myofibroblasts in the lamina propria are important contributors to inflammation and 

wound healing processes. In inflammatory conditions, macrophages and mast cells 

release fibroblast growth factors, such as PDGF and TGF-β, to activate fibroblasts and 
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to promote their proliferation and migration to sites of injury [18]. Activated 

myofibroblasts release themselves from surrounding cells and extra cellular matrix 

(ECM), move towards the wound site and produce a collagen matrix to initiate tissue 

regeneration [19]. However, in chronic intestinal disease, fibroblasts produce excessive 

ECM leading to intestinal fibrosis. 

Among all the harmful external factors to which we are currently exposed, cigarette 

smoking is believed to be one of the largest preventable risk factors causing intestinal 

diseases, such as peptic ulcers, inflammatory bowel diseases (IBD) and colon cancer 

[20]. Cigarette smoke has many pleiotropic effects, influencing mucus production, 

microbiota composition, mucosal integrity and mucosal immune responses [20]. 

Cigarette smoking increases the risk for colon cancer by influencing epithelial cell 

cycle-related proteins and epithelial mesenchymal transition (EMT) [21]. However, 

only little is known about the direct effect of cigarette smoke on intestinal epithelial 

regeneration and morphogenesis in humans. In vitro models have been adopted from 

research with lung cells that were exposed to standardized culture media saturated 

with cigarette smoke [22,23]. Colon cancer-derived Caco-2 epithelial cells have been 

exposed to such cigarette smoke extract (CSE), which resulted in reduced cellular 

metabolic activity and impaired claudin-1 and E-cadherin expression, key factors in 

maintain epithelial barrier integrity [24]. These studies were performed with Caco-2 

cells in two-dimensional monolayers [24]. Recent developments in creating 3-

dimensionally (3D)-grown human intestinal organoids from adult stem cells residing in 

the crypts [25-28] now allows a much more comprehensive analysis of environmental 

factors on the human intestinal epithelium. Intestinal organoids are grown in 

conditions that foster the stem cells and can be maintained in culture for months to 

years. Intestinal organoids are genetically stable during long term-culture and growth 

conditions can be adapted to allow terminal differentiation to the more mature 

epithelium enriched for enterocytes, goblet cells, Paneth cells and enteroendocrine 

cells [29]. Interestingly, differentiated organoids resemble the tissue that they 

originate from, enriched for location (duodenum, jejunum, ileum or colon)-specific 

markers [30]. Thus, intestinal organoids are composed of polarized epithelial layers 
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surrounding functional lumens in which all intestinal cell types are preserved and are 

excellent models to study the direct effect of cigarette smoke on human intestinal 

epithelial morphogenesis and function.  

Inflammatory bowel disease (IBD) is characterized by chronic and relapsing 

inflammation of the gastrointestinal tract. Two main forms can be distinguished; 

Crohn’s disease (CD) and ulcerative colitis (UC). The highest prevalence is reported in 

Europe and North America, ranging from 400-500/100,000 persons [31], and is still 

increasing. Moreover, IBD is increasingly diagnosed in countries adopting a Western 

life style [32,33]. CD is characterized by patchy transmural inflammation that may 

occur anywhere in the gastrointestinal track, but typically involves the ileum and colon 

[34]. UC, in contrast, is limited to colon and presents as continuous mucosal 

inflammation starting at the rectum and spreads up into the colon [35]. The whole 

colon is inflamed, e.g. pan-colitis, in the severest form of UC [36]. CD and UC are 

multifactorial diseases that are caused by an unfortunate interplay between genetic 

and environmental factors that lead to an uncontrolled inflammatory response 

directed against gut bacteria [37]. Over 240 genetic loci have been identified 

predispose for IBD, some specific for CD, some for UC and many associated with both 

forms [38,39]. The genetic make-up of an individual makes him/her more or less 

susceptible to external environmental factors, such as cigarette smoking, high-fat/ low-

fiber diet and social stress, that are critical components in the etiology of IBD [40]. 

Most patients are diagnosed with IBD in early adulthood (aged 20-30) and required 

life-long disease management as there is no cure. Drugs like corticosteroids, 

mesalazine, immunomodulators (thiopurines, methotrexate and tofacitinib) and 

biologicals (anti-TNF-alpha antibodies, vedolizumab, ustekinumab) are used to induce 

and maintain disease remission [41,42]. However, many patients show primary-

nonresponse or loss of response to these drugs. 

Interestingly, cigarette smoking has a remarkable opposite effect in CD and UC, as it 

increases the risk of CD and decreases the risk of UC. Moreover, smoking increases the 

risk of intestinal fibrosis, a common and serious complication of CD [23, 24]. There also 
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appears to be a location-specific effect, since smoking patients with ileal CD in 

particular show more inflammation and fibrostenotic disease than non-smoking 

patients and requires dilatation or surgical resection [43]. Cigarette smoke decreases 

the anti-inflammatory cytokine IL-10, increases pro-inflammatory chemokines and 

cytokines such as CCR6, CCL 20, IL-6 and IL-8, activates dendritic cells, and increases 

the recruitment of CD4+, CD8+ T cells and CD11b+ dendritic cells especially in the 

ileum [20,44]. 

The beneficial effects of smoking in UC are thought to be mediated by specific 

components in smoke, such as carbon monoxide and nicotine. Carbon monoxide could 

modify the inflammatory response by inhibition neutrophil extracellular trap formation 

(netosis) by neutrophils, a prominent cell type in the inflammatory profile of UC [45]. 

Nicotine reduces the production of pro- inflammatory cytokines by activating alpha-7 

nicotinic receptor in immune cells, such as macrophages and dendritic cells [46]. These 

anti-inflammatory effects of cigarette smoke have to be balanced against the potential 

carcinogenic effect on intestinal epithelial cells. 

It is generally believed that intestinal inflammation also triggers the fibrotic response, 

but intestinal fibrogenesis can become independent of inflammation in later stages of 

disease [47]. An interesting protein with respect to smoking, inflammation and 

fibrogenesis is vascular adhesion protein-1/semicarbazide-sensitive amine oxidase 

(VAP-1/SSAO, encoded by the AOC3 gene). VAP-1 is a transmembrane protein 

abundantly expressed by vascular endothelial cells, smooth muscle cells, pericytes, 

adipocytes and subepithelial myofibroblasts [48]. VAP-1 is a multifunctional protein 

that acts both as a receptor that supports leukocyte extravasation, as well as an 

enzyme that oxidates primary amines and produces hydrogen peroxide [49]. Both 

activities promote tissue inflammation and fibrosis, and VAP-1 expression is typically 

enhanced in inflamed tissues [49,50]. Interestingly, soluble VAP-1 levels are increased 

in individuals who smoke compared to non-smokers [51]. It is, however, unknown 

whether cigarette smoke actually affects tissue expression of VAP-1 and thereby 

promote could intestinal inflammation and fibrosis. 
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Under persistent epithelial inflammatory condition, myofibroblasts secrete and 

deposit abnormal amounts of extra cellular matrix (ECM) proteins that promotes the 

development of intestinal stenosis [52]. Although important progress has been made 

in controlling inflammation in IBD, this does not necessarily also prevent, or even slow 

down, intestinal fibrogenesis. So far, no drug-based therapies are available to suppress 

and/or reverse intestinal fibrosis. Therefore, a better understanding of the specific 

molecular signaling pathways involved in intestinal fibrosis is therefore needed to be 

able to develop effective treatment strategies [53]. An alternative approach is to hitch-

hike on progress made in drug development for the treatment of fibrosis in other 

organs and/or diseases and test such drugs for the treatment of intestinal fibrosis. For 

example, pirfenidone has been shown to be an efficacious anti-fibrotic compound in 

idiopathic pulmonary fibrosis, a devastating, progressive fibrotic lung disease with a 

median survival of 3–5 years. It is a well-tolerated compound that decreases the rate 

of decline in forced vital capacity and increases the progression-free survival (PFS) 

time and overall survival (OS) time [54-56]. Pirfenidone has therapeutic value in the 

early phase of disease, but also in more advanced and even in perioperative IPF 

patients [57,58]. Various cellular and molecular mechanisms have been characterized 

that contribute to the anti-fibrotic action of pirfenidone in lung fibrosis. Pirfenidone 

inhibits lung fibroblast migration and ECM protein production, including collagen type I 

and III, fibronectin and tenascin-c [59]. Moreover, pirfenidone suppresses TGF-β1-

induced gene expression of COL1A1, COL3A1 and CHD2 and collagen protein 

production by blocking the activation of the Smad, p38MAPK and Akt signaling 

pathways [60,61]. TGF-β1 is known to be the master regulator of intestinal fibrosis 

promoting ECM protein synthesis and inhibiting ECM degradation [62]. Also, TGF-β1 is 

known to activate the mTORC1 signaling pathway, which is a central regulator of cell 

metabolism, proliferation, and protein synthesis. Important downstream execution 

proteins are 4E-BP1, a translation repressor protein, and p70S6K that targets 

the S6 ribosomal protein [63]. It will be interesting to determine whether drugs like 

pirfenidone may also suppress the fibrogenic phenotype of intestinal fibroblasts, and 

thereby can be potentially be used clinically to suppress intestinal fibrosis. 
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1.2. The aim of the thesis  

The general aim of this thesis is to explore the effects of cigarette smoke on the human 

intestinal epithelium and subepithelial myofibroblasts, two intimately connected cell 

layers that form the border between the intestinal lumen and the underlying tissue, 

which in turn links to the rest of the human body.  Our research primarily focused on 

its relation to intestinal carcinogenesis, inflammation and fibrosis, as well as identifying 

therapeutic targets for the treatment of chronic intestinal diseases. 

In Chapter 2, we studied the effect of cigarette smoke on human intestinal epithelial 

cells by using colonic organoids and 3D-speroids of Caco-2 cells. We analyzed the 

direct effect and long-lasting effects of cigarette smoke on epithelial morphogenesis, 

regenerative capacity, polarity and barrier function in particular with relevance to the 

development of colon cancer. 

In Chapter 3, we analyzed the relationship between smoking, mucosal VAP-1 

expression and intestinal fibrosis in IBD patients. Moreover, and studied the direct 

effect of cigarette smoke on VAP-1 expression in primary human intestinal fibroblasts 

and intestinal organoids in order to establish a possible role of VAP-1 in intestinal 

inflammation and fibrosis.  

In Chapter 4, we characterized a novel VAP-1-expressing cell type that we detected in 

the human intestinal epithelium and analyzed their presence in healthy jejunum, ileum 

and colon, as well as in inflamed and stenotic intestinal tissues of IBD patients.  

In Chapter 5, we investigated the potential anti-fibrotic effects of pirfenidone on 

primary human intestinal fibroblasts (p-hIFs), including its effect on TGF-β1-mediated 

mTOR-p70S6K1 signaling. 

In Chapter 6, we summarize the results described in this thesis and present future 

perspectives. 

  



Introduction and aim of the thesis 

 17 

1 

REFERENCES 

1. Collins, J.T.; Badireddy, M. Anatomy, Abdomen and Pelvis, Small Intestine. In 

StatPearls, Treasure Island (FL), 2020. 

2. Kahai, P.; Mandiga, P.; Lobo, S. Anatomy, Abdomen and Pelvis, Large Intestine. 

In StatPearls, Treasure Island (FL), 2020. 

3. Boland, M. Human digestion--a processing perspective. J Sci Food Agric 2016, 

96, 2275-2283, doi:10.1002/jsfa.7601. 

4. Stange, D.E. Intestinal stem cells. Digestive diseases 2013, 31, 293-298, 

doi:10.1159/000355231. 

5. van der Flier, L.G.; Clevers, H. Stem cells, self-renewal, and differentiation in the 

intestinal epithelium. Annu Rev Physiol 2009, 71, 241-260, 

doi:10.1146/annurev.physiol.010908.163145. 

6. Tan, S.; Barker, N. Epithelial stem cells and intestinal cancer. Seminars in cancer 

biology 2015, 32, 40-53, doi:10.1016/j.semcancer.2014.02.005. 

7. Barker, N.; van Es, J.H.; Kuipers, J.; Kujala, P.; van den Born, M.; Cozijnsen, M.; 

Haegebarth, A.; Korving, J.; Begthel, H.; Peters, P.J., et al. Identification of stem cells in 

small intestine and colon by marker gene Lgr5. Nature 2007, 449, 1003-1007, 

doi:10.1038/nature06196. 

8. Karam, S.M. Lineage commitment and maturation of epithelial cells in the gut. 

Front Biosci 1999, 4, D286-298, doi:10.2741/karam. 

9. Schonhoff, S.E.; Giel-Moloney, M.; Leiter, A.B. Minireview: Development and 

differentiation of gut endocrine cells. Endocrinology 2004, 145, 2639-2644, 

doi:10.1210/en.2004-0051. 



Chapter 1 

  18 

10. Bjerknes, M.; Cheng, H. The stem-cell zone of the small intestinal epithelium. I. 

Evidence from Paneth cells in the adult mouse. Am J Anat 1981, 160, 51-63, 

doi:10.1002/aja.1001600105. 

11. Tsuchiya, K. [The intestinal epithelial stem cells and cancer stem cells]. Gan to 

kagaku ryoho. Cancer & chemotherapy 2014, 41, 285-289. 

12. Salvo Romero, E.; Alonso Cotoner, C.; Pardo Camacho, C.; Casado Bedmar, M.; 

Vicario, M. The intestinal barrier function and its involvement in digestive disease. Rev 

Esp Enferm Dig 2015, 107, 686-696, doi:10.17235/reed.2015.3846/2015. 

13. Powell, D.W.; Pinchuk, I.V.; Saada, J.I.; Chen, X.; Mifflin, R.C. Mesenchymal cells 

of the intestinal lamina propria. Annu Rev Physiol 2011, 73, 213-237, 

doi:10.1146/annurev.physiol.70.113006.100646. 

14. Bekiaris, V.; Persson, E.K.; Agace, W.W. Intestinal dendritic cells in the 

regulation of mucosal immunity. Immunol Rev 2014, 260, 86-101, 

doi:10.1111/imr.12194. 

15. Persson, E.K.; Scott, C.L.; Mowat, A.M.; Agace, W.W. Dendritic cell subsets in 

the intestinal lamina propria: ontogeny and function. Eur J Immunol 2013, 43, 3098-

3107, doi:10.1002/eji.201343740. 

16. Xavier, R.J.; Podolsky, D.K. Unravelling the pathogenesis of inflammatory bowel 

disease. Nature 2007, 448, 427-434, doi:10.1038/nature06005. 

17. Varol, C.; Vallon-Eberhard, A.; Elinav, E.; Aychek, T.; Shapira, Y.; Luche, H.; 

Fehling, H.J.; Hardt, W.D.; Shakhar, G.; Jung, S. Intestinal lamina propria dendritic cell 

subsets have different origin and functions. Immunity 2009, 31, 502-512, 

doi:10.1016/j.immuni.2009.06.025. 

18. Roulis, M.; Flavell, R.A. Fibroblasts and myofibroblasts of the intestinal lamina 

propria in physiology and disease. Differentiation 2016, 92, 116-131, 

doi:10.1016/j.diff.2016.05.002. 



Introduction and aim of the thesis 

 19 

1 

19. Stadelmann, W.K.; Digenis, A.G.; Tobin, G.R. Physiology and healing dynamics of 

chronic cutaneous wounds. Am J Surg 1998, 176, 26S-38S, doi:10.1016/s0002-

9610(98)00183-4. 

20. Berkowitz, L.; Schultz, B.M.; Salazar, G.A.; Pardo-Roa, C.; Sebastian, V.P.; 

Alvarez-Lobos, M.M.; Bueno, S.M. Impact of Cigarette Smoking on the Gastrointestinal 

Tract Inflammation: Opposing Effects in Crohn's Disease and Ulcerative Colitis. Front 

Immunol 2018, 9, 74, doi:10.3389/fimmu.2018.00074. 

21. Kim, C.W.; Go, R.E.; Lee, H.M.; Hwang, K.A.; Lee, K.; Kim, B.; Lee, M.Y.; Choi, K.C. 

Cigarette smoke extracts induced the colon cancer migration via regulating epithelial 

mesenchymal transition and metastatic genes in human colon cancer cells. Environ 

Toxicol 2017, 32, 690-704, doi:10.1002/tox.22271. 

22. D'Anna, C.; Cigna, D.; Di Sano, C.; Di Vincenzo, S.; Dino, P.; Ferraro, M.; Bini, L.; 

Bianchi, L.; Di Gaudio, F.; Gjomarkaj, M., et al. Exposure to cigarette smoke extract and 

lipopolysaccharide modifies cytoskeleton organization in bronchial epithelial cells. Exp 

Lung Res 2017, 43, 347-358, doi:10.1080/01902148.2017.1377784. 

23. Vij, N.; Chandramani-Shivalingappa, P.; Van Westphal, C.; Hole, R.; Bodas, M. 

Cigarette smoke-induced autophagy impairment accelerates lung aging, COPD-

emphysema exacerbations and pathogenesis. Am J Physiol Cell Physiol 2018, 314, C73-

C87, doi:10.1152/ajpcell.00110.2016. 

24. Dino, P.; D'Anna, C.; Sangiorgi, C.; Di Sano, C.; Di Vincenzo, S.; Ferraro, M.; Pace, 

E. Cigarette smoke extract modulates E-Cadherin, Claudin-1 and miR-21 and promotes 

cancer invasiveness in human colorectal adenocarcinoma cells. Toxicol Lett 2019, 317, 

102-109, doi:10.1016/j.toxlet.2019.09.020. 

25. Sato, T.; Stange, D.E.; Ferrante, M.; Vries, R.G.; Van Es, J.H.; Van den Brink, S.; 

Van Houdt, W.J.; Pronk, A.; Van Gorp, J.; Siersema, P.D., et al. Long-term expansion of 

epithelial organoids from human colon, adenoma, adenocarcinoma, and Barrett's 

epithelium. Gastroenterology 2011, 141, 1762-1772, doi:10.1053/j.gastro.2011.07.050. 



Chapter 1 

  20 

26. Sato, T.; Clevers, H. Growing self-organizing mini-guts from a single intestinal 

stem cell: mechanism and applications. Science 2013, 340, 1190-1194, 

doi:10.1126/science.1234852. 

27. Yin, X.; Farin, H.F.; van Es, J.H.; Clevers, H.; Langer, R.; Karp, J.M. Niche-

independent high-purity cultures of Lgr5+ intestinal stem cells and their progeny. Nat 

Methods 2014, 11, 106-112, doi:10.1038/nmeth.2737. 

28. Sato, T.; Vries, R.G.; Snippert, H.J.; van de Wetering, M.; Barker, N.; Stange, D.E.; 

van Es, J.H.; Abo, A.; Kujala, P.; Peters, P.J., et al. Single Lgr5 stem cells build crypt-villus 

structures in vitro without a mesenchymal niche. Nature 2009, 459, 262-265, 

doi:10.1038/nature07935. 

29. Fair, K.L.; Colquhoun, J.; Hannan, N.R.F. Intestinal organoids for modelling 

intestinal development and disease. Philos Trans R Soc Lond B Biol Sci 2018, 373, 

doi:10.1098/rstb.2017.0217. 

30. Middendorp, S.; Schneeberger, K.; Wiegerinck, C.L.; Mokry, M.; Akkerman, R.D.; 

van Wijngaarden, S.; Clevers, H.; Nieuwenhuis, E.E. Adult stem cells in the small 

intestine are intrinsically programmed with their location-specific function. Stem Cells 

2014, 32, 1083-1091, doi:10.1002/stem.1655. 

31. Collaborators, G.B.D.I.B.D. The global, regional, and national burden of 

inflammatory bowel disease in 195 countries and territories, 1990-2017: a systematic 

analysis for the Global Burden of Disease Study 2017. Lancet Gastroenterol Hepatol 

2020, 5, 17-30, doi:10.1016/S2468-1253(19)30333-4. 

32. Rizzello, F.; Spisni, E.; Giovanardi, E.; Imbesi, V.; Salice, M.; Alvisi, P.; Valerii, 

M.C.; Gionchetti, P. Implications of the Westernized Diet in the Onset and Progression 

of IBD. Nutrients 2019, 11, doi:10.3390/nu11051033. 

33. Kaplan, G.G.; Ng, S.C. Understanding and Preventing the Global Increase of 

Inflammatory Bowel Disease. Gastroenterology 2017, 152, 313-321 e312, 

doi:10.1053/j.gastro.2016.10.020. 



Introduction and aim of the thesis 

 21 

1 

34. Hanauer, S.B.; Sandborn, W.; Practice Parameters Committee of the American 

College of, G. Management of Crohn's disease in adults. Am J Gastroenterol 2001, 96, 

635-643, doi:10.1111/j.1572-0241.2001.3671_c.x. 

35. Kornbluth, A.; Sachar, D.B.; Practice Parameters Committee of the American 

College of, G. Ulcerative colitis practice guidelines in adults (update): American College 

of Gastroenterology, Practice Parameters Committee. Am J Gastroenterol 2004, 99, 

1371-1385, doi:10.1111/j.1572-0241.2004.40036.x. 

36. Le, P.H.; Kuo, C.J.; Wu, R.C.; Hsu, J.T.; Su, M.Y.; Lin, C.J.; Chiu, C.T. Pancolitis 

associated with higher mortality risk of cytomegalovirus colitis in patients without 

inflammatory bowel disease. Ther Clin Risk Manag 2018, 14, 1445-1451, 

doi:10.2147/TCRM.S172071. 

37. Guan, Q. A Comprehensive Review and Update on the Pathogenesis of 

Inflammatory Bowel Disease. J Immunol Res 2019, 2019, 7247238, 

doi:10.1155/2019/7247238. 

38. Park, S.C.; Jeen, Y.T. Genetic Studies of Inflammatory Bowel Disease-Focusing 

on Asian Patients. Cells 2019, 8, doi:10.3390/cells8050404. 

39. de Lange, K.M.; Moutsianas, L.; Lee, J.C.; Lamb, C.A.; Luo, Y.; Kennedy, N.A.; 

Jostins, L.; Rice, D.L.; Gutierrez-Achury, J.; Ji, S.G., et al. Genome-wide association study 

implicates immune activation of multiple integrin genes in inflammatory bowel disease. 

Nat Genet 2017, 49, 256-261, doi:10.1038/ng.3760. 

40. Loftus, E.V., Jr. Clinical epidemiology of inflammatory bowel disease: Incidence, 

prevalence, and environmental influences. Gastroenterology 2004, 126, 1504-1517, 

doi:10.1053/j.gastro.2004.01.063. 

41. Wright, E.K.; Ding, N.S.; Niewiadomski, O. Management of inflammatory bowel 

disease. Med J Aust 2018, 209, 318-323. 



Chapter 1 

  22 

42. Eichele, D.D.; Young, R. Medical Management of Inflammatory Bowel Disease. 

Surg Clin North Am 2019, 99, 1223-1235, doi:10.1016/j.suc.2019.08.011. 

43. Yamamoto, T.; Keighley, M.R. Smoking and disease recurrence after operation 

for Crohn's disease. Br J Surg 2000, 87, 398-404, doi:10.1046/j.1365-

2168.2000.01443.x. 

44. Ueno, A.; Jijon, H.; Traves, S.; Chan, R.; Ford, K.; Beck, P.L.; Iacucci, M.; Fort 

Gasia, M.; Barkema, H.W.; Panaccione, R., et al. Opposing effects of smoking in 

ulcerative colitis and Crohn's disease may be explained by differential effects on 

dendritic cells. Inflamm Bowel Dis 2014, 20, 800-810, 

doi:10.1097/MIB.0000000000000018. 

45. Bokaba, R.P.; Anderson, R.; Theron, A.J.; Tintinger, G.R. Cigarette smoke 

condensate attenuates phorbol ester-mediated neutrophil extracellular trap formation. 

Afr Health Sci 2017, 17, 896-904, doi:10.4314/ahs.v17i3.33. 

46. Lakhan, S.E.; Kirchgessner, A. Anti-inflammatory effects of nicotine in obesity 

and ulcerative colitis. J Transl Med 2011, 9, 129, doi:10.1186/1479-5876-9-129. 

47. Li, J.; Mao, R.; Kurada, S.; Wang, J.; Lin, S.; Chandra, J.; Rieder, F. Pathogenesis 

of fibrostenosing Crohn's disease. Transl Res 2019, 209, 39-54, 

doi:10.1016/j.trsl.2019.03.005. 

48. Jaakkola, K.; Kaunismaki, K.; Tohka, S.; Yegutkin, G.; Vanttinen, E.; Havia, T.; 

Pelliniemi, L.J.; Virolainen, M.; Jalkanen, S.; Salmi, M. Human vascular adhesion 

protein-1 in smooth muscle cells. Am J Pathol 1999, 155, 1953-1965, 

doi:10.1016/S0002-9440(10)65514-9. 

49. Weston, C.J.; Shepherd, E.L.; Claridge, L.C.; Rantakari, P.; Curbishley, S.M.; 

Tomlinson, J.W.; Hubscher, S.G.; Reynolds, G.M.; Aalto, K.; Anstee, Q.M., et al. Vascular 

adhesion protein-1 promotes liver inflammation and drives hepatic fibrosis. J Clin 

Invest 2015, 125, 501-520, doi:10.1172/JCI73722. 



Introduction and aim of the thesis 

 23 

1 

50. Salmi, M.; Kalimo, K.; Jalkanen, S. Induction and function of vascular adhesion 

protein-1 at sites of inflammation. J Exp Med 1993, 178, 2255-2260, 

doi:10.1084/jem.178.6.2255. 

51. Wang, Y.C.; Li, H.Y.; Wei, J.N.; Lin, M.S.; Shih, S.R.; Hua, C.H.; Smith, D.J.; Vanio, 

J.; Chuang, L.M. Serum vascular adhesion protein-1 level is higher in smokers than non-

smokers. Ann Hum Biol 2013, 40, 413-418, doi:10.3109/03014460.2013.788679. 

52. Lawrance, I.C.; Rogler, G.; Bamias, G.; Breynaert, C.; Florholmen, J.; Pellino, G.; 

Reif, S.; Speca, S.; Latella, G. Cellular and Molecular Mediators of Intestinal Fibrosis. J 

Crohns Colitis 2017, 11, 1491-1503, doi:10.1016/j.crohns.2014.09.008. 

53. Rieder, F.; Fiocchi, C.; Rogler, G. Mechanisms, Management, and Treatment of 

Fibrosis in Patients With Inflammatory Bowel Diseases. Gastroenterology 2017, 152, 

340-350 e346, doi:10.1053/j.gastro.2016.09.047. 

54. Margaritopoulos, G.A.; Trachalaki, A.; Wells, A.U.; Vasarmidi, E.; Bibaki, E.; 

Papastratigakis, G.; Detorakis, S.; Tzanakis, N.; Antoniou, K.M. Pirfenidone improves 

survival in IPF: results from a real-life study. BMC Pulm Med 2018, 18, 177, 

doi:10.1186/s12890-018-0736-z. 

55. Zurkova, M.; Kriegova, E.; Kolek, V.; Lostakova, V.; Sterclova, M.; Bartos, V.; 

Doubkova, M.; Binkova, I.; Svoboda, M.; Strenkova, J., et al. Effect of pirfenidone on 

lung function decline and survival: 5-yr experience from a real-life IPF cohort from the 

Czech EMPIRE registry. Respir Res 2019, 20, 16, doi:10.1186/s12931-019-0977-2. 

56. Noble, P.W.; Albera, C.; Bradford, W.Z.; Costabel, U.; Glassberg, M.K.; Kardatzke, 

D.; King, T.E., Jr.; Lancaster, L.; Sahn, S.A.; Szwarcberg, J., et al. Pirfenidone in patients 

with idiopathic pulmonary fibrosis (CAPACITY): two randomised trials. Lancet 2011, 

377, 1760-1769, doi:10.1016/S0140-6736(11)60405-4. 

57. Iwata, T.; Yoshino, I.; Yoshida, S.; Ikeda, N.; Tsuboi, M.; Asato, Y.; Katakami, N.; 

Sakamoto, K.; Yamashita, Y.; Okami, J., et al. A phase II trial evaluating the efficacy and 

safety of perioperative pirfenidone for prevention of acute exacerbation of idiopathic 



Chapter 1 

  24 

pulmonary fibrosis in lung cancer patients undergoing pulmonary resection: West 

Japan Oncology Group 6711 L (PEOPLE Study). Respir Res 2016, 17, 90, 

doi:10.1186/s12931-016-0398-4. 

58. Costabel, U.; Albera, C.; Glassberg, M.K.; Lancaster, L.H.; Wuyts, W.A.; Petzinger, 

U.; Gilberg, F.; Kirchgaessler, K.U.; Noble, P.W. Effect of pirfenidone in patients with 

more advanced idiopathic pulmonary fibrosis. Respir Res 2019, 20, 55, 

doi:10.1186/s12931-019-1021-2. 

59. Molina-Molina, M.; Machahua-Huamani, C.; Vicens-Zygmunt, V.; Llatjos, R.; 

Escobar, I.; Sala-Llinas, E.; Luburich-Hernaiz, P.; Dorca, J.; Montes-Worboys, A. Anti-

fibrotic effects of pirfenidone and rapamycin in primary IPF fibroblasts and human 

alveolar epithelial cells. BMC Pulm Med 2018, 18, 63, doi:10.1186/s12890-018-0626-4. 

60. Boehme, S.A.; Franz-Bacon, K.; DiTirro, D.N.; Ly, T.W.; Bacon, K.B. MAP3K19 Is a 

Novel Regulator of TGF-beta Signaling That Impacts Bleomycin-Induced Lung Injury and 

Pulmonary Fibrosis. PLoS One 2016, 11, e0154874, doi:10.1371/journal.pone.0154874. 

61. Conte, E.; Gili, E.; Fagone, E.; Fruciano, M.; Iemmolo, M.; Vancheri, C. Effect of 

pirfenidone on proliferation, TGF-beta-induced myofibroblast differentiation and 

fibrogenic activity of primary human lung fibroblasts. Eur J Pharm Sci 2014, 58, 13-19, 

doi:10.1016/j.ejps.2014.02.014. 

62. Isaka, Y. Targeting TGF-beta Signaling in Kidney Fibrosis. Int J Mol Sci 2018, 19, 

doi:10.3390/ijms19092532. 

63. Wang, X.; Proud, C.G. mTORC1 signaling: what we still don't know. J Mol Cell 

Biol 2011, 3, 206-220, doi:10.1093/jmcb/mjq038. 

 

  



Introduction and aim of the thesis 

 25 

1 
 



 

  26 

 
  



 

 

 
Chapter 2  

 

 

 

Cigarette smoke irreversibly decreases 

stemness, proliferation, differentiation and 

polarization of the human colonic epithelium 
 

 

 

Yingying Cui1, Leon J. Klunder2, Tjasso Blokzijl1,3, Changsen Leng2, Sven C. D. van 

IJzendoorn2, Gerard Dijkstra1† and Klaas Nico Faber1,3† 

 
1Department of Gastroenterology and Hepatology, University of Groningen, University 

Medical Center Groningen, Groningen, The Netherlands. 2Department of Biomedical 

Sciences of Cells and Systems, section Molecular Cell Biology, University of Groningen, 

University Medical Center Groningen, Groningen, the Netherlands. 3Department of 

Laboratory Medicine, University of Groningen, University Medical Center Groningen, 

Groningen, The Netherlands. 

 

†    These authors contributed equally to this work 

Submitted 

  



Chapter 2 

  28 

ABSTRACT 

Background: Cigarette smoking displays opposite effects in the two main forms of 

inflammatory bowel disease (IBD), e.g. it promotes and aggravates Crohn’s disease (CD) 

whereas it suppresses ulcerative colitis (UC). Moreover, cigarette smoking predisposes 

for intestinal dysplasia and colon cancer. Recent data indicate that cigarette smoking, 

independently of its opposite effects in CD and UC, promotes colon cell dysplasia in 

IBD patients via unknown mechanisms. Here, we investigated the direct effects of 

cigarette smoke on stemness, proliferation, differentiation and polarization of the 

human colonic epithelium. 

Methods: Human crypt-derived colonic organoids and Caco-2 3D spheroids were 

exposed to various concentrations (0-20%) of cigarette smoke extract (CSE) for 24 h up 

to 7 days. Moreover, CSE-exposed organoids and spheroids were re-cultured in CSE-

free conditions to study irreversible effects of CSE-exposure. Organoid/spheroid size 

and epithelial cell polarity were analyzed by (immuno)fluorescence microscopy. 

Epithelial integrity was analyzed using a FITC-dextran leakage assay. Stem cell and 

epithelial differentiation markers were analyzed by RT-qPCR.  

Results: CSE dose- and time-dependently reduced growth of colonic organoids and the 

expression of the stem cell markers LGR5 and OLFM4, while lumen formation and 

barrier integrity remained intact. Moreover, CSE dose-dependently selectively 

suppressed MUC2 expression, a marker of goblet cells, in differentiated colonic 

organoids. These effects persisted when CSE (24 h)-exposed colonic organoids were re-

cultured for 10-14 days in CSE-free conditions. CSE (10%) time-dependently impaired 

epithelial polarity development of 3D Caco-2 spheroids, which persisted when they 

were re-cultured in CSE-free conditions. 

Conclusions: Cigarette smoke irreversibly impaired stemness, proliferation, 

differentiation and polarization of the human colonic epithelium. These direct and 

long-lasting effects of cigarette smoke on the intestinal epithelium may predispose for 

the development of colon cancer. 
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INTRODUCTION 

Cigarette smoke (CS) is a complex mixture of aerosolized chemicals that contains over 

4,700 compounds, many of them proven or suspected to be harmful, such as oxidants, 

carbon monoxide and carcinogens [1,2]. These chemicals may cause cellular oxidative 

damage and impair immune regulation and tissue regeneration and, as a consequence, 

impair organ function [2,3]. 

CS increases the risk for cancer, including colon cancer [4]. Moreover, cancer patients 

who continue smoking are at increased risk for tumor recurrence, second primary 

cancer development and mortality [2]. CS is also one of the most important 

environmental risk factors for inflammatory bowel disease (IBD), but with a 

remarkable opposite effect in the two main presentations. Thus, whereas CS 

predisposes to and aggravates Crohn's disease (CD) [5] it protects against and 

ameliorates ulcerative colitis (UC) [6]. Smoking UC patients show less severe clinical 

symptoms and undergo less surgical procedures than non-smoking UC patients [7,8], 

however, this may occur at the expense of an increased risk for cancer development. 

Indeed,  CS exposure significantly increased the risk for dysplasia in mice suffering 

from chronic colitis [9]. Our accompanying paper demonstrates for the first time that 

cigarette smoking also increases the risk of dysplasia in both CD and UC patients 

(p=0.005 for CD and p=0.08 for UC; Kimberley W.J. van der Sloot et al.). 

Although CS is primarily associated with effects on the pulmonary system and systemic 

circulation, the gastrointestinal tract is also significantly exposed to CS compounds.  

Gastric fluid contained 10- to 80-fold elevated nicotine levels compared to blood in 

people who smoke. This is largely due to the CS-containing particulate matter 

swallowed by cigarette smokers [10,11].  

The intestinal epithelium is the one of the most rapidly self-renewing tissue in the 

healthy human body with an average cell lifespan of 4-5 days [12]. Crypt-based 

intestinal stem cells (ISCs) continuously proliferate, thereby generating daughter cells 

that differentiate and migrate up along the crypt-villus axis in order to compensate for 

the constant shedding of intestinal epithelial cells at the tip of the villus. The various 
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mature epithelial cells, such as enterocytes, goblet cells, enteroendocrine cells and 

Paneth cells, all serve specific absorptive and/or secretory function to maintain a 

healthy barrier between the host tissue and compounds with the gut lumen [13-

15]. Impaired intestinal barrier function allows for the translocation of microbial 

products, viral infections and predisposes for colorectal cancer [16-19]. CS has been 

shown to decrease the intestinal barrier function in mice which, in part, may be due to 

tissue hypoxia [20,21]. Activation of the hypoxia-inducible pathway leads to enhanced 

mucosal vascularization, a phenomenon observed both in CS-exposed mice and CD 

patients who smoke [20]. In combination with the IBD genetic factor ATG16L1, CS has 

been shown to regulate apoptotic signaling in the intestinal epithelium, possibly in a 

cell type (Paneth cell)-specific manner [22]. However, little is known about the direct 

effects of CS on the human intestinal epithelium. Here, we used 3D human colonic 

organoid and Caco-2 spheroid model systems to investigate the direct effects of CS 

exposure on stemness, proliferation, differentiation and polarization of the human 

colonic epithelium. 
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MATERIAL AND METHODS  

Human colonic crypts isolation, three-dimensional (3D), and two-dimensional (2D) 

organoid culture 

Colon tissue was obtained from the healthy flanking regions in surgical resection 

specimen of colon cancer patients undergoing surgery. Informed consent was obtained 

for all tissue used in this study. Crypt-derived colonic organoids were generated and 

cultured as described [23-26]. In short, colonic tissue was cut into small pieces and 

washed with cold HBSS until the supernatant was clean. Tissue fragments were 

incubated in 1 ml TrypLE Express (Gibco, Groningen, The Netherlands) containing 10 

nmol/L Y-27632 (Sigma-Aldrich, Zwijndrecht, The Netherlands) for 30 min at 37°C. 

Then isolated crypts were pelleted, resuspended in 20 µl Matrigel (Corning, New York, 

US)  and 10 µl HGF- medium (500 ml advanced DMEM/F12 containing 1X GlutaMAX, 10 

mmol/L HEPES, 50 µg/ml gentamycin, 100 U/ml penicillin, and 100 µg/ml streptomycin 

(all from Gibco)) and embedded in Matrigel (Corning). After polymerization of the 

crypt-containing Matrigel droplets, 500 µl expansion medium (EM) was added, 

containing the following growth factors:  45% (v/v) HGF-medium, 50% (v/v) Wnt3-

conditioned medium, 100 ng/ml R-Spondin-1 (R&D Systems, Abingdon, UK), 100 ng/ml 

Noggin (R&D Systems), 1X B27 (Gibco), 1.25 mmol/L N-acetylcysteine (Sigma-Aldrich), 

50 ng/ml EGF (Gibco), 10 mmol/L nicotinamide (Sigma-Aldrich), 10 µmol/L SB202190 

(Sigma-Aldrich), 10 µmol/L Y-27632 (Sigma-Aldrich) and 0.5 µmol/L A83 (Tocris 

Bioscience, Minneapolis, US). Organoid differentiation medium (DM) also contained 

these ingredients, except for the absence of Wnt3-conditioned medium, nicotinamide 

(Sigma-Aldrich), SB202190 (Sigma-Aldrich) and y-27632 (Sigma-Aldrich).  

For analyzing the reversibility of cigarette smoke-induced effects, human intestinal 

epithelium was exposed for 24 h to 10% CSE when grown in 2D on glass coverslips: 3D 

colonic organoids were harvested, washed with cold HBSS to remove the Matrigel 

(Corning) and pelleted. Organoids were broken mechanically, resuspended in 500 µl 

EM and seeded in 24-well culture plates containing glass coverslips until a confluence 

of approximately 70%. Next, 2D grown human intestinal epithelium was exposed for 
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24 h to 10% CSE, after which the cells were trypsinized to single cells and incorporated 

in Matrigel droplets and EM to allow 3D organoid formation again. Organoid size and 

lumen formation were analyzed during 10 days. Part of the organoids were harvested 

after 10 days for further analysis, while others were shifted to DM for an additional 4 

days and harvested. 

Organoids images were captured with a Leica DMI6000B microscope (Leica 

Microsystems, Wetzlar, Germany). Diameters of organoid were measured using LAS X 

Core 3.7.1 (Leica Microsystems). The presence or absence of a lumen was evaluated by 

light microscopy. A total of 100 organoids per experimental group were analyzed.  

3D culture of Caco-2 cells 

Caco-2 cells were cultured in DMEM medium supplemented with glutamine, penicillin, 

and streptomycin (all from Life Technologies, Bleiswijk, The Netherlands), and 10% 

fetal bovine serum at 37°C with 5% CO2 in ambient air [27]. Caco-2 cells were grown to 

~85% confluence, detached with trypsin and ethylene diamine-tetraacetic acid (EDTA), 

and resuspended in culture medium supplemented with 2% (v/v) Matrigel. Cells were 

seeded at a concentration of 1.5*104 cells/ml in the well of an 8-well plate, which 

were pre-coated with 100% (v/v) Matrigel and cultured for up to 7-8 days.  

CSE exposure 

CSE was prepared as described previously [28]. In short, two standard Kentucky 3R4F 

research-grade cigarettes (The Tobacco Research Institute, University of Kentucky, 

Lexington, KY, USA) without filters were smoked in 10 min using a smoking machine at 

a constant airflow and the smoke was passed through 25 ml of HGF- or Caco-2 cell 

culture medium. This solution was considered as 100% CSE. For treatment, 100% CSE 

was diluted in EM, DM or Caco-2 cell culture medium to the indicated concentrations.  
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RNA Isolation, Reverse-Transcription, and Real-Time Polymerase Chain Reaction (RT-

qPCR) 

RT-qPCR was performed as previously described [29]. Total mRNA was extracted from 

colonic organoids using TRIzol reagent (Thermo Fisher Scientific, Waltham, USA) 

according to the supplier’s protocol and stored at −80°C. RNA concentrations were 

determined using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific). 

cDNA was prepared with 1 µg of mRNA with random primers and M-MLV reverse 

transcriptase (Invitrogen, Carlsbad, USA). RT-qPCR was performed with equal amounts 

of cDNA on a 7900HT Fast Real-Time PCR system (Applied Biosystems, Bleiswijk, The 

Netherlands). TaqMan primer and probe sequences are listed in Supplementary 

Table S1.    

Fluorescence microscopy 

3D Caco-2 cell cultures were fixed with 4% paraformaldehyde for 60 min at 37°C. Then 

spheres were permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) for 20 min and 

blocked with 3% bovine serum albumin/HBSS solution.  For immunostaining, spheres 

were incubated with primary polyclonal rabbit anti-β-catenin (1:100; BD Biosciences, 

San Diego, US), polyclonal rabbit anti-ZO-1 (1:100; Invitrogen), and monoclonal mouse 

anti-ZO-1 antibodies for 90 min at 37°C.  Then spheres were washed 3 times with HBSS 

and incubated with secondary Alexa-fluor488 conjugated goat anti-rabbit and Alexa-

Fluor488 conjugated goat anti-mouse antibodies (1:1,500; Molecular Probes, Leiden, 

The Netherlands) for 60 min at room temperature. Filamentous actin was stained with 

tetramethylrhodamine isothiocyanate-phalloidin (1:1,000; Sigma-Aldrich) or 

tetramethylrhodamine isothiocyanate-phalloidin-688 (1:1,000; Sigma-Aldrich). Nuclei 

were visualized with 4’,6-diamidino-2-phenylindole (DAPI; 1:1,000). Spheres were 

observed with a Leica DMI6000 fluorescence microscope or Leica SP8 confocal laser 

scanning microscope (Leica Microsystems).  
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Measurement of tight junction integrity. 

Tight junction integrity measurement was performed as described [27,30]. In short, 

colonic organoids and Caco-2 monolayers were treated with CSE and were exposed to 

fluorescein isothothiocyanate (FITC)-labeled dextran of 4 kDa (FD4, Sigma-Aldrich) for 

30 or 60 min. Then organoids/spheroids were observed with a Leica SP8 confocal laser 

scanning microscope (Leica Microsystems) to document the fluorescence inside the 

lumen of the organoids/spheroids. 

Statistics 

Chi-square tests or two-tailed t-tests was used to analyze statistical differences 

between two experimental conditions. Comparisons across more groups were 

analyzed by Dunnett's multiple comparison tests. Parametric tests were performed 

after normality tests. Data are representative of at least three independent 

experiments. A value of p<0.05 was considered to be statistically significant. GraphPad 

Prism 7.0 software (San Diego, CA, USA) was used for statistical analyses. 
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RESULTS 

Short-term (24 h) CSE treatment reduces expression of stem cell markers in human 

colonic organoids 

Preformed human colonic organoids were exposed to increasing concentrations (0-

20%) CSE to determine short-term (24 h) effects of cigarette smoke on the human 

colonic epithelium, grown under stem cell-specific conditions (in Expansion Medium: 

EM) (Figure 1). CSE exposure did not cause evident morphological changes in the 

colonic organoids (Figure 1A), which retained their normal spherical phenotype and 

size (Figure 1B) with clear lumens up to the highest concentration CSE. CSE dose-

dependently induced CYP1A1 mRNA (Figure 1C, p<0.05 at 5% CSE and higher) a gene 

highly responsive to cigarette smoke [31]. In contrast, mRNA levels of the stem cell 

markers LGR5 (p<0.05 at CSE≥10%) and OLFM4 (p<0.05 at CSE≥5%) were dose-

dependently reduced by CSE (Figure 1D, E). Transcript levels of markers of epithelial 

barrier function, TJP1 and OCLN, were not significantly changed by 24 h CSE exposures 

(Figure 1F, G). In line, CSE-exposed colonic organoids remained impermeable for FITC-

labeled 4 kDa-Dextran (FD-4), confirming that the epithelial barrier in the organoids 

was not compromised by exposure to cigarette smoke (Figure 1H). Human organoids 

exposed to 2 mM EGTA, included as a positive control for breaking the epithelial 

integrity, revealed clear luminal penetration of FD-4 (Figure 1H). These results suggest 

that short-term CSE exposure suppresses the expression of stem cell markers in human 

colonic organoids, while remaining viable and keeping the epithelial barrier intact.  
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Figure 1. The effect of short-term (24 h) CSE exposure on colonic organoid. (A) Bright light 
microscopic visualization of colonic organoids. Colonic stem cells developed lumen-forming 
organoids in 3D culture in EM. Short-term (24 h) exposure of CSE (0% to 20%) did not impair 
colonic organoid morphogenesis or polarity. (B) Quantification of the organoids size show that 
short-term (24 h) exposure of CSE did not inhibit the growth of colonic organoid. (C-E) CSE 
exposure dose-dependently induced CYP1A1 and reduced LGR5 and OLFM4 gene expression of 
colonic organoids. But it did not have effect on TJP1 and OCLN gene expression (F and G). (H) 
Short-term CSE exposure did not lead to the leakage of FD4 into the lumen of organoids 
(green), while EGTA did. * p<0.05, *** p<0.001. n=3, Data are presented as Mean ± SD. 
Bars=150 μm. EM, expansion medium; FD4, fluorescein isothothiocyanate-labeled dextran of 4 
kDa; CSE, cigarette smoke extract. 
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Long-term (7 days) CSE exposure inhibits growth of colonic organoids  

In order to determine whether the response of preformed human colonic epithelium 

to CSE exposure leads to morphological and functional effects on longer term, human 

colonic organoids were exposed to 0-20% CSE for 7 day (Figure 2). While the number 

and lumen-forming capacity of organoids was not affected by CSE exposure (Figure 2A, 

B), CSE did dose-dependently reduced their size (Figure 2C, p<0.05 at CSE≥10%). 

Similar as for the 24 h exposure, 7 day CSE exposure lead to strongly elevated CYP1A1 

mRNA levels (Figure 2D), while the reduction in LGR5 and OLFM4 gene expression was 

even more pronounced compared to 24 h CSE exposure (Figure 2E, F). Still, 7-day CSE 

exposure did not change the mRNA levels of TJP1 and OCLN (Figure 2G, H), nor did it 

cause leakage of FD-4 into the organoid lumens (Figure 2I).  
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Figure 2. (A-C) Human colonic organoid survived in long-term (7 day) exposure to CSE up to 
20%. Long-term 10% and 20% CSE treatment did not evidently affect the lumen-forming ability 
but significantly inhibited the growth of human colonic organoids. (D-F) CSE exposure induced 
CYP1A1 expression and downregulated LGR5 and OLFM4 gene expression of colonic organoids. 
Long-term CSE exposure did not affect TJP1 and OCLN gene expression (G and H) or perturb 
the integrity of colonic organoids. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. n=3, Data 
are presented as Mean ± SD. Bars= 150 μm. CSE, cigarette smoke extract. 
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Short-term CSE exposure affects the differentiation of colonic organoids 

As CSE exposure reduced the expression of intestinal stem cell markers, we next 

analyzed whether this was accompanied by epithelial differentiation. Organoids were 

cultured for 3 days in differentiation medium (DM), followed by 24 h CSE exposure 

(Figure 3). Similar to the 24 h CSE exposure in EM (Figure 1), CSE dose-dependently 

induced the expression of CYP1A1 when organoids were cultured in DM (Figure 3A; 

p<0.05 at CSE≥5%). In contrast, mRNA levels of MUC2, a marker for goblet cells, was 

dose-dependently reduced by CSE (Figure 3B; p<0.05 at CSE≥10%), while expression of 

VIL1 (epithelial cells), ALP1 (enterocytes), LYZ (Paneth cells) and CHGA 

(enteroendocrine cells) was not affected (Figure 3C-F). Similar to 1- and 7-day exposed 

organoids cultured in EM (Figure 1 and 2), expression of TJP1 and OCLN was not 

changed by CSE (Figure 3G, H).  
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Figure 3. Short-term (24 h) CSE exposure influences the differentiation of colonic organoids. 
Colonic organoids were cultured with DM in 3D for 3 day and were exposed to 0%-20% CSE for 
24 h afterwards. (A) CSE induced CYP1A1 expression in differentiated colonic organoids. and (B) 
significantly decreased MUC2 gene expression of colonic organoids. (C-H) But CSE did not 
affect VIL1, ALPI, LYZ, CHGA, TJP1, and OCLN expression of colonic organoids. * p<0.05, ** 
p<0.01, *** p<0.001. n=3, Data are presented as Mean ± SD. CSE, cigarette smoke extract; DM, 
differentiation medium. 
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CSE exposure irreversibly enhances CYP1A1 expression and impairs organoid growth  

Next, we determined whether CSE exposure induced long-lasting effects in human 

intestinal stem cells. Human colonic organoid-derived intestinal epithelium grown in 

2D and cultured in EM was exposed for 24 h to 10% CSE (control cells exposed to 0% 

CSE), trypsinized to single cells and seeded in Matrigel droplets to allow the formation 

of organoids in EM medium without CSE. To study long-lasting effects of CSE on 

epithelial differentiation, a subset of organoid cultures was next shifted to DM for 4 

additional days. Colonic organoids developed in EM within 2 days from (control) 

intestinal cells not pre-exposed to CSE and steadily increased in size (upper panels in 

Figure 4A, diameters quantified in B). Organoids also developed (in EM without CSE) 

from CSE-pre-exposed intestinal cells, but at a significantly reduced growth rate 

(bottom panels in Figure 4A, diameters quantified in B; p<0.05 at day 6 and 10). Ten 

days after culture in CSE-free conditions, CSE-pre-exposed colonic organoids still 

showed elevated CYP1A1 and reduced LGR5 and OLFM levels compared to intestinal 

cells that had not been pre-exposed to CSE (Figure 4C-E). Moreover, MUC2 levels were 

significantly reduced after an additional 4 day culture time in DM (without CSE) when 

intestinal epithelial cells had been pre-exposed to CSE (14 days earlier), compared to 

cells that had not been pre-exposed to CSE (Figure 4F). These data indicate that short-

term CSE exposure has long-lasting effects on the human intestinal epithelium that 

impairs stemness, growth rate and epithelial differentiation.  
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Figure 4. CSE pre-exposure leads to a persistent inhibition on growth of colonic organoids. (A 
and B) Bright light microscopic and quantification results show 10% CSE treatment significantly 
inhibited growth of colonic organoid. (C-E) Pre-exposure of 10% CSE persistently enhanced the 
CYP1A1 expression and reduced LGR5, OLFM4, and MUC2 gene expression. * p<0.05, **** 
p<0.001. n=3, Data are presented as Mean ± SD.  Bars: 150 μm. CSE, cigarette smoke extract. 

 

Short-term (24 h) CSE exposure does not impair epithelial barrier function of 

preformed Caco-2 spheroids  

Human colonic organoids terminally differentiate and decease after 4 days culturing in 

DM, precluding the establishment of long-term effects of CSE on differentiated 

epithelial cells. Alternatively, Caco-2 cells can be grown in 3D spheroids for extended 
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time periods as a model for the intestinal epithelium, in particular as model for 

enterocytes [27,30,32]. The morphology of mature preformed Caco-2 3D spheroids 

was not evidently affected by short-term (24 h) CSE exposure (Figure 5), similar as 

observed for primary human colonic organoids.  Fluorescence microscopy revealed 

that both the location of tight junction protein ZO-1 at the apical cell-cell contact sites, 

as well as the location of apical F-actin (stained by phalloidin) was similar in control 

and CSE-exposed Caco-2 3D spheroids (Figure 5A). Moreover, CSE exposure did not 

lead to leakage of FD-4 into the lumen of Caco-2 3D spheroids, suggesting that the 

epithelial barrier remained intact (Figure 5B), similar as observed for human colonic 

organoids.  

 

Figure 5. CSE does not perturb the integrity of preformed Caco-2 cell spheroids. (A) Caco-2 
cells developed into lumen-forming spheroids after 7-day 3D culture. They showed an apical 
enrichment of F-actin (labeled with phalloidin in red) and ZO-1 (labeled in green). Spheroids 
which were treated with 10% CSE (right panel) for 24 h showed no difference with control-
grown spheroids (left panel). (C) Exposure of Caco-2 spheroids to CSE did not lead to the 
leakage of FD4 into the spheroid lumen. Bars=30 μm. FD4, fluorescein isothothiocyanate-
labeled dextran of 4 kDa; CSE, cigarette smoke extract. 
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Long-term (7 day) CSE exposure impairs de novo morphogenesis of Caco-2 3D 
spheroids 

It takes approximately 7 day for Caco-2 cells to form mature 3D spheroids with clear 

lumens after initial seeding single cells in Matrigel (Figure 6A, left panel) [27,30]. The 

formation of such lumen-containing 3D spheroids was significantly reduced when 

Caco-2 cells were exposed to 10% CSE during these 7-day period (p<0.05; Figure 6A, 

right panel and quantification in B), and such Caco-2 cell clusters were smaller than 

non-treated Caco-2 cell clusters (Figure 6C). The typical location of ZO-1 at apical-

oriented cell-cell contact sites and apical location of F-actin in correctly polarized 

intestinal epithelium (Figure 6D, E) was strongly disturbed in 7-day CSE-exposed Caco-

2 3D spheroids (Figure 6F, G). In contrast, laminin accumulated at the outer surface of 

both the control-grown and CSE-exposed Caco-2 spheroids (Figure 6E and G). These 

results indicate that CSE exposure impairs proper polarity development in de novo 

assembling Caco-2 spheroids, resulting in abnormal epithelial morphogenesis.  
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Figure 6. CSE impairs the de novo establishment of epithelial Caco-2 spheroids morphogenesis 
and polarity. (A) White light microscopical images of Caco-2 cell clusters formed during 7-day 
3D culture in normal culture medium supplemented without or with CSE. Note the presence of 
a monolayers of cells surrounding a single central lumen in control cells and the absence of a 
monolayer organization and lumen in CSE-exposed clusters. (B and C) Effects of CSE treatment 
on the percentage of single lumen-forming spheroids and cell cluster size in comparison to the 
control condition. Staining of nuclei (blue), F-actin (red), ZO-1 (green), and laminin (green) of 
Caco-2 spheroids after 7 day of 3D culture in normal medium (D and E) and in normal medium 
supplemented with 10% CSE (F and G). * p<0.05. Spheroid size is presented as (normalized) 
Mean ± SD, n ≥ 3. Spheroid formation is represented as normalized fraction, error bar is range.  
Bars=30 μm. CSE, cigarette smoke extract. 

 
CSE exposure irreversibly impairs normal morphogenesis of Caco-2 3D spheroids.  

To establish whether CSE, like in primary human epithelium, induces irreversible 

effects in Caco-2 cells, we exposed 2D-grown Caco-2 cells for 24 h to 10% CSE and after 

trypsinization to single cells, allowed them to form 3D spheroids for 7 days in the 
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absence of CSE. Caco-2 cells that were pre-exposed to CSE formed 3D spheroids in 

similar numbers and of similar size as untreated Caco-2 cells (Figure 7A). However, the 

formation of a clear lumen was strongly reduced in the CSE-pre-exposed Caco-2 cells, 

compared to the control Caco-2 cells (Figure 7B). 

 

Figure 7. Effect of CSE-induced impairment of polarity and morphogenesis on Caco-2 spheroids 
penetrate to next generations. (A-B) Effects of pre-exposure to CSE on the cell cluster size and 
the percentage of single lumen-forming spheroids in comparison to the control condition. * 
p<0.05. Spheroid size is presented as (normalized) Mean ± SD, n ≥ 3. Spheroid formation is 
represented as normalized fraction, error bar is range. CSE, cigarette smoke extract. 

 

Taken together, our data reveal that CSE exposure irreversibly impairs intestinal stem 

cell function and intestinal epithelial differentiation.  
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DISCUSSION 

In this study, we show that CSE suppresses growth of human colonic organoids and 

antagonizes the expression of stem cell markers and capacity to properly differentiate, 

in particular towards mucin-producing goblet cells. These changes persisted after 

cessation of CSE exposure. Moreover, CSE irreversibly impaired epithelial 

morphogenesis of 3D Caco-2 spheroids, as model for enterocyte polarity development. 

Notably, the epithelial barrier remained intact while these CSE-mediated changes were 

induced. These data unveil direct and long-lasting effects of CS on the human intestinal 

epithelium that may predispose for chronic intestinal disease and gastro-intestinal 

cancer later in life, even after cessation of cigarette smoking.  

The healthy intestinal epithelium is an effective barrier for potential harmful 

substances and microbes in the gut lumen [33]. However, epithelia are sensitive to 

exposure to cigarette smoke. This is particularly well-documented for airway epithelia 

as CS is primarily associated with lung disease. Both in vitro and in vivo studies have 

shown that CS impairs pulmonary and sinonasal epithelial barrier integrity [34,35], 

which is accompanied by reduced levels of multiple tight junction proteins [36]. CS, 

however, did not lower expression mRNA levels of key tight junction protein in human 

colonic organoids, nor did it block ZO-1 protein expression. In fact, the epithelial 

barrier remained tight for 4-FD even when exposed for 7 days to 20% CSE. The exact 

translation of the CSE concentrations used in such in vitro experiments to the actual 

exposure of active and/or passive smokers remains a matter of debate. However, as 

the integrity of airway epithelia in vitro is disrupted at clearly lower CSE concentrations 

(5-10%) [37,38]  this suggests that the human intestinal epithelial barrier is highly 

resistant to CS. However, CS irreversibly lowered the expression of key genes marking 

the stemness of the human intestinal epithelium (LGR5 and OLFM4), which was 

accompanied by reduced organoid growth. This impairs the regenerative capacity of 

the intestinal epithelium, which is in line with clinical data showing that 

gastrointestinal ulcer healing is delayed in patients who smoke [39,40]. In apparent 

contradiction is the fact that cigarette smoking seems protective against ulcerative 

colitis [10]. Earlier, we found that CSE protects intestinal epithelial cells from cytokine-
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induced apoptosis, which may contribute to the protective effect of smoking in UC [22]. 

In the current study, we did not analyze the effect of CSE on human organoids exposed 

to inflammatory conditions. Stem cell-based human intestinal organoids can be 

differentiated in vitro by removing Wnt3, nicotinamide, SB202190, and y-27632 [24] 

that blocks expression of LGR5 and enriches organoids with enterocytes, goblet cells, 

Paneth cells and enteroendocrine cells. CS specifically reduced MUC2 expression in 

differentiated colonic organoids, suggesting a specific effect on mucus-producing 

goblet cells. In fact, MUC2 expression was also reduced when intestinal stem cells 

were exposed to CSE, re-cultured for 10 days in EM without CSE and differentiated for 

4 days in DM. Thus, besides an irreversible effect on stemness, CSE also irreversibly 

changes the capacity of stem cells to properly differentiate. MUC2 is the predominant 

mucin produced by intestinal goblet cells and is a main component of the mucus layer 

covering the colonic crypts and forms a major line of defense for the intestinal mucosa 

against gut luminal toxins and pathogens [41,42]. The effect of CSE on goblet cell 

function is also analyzed in detail for airway epithelia. Typically, CSE induces mucin 

production, in particular that of the MUC5AC, and leads to goblet cell hyperplasia [43]. 

The intestinal epithelium appears to respond in an opposite manner to CSE, at least 

with respect to MUC2 levels. CSE may have indeed tissue-specific effects on mucus 

production, as it was also shown to deplete goblet cells in Eustachian tube mucosa in 

rats [44]. Paneth cells with the ATG16L1T300A variant that predisposes for CD [45]. It 

may therefore be that intestinal goblet cell function is actually more sensitive to CSE 

exposure, as this was reproducibly observed in independent colon organoids lines 

included in this study. However, detailed genetic information of the organoid lines was 

not available to us, thus it remains to be determined whether genetic factors may act 

in concert with CSE to control goblet cell function.  

CSE also impaired normal polarity development of Caco-2 cells grown in 3D spheres, 

while cell growth itself was not impaired. This suggest a transformation to a malignant 

phenotype. This is in line with many clinical studies that smoking predisposes for 

colorectal cancer [46,47]. In particular the observation that short-term CSE exposure 

causes irreversible impairment in epithelial morphogenesis provides possible 
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mechanistic insight in our clinical observation that CS exposure during childhood 

significantly increased the risk for CD patients to develop dysplasia (accompanying 

manuscript by Kimberley W.J. van der Sloot et al.). The irreversible change may be 

caused by genetic mutations and/or epigenetic modifications. Indeed, cigarette 

smoking has been shown to alter DNA methylation, remodel chromatin, induce histone 

modifications and alter miRNA expression [48] and maternal smoking can transmit 

such changes to the next generation [49,50].  

Taken together, our data show that the human intestinal epithelium is irreversible 

changed by short-term exposure to CSE, while remaining viable and keeping the 

epithelial barrier intact. This impairs epithelial regeneration and differentiation, and 

predisposes for adopting a malignant phenotype. These data may explain why early 

exposure to (passive) cigarette smoking enhances the risk for dysplasia in IBD. 
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SUPPLEMENTARY MATERIAL 

Supplementary Table S1. TaqMan primer and probe sequences used in this study. 

Gene TaqMan primers and probes 

CYP1A1 Forward GAAGATGGTCAAGGAGCACTACAA 
 Reverse GCTCAATCAGGCTGTCTGTGAT 
 Probe CTTTGAGAAGGGCCACATCCGGG 
LGR5 Forward TGTTTCAGGCTCAAGATGAACGT 
 Reverse AGCAGGTGTTCACAGGGTTTG 
 Probe CCCTTCATTCAGTGCAGTGTTCACCTTCC 
OLFM4 Forward TGTTCACCACACCACCATGAC 
 Reverse TGAAAGAGTGTGAGGCCTCTAAAGA 
 Probe CAAAACACCCCTGTCGTCCACCCTC 
TJP1 Forward CAGTGCCTAAAGCTATTCCTGTGA 
 Reverse GCACGCCCCCATTGC 
 Probe TGGCCACAGCCCGAGGCATATTT 
OCLN Forward GATGAGCAGCCCCCCAAT 
 Reverse GGTGAAGGCACGTCCTGTGT 
 Probe TGCAGACACATTTTTAACCCACTCCTCGA 
VIL1 Forward TGACCCTGAGACCCCCATC 
 Reverse TCAGCAGTGATCTGGCTCCA 
 Probe TTGTGGTGAAGCAGGGACACGAGC 
MUC2 Forward CCTGCAGAGCTATTCAGAATTCC 
 Reverse ATCTTCTGCATGTTCCCAAACTC 
 Probe CTCTGACGGCGTGCTCTTCAGTCCC 
LYZ Forward CAAAACCCCAGGAGCAGTTAAT 
 Reverse GCTACAGCATCAGCGATGTTATCT 
 Probe CCTGTCATTTATCCTGCAGTGCTTTGCTG 
CHGA Forward CCGCTGTCCTGGCTCTTCT 
 Reverse CCTTTATTCATAGGGCTGTTCACA 
 Probe CTCTGCGCCGGGCAAGTCACTG 
18S Forward CGGCTACCACATCCAAGGA 
 Reverse CCAATTACAGGGCCTCGAAA 
 Probe CGCGCAAATTACCCACTCCCGA 
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Supplementary Figure S1. Colonic organoids in expansion medium (A) or differentiation medium 
for 4 day (B) in 3D culture. 
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ABSTRACT 

Vascular adhesion protein-1/semicarbazide-sensitive amine oxidase (VAP-

1/SSAO/AOC3) is a bifunctional protein that promotes leukocytes extravasation and 

oxidates methylamines. Both activities promote tissue inflammation and fibrosis. 

Plasma levels of soluble (s)VAP-1 are elevated in smokers. Smoking has opposite 

effects in the Inflammatory Bowel Diseases (IBD), e.g. aggravating Crohn’s disease (CD) 

and protecting against ulcerative colitis (UC). Intestinal VAP-1 is highly expressed in 

subepithelial myofibroblasts that promote fibrosis. Here, we analyzed mucosal VAP-1 

expression in smoking versus non-smoking IBD patients and its effect on in vitro-

cultured primary human intestinal fibroblasts (p-hIFs).  

In total, 116 colonic and ileal biopsies from 82 IBD patients (57 CD and 25 UC) were 

analyzed by RNA sequencing. Correlation analysis was performed between smoking 

status, AOC3 expression and fibrosis markers COL1A1 and ACTA2. Mucosal VAP-1 

expression was analyzed by immunohistochemistry. Cell proliferation (real-time cell 

analysis) and gene expression (RT-qPCR) were analyzed in cigarette smoke extract 

(CSE)-exposed p-hIFs and intestinal organoids. 

Smoking significantly enhanced colonic AOC3 expression in CD patients, compared to 

non-smokers, which was not observed for UC patients. The smoke-induced ileal AOC3 

expression in CD was not significant. AOC3 levels strongly correlated with COL1A1 and 

ACTA2, which was also observed within-patient samples comparing stenotic and 

flanking non-stenotic tissue. VAP-1 co-localized with αSMA in subepithelial 

myofibroblasts in uninflamed intestinal mucosa and was dominantly expressed in 

fibrotic areas. CSE (10% for 24h)-exposure induced AOC3 expression in p-hIFs, but did 

not change COL1A1 and ACTA2 levels. Compared to p-hIFs, AOC3 levels were >99% 

lower in human intestinal organoids and was not induced by CSE. 

In conclusion, cigarette smoke induces colonic expression of VAP-1/AOC3 in CD and 

correlates with intestinal fibrogenesis. Cigarette smoke induces AOC3 in intestinal 

fibroblasts, but does not enhance their fibrogenic phenotype. Smoke-induced VAP-1 
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expression in intestinal fibroblasts likely aggravates intestinal inflammation and 

thereby promotes colonic fibrogenesis in CD.   
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INTRODUCTION  

Vascular adhesion protein-1/semicarbazide-sensitive amine oxidase (VAP-1/SSAO 

encoded by the AOC3 gene) is a transmembrane protein abundantly expressed by 

vascular endothelial cells, smooth muscle cells, pericytes and adipocytes [1]. VAP-1 is a 

multifunctional protein that acts both as a receptor that supports leukocyte 

extravasation, as well as an enzyme that oxidates primary amines and produces 

hydrogen peroxide as a result [2]. VAP-1 expression is typically enhanced in inflamed 

tissues [3]. VAP-1 can also be detected in serum and plasma as soluble sVAP-1, that is 

thought to be a result of shedding from the membrane-anchored form [4-6], a process 

the may be mediated by matrix metalloproteinase-2 and -9 (MMP-2 and MMP-9) [7]. 

Accordingly, enhanced tissue and soluble VAP-1 levels have been linked to a great 

variety of diseases, including cardiovascular, kidney, lung, liver and skin disease, as well 

as multiple sclerosis and cancer [8]. Both VAP-1 neutralizing antibodies and small-

molecule inhibitors of its enzymatic activity show therapeutic potential in pre-clinical 

models of these diseases. VAP-1 levels are also elevated in the inflamed intestine of 

patients with inflammatory bowel diseases (IBD), e.g. Crohn’s disease (CD) and 

ulcerative colitis (UC). However, CD nor UC are characterized by enhance plasma levels 

of sVAP-1 [7,9]. Still, pharmacological inhibition of VAP-1 potently suppresses 

oxazolone-induced colitis and LPS-induced cytokine production in mice [10], suggesting 

a therapeutic potential for IBD. Interesting is the observation that sVAP-1 levels are 

increased in individuals who smoke compared to non-smokers [11], in particular with 

knowing that smoking is a well-known risk factor for IBD [12] with opposite effects in 

CD and UC [7]. Smoking predisposed for CD and aggravates its disease course, while it 

protects against UC. Possible effects of cigarette smoke on tissue expression of 

AOC3/VAP-1 have so far not been documented. While the primary effect of cigarette 

smoke is on the respiratory system, it also strongly affects the gastrointestinal tract 

[13]. Gastric fluid in people who smoke may contain up to 10- to 80-fold higher 

nicotine levels compared to blood, which seems largely due swallowing cigarette 
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smoke-containing particulate matter. A possible effect of cigarette smoke on 

AOC3/VAP-1 expression may therefore be relevant for IBD.  

Rather uniquely, intestinal VAP-1 is prominently expressed by subepithelial 

myofibroblasts (sMF), a cell type that is increasingly being recognized as important 

therapeutic target for IBD [14]. In the chronically inflamed intestine, sMFs become 

activated to become inflammatory fibroblast that secrete excessive extracellular 

matrix proteins that leads to produce fibrosis. In addition, they also express many 

immunomodulatory factors, including VAP-1. 

In this study, we investigated the correlation between smoking and intestinal AOC3 

expression in a cohort of IBD patients, both CD and UC. Next, we analyzed the 

correlation between AOC3 levels and markers of fibrosis. Finally, we studied the direct 

effect cigarette smoke in vitro-cultured primary human intestinal fibroblasts. 
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MATERIAL AND METHODS 

Ethical Approval 

Samples used in this study were approved by the Ethical Committee of the University 

Medical Center Groningen and performed after patients’ informed consent. 

1000IBD cohort, RNA purification and RNA sequencing 

The 1000IBD project (https://1000ibd.org) was carried out by the Department of 

Gastroenterology and Hepatology of the University Medical Center Groningen in 

Groningen, the Netherlands and aimed to prospectively study over 1,000 IBD patients 

from the Netherlands. It collects detailed clinical, genetic, biochemical and life style 

information, including environmental factors such as smoking status, and transcriptome 

data from intestinal biopsies. The 1000IBD cohort study was approved by the 

Institutional Review Board of the UMCG (Institutional Review Board number 2008.338) 

[15,16]. For this study, intestinal mucosal biopsies were collected during planned 

endoscopic procedures at the University Medical Center Groningen, and all patients 

included in this study gave written informed consent and were part of the 1000IBD 

cohort. 

In total, 116 intestinal (both colon and ileum) biopsies from 82 IBD patients (57 CD and 

25 UC) were collected. All biopsies were immediately snap frozen in liquid nitrogen at 

the endoscopic room and stored at -80°C until further processing. Biopsy disruption 

and lysate homogenization were done in RLT Plus buffer (Qiagen, Venlo, The 

Netherlands) with β-mercaptoethanol using a stainless-steel bead in ice-cold 

TissueLyser (Qiagen) for 2 min at 50 Hz. RNA and DNA purification were performed 

using the AllPrep DNA/RNA Mini kit (Qiagen) following manufacturer’s instructions. 

The RNA integrity number (RIN) was measured with a LabchipGX (PerkinElmer, 

Massachusetts, The Netherlands) to determine RNA quality and quantity. RNA 

sequencing library was created with the Bioo Scientific NEXTflex™ Rapid Directional 

RNA-Seq Kit (PerkinElmer). The paired-end sequencing was performed using Illumina 

NextSeq500 platform (Illumina).   
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At least 20 million paired-end 75-bp reads were generated per sample. The quality of 

the raw reads was checked using FastQC with default parameters (v0.11.7). The 

adaptors identified by FastQC were clipped using Cutadapt (v1.1) with default settings. 

Sickle (v1.200) was used to trim low-quality ends from the reads (length <25 

nucleotides, quality <20). Reads were aligned to the human genome (human_g1k_v37) 

using HISAT (v0.1.6) (2 mismatches allowed), and read sorting was done using 

SAMtools (v0.1.19). SAMtools flagstat and Picard tools (v2.9.0) were used to obtain 

mapping statistics. The gene expression was estimated through HTSeq (0.9.1) based on 

the Ensemble version 75 annotation, resulting in an RNA expression dataset of 28,746 

genes. Differential expression was measured by using DESeq2 

(http://www.nathalievialaneix.eu/doc/html/solution_edgeR-tomato.html), adjusting 

for age, sex, sequencing batch. Co-expression of AOC3 and COL1A1, AOC3 and ACTA2, 

and AOC3 and CYP1A1 were estimated by Spearman correlation in R (v.3.6.1). A p 

value <0.05 was considered as significant threshold. 

Fibrotic and control tissue from resected human intestinal tissue 

Fibrotic and flanking (both proximal and distal) non-fibrotic intestinal tissue was 

obtained from CD patients (n=7) undergoing ileocecal (re-)resection because of 

stenosis. The fibrotic/stenotic and the non-fibrotic tissue (resection margin) were 

macroscopically identified. Non-fibrotic control tissue was obtained from 

macroscopically healthy tissue from resection material from patients (n=6) undergoing 

right-sided hemicolectomy because of an adenocarcinoma.  Immediately after 

resection, samples were fixed in Tissue-Tek® (O.C.T. Compound, Sakura® Finetek) in 

the operation room and frozen in isopentane on dry ice. They were stored at -80 °C 

until further use. All patients gave informed consent. 

Isolation and culture of primary human intestinal fibroblasts and crypt-derived 

organoids 

The procurement of a part of the colon for research was approved by the National 

Discussion of the Procurement Teams (Landelijk OveRleg Uitname Teams) from the 



Chapter 3 

  68 

Dutch Transplantation Association (Nederlandse Transplantatie Vereniging) and 

performed after written informed consent from the relatives. Primary human colon 

fibroblasts (p-hIFs) were isolated and cultured as previously described [17]. Fresh 

transplantation surgical specimens from morphological normal ascending colon tissue 

were obtained from a brain death donor. P-hIFs  were cultured in a 5% CO2 atmosphere 

at 37°C in Dulbecco's Modified Eagle Medium supplemented with 100 µg/ml gentamycin, 

200 u/ml of penicillin, 200 µg/ml of streptomycin, 2.5 µg/ml of Amphotericin B, 20% 

heat-inactivated fetal calf serum, and 1X MEM Non-Essential Amino Acid (all from Life 

technologies, Bleiswijk, The Netherlands) . For experiments, fibroblasts were harvested 

with 1X trypsin and seeded at confluency of 1× 105 cells/cm2. All experiments were 

performed with at least 3 independent p-hIF isolates.  

Crypt-derived colonic organoid lines were generated from healthy tissue in surgical 

resection specimen of colon cancer patients as described earlier (Cui et al., Chapter 2) 

following protocols described in [18-21]. Informed consent was obtained for all tissue 

used in this study. Colonic tissue fragments were washed with HBSS and incubated in 1 

ml TrypLE Express (Gibco, Groningen, The Netherlands) supplemented with 10 nmol/L Y-

27632 (Sigma-Aldrich, Zwijndrecht, The Netherlands) for 30 min at 37°C. Then crypts 

were isolated, pelleted and embedded in droplets composed of 20 µl Matrigel (Corning, 

New York, US) and 10 µl HGF- medium (See Supplementary Table S1). Colonic organoid 

lines were cultured in 500 µl expansion medium (EM, see Supplementary Table S2) in an 

undifferentiated state and passaged every week [22]. For experiments, organoids were 

exposed to specified concentration of CSE in EM. 

Cigarette smoke extract preparation 

CSE was prepared as described previously [23]. In short, two standard Kentucky 3R4F 

research-grade cigarettes (The Tobacco Research Institute, University of Kentucky, 

Lexington, KY, USA) without filters were smoked in 10 min using a smoking machine at a 

constant airflow and the smoke was passed through 25 ml of Dulbecco's Modified Eagle 

Medium. This solution was considered as 100% CSE. For treatment, 100% CSE was 

diluted in fibroblast culture medium or organoid EM to the indicated concentrations.  
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Quantitative reverse transcription polymerase chain reaction (RT-qPCR) 

Expression of genes were measured by quantitative real-time reverse-transcription 

polymerase chain reaction (RT-qPCR) as described before [24] using total RNA prepared 

from human intestinal tissue, human primary intestinal fibroblasts and human colonic 

organoids. RNA was isolated with TRIzol reagent according to the protocol of supplier 

(Sigma-Aldrich). Quality and quantity of RNA were determined by using a Nanodrop 

spectrophotometer (Thermo Scientific, Wilmington, DE, USA). RNA was used to 

synthesis cDNA with the Reverse Transcription System (Thermo Scientific) according to 

the manufacturer's instructions. RT-qPCR amplification was conducted using a 7900HT 

Fast Real-Time PCR-system (Applied Biosystems, Bleiswijk, The Netherlands) and 

consisted of denaturation at 95°C for 10 minutes and followed by 40 cycles of qPCR 

(95°C for 15 seconds, 60°C for 1 minute). Each sample was analyzed in duplicate. 18S 

levels were used to normalize for targeted genes. Results are presented as fold 

induction (2−ΔCt). The TaqMan primer and probe sequences were listed in 

Supplementary Table S3. 

Cell proliferation measurement 

p-hIF cell proliferation was analyzed using an xCELLigence Real-Time Cell Analyser 

(xCELLigence RTCA DP, ACEA Biosciences, Inc. San Diego, CA, USA). 2,500 p-hIFs were 

seeded in each well of a 16-well plate in 200 µl culture medium. After an 18 h-

attachment and adaptation phase, p-hIFs were exposed to medium with or without CSE 

for an additional 72 h.  The cell index (CI) was measured every 15 min to constantly 

record p-hIF proliferation.  

Immunohistochemistry 

Human intestinal tissues were fixed with 4% paraformaldehyde, embedded in paraffin 

block, and sliced at 4-μm thickness. After deparaffinization and rehydration, 

Hematoxylin & Eosin staining was performed according to the standard protocol [25]. 

Antigen-retrieval was performed using citrate buffer (pH=6.0) for 20 min at 100°C. 

Sections were rinsed with PBS for 5 min, followed by incubation in 0.3% H2O2 for 30 
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min at room temperature to block endogenous peroxidase activity. Then slices were 

incubated in 1% BSA/PBS for 30 min to block nonspecific background. For 

immunostaining, samples were incubated with rabbit monoclonal antibody against 

VAP-1 (Abcam, Cambridge, UK, 1:800 dilution) and mouse monoclonal antibody 

against a-SMA (Sigma-Aldrich, 1:1,000) diluted in 1% BSA/PBS for 60 min at room 

temperature, followed by incubation with second and third horseradish peroxidase 

(HRP)-labeled goat anti-rabbit,  HRP-labeled goat anti-mouse and HRP-labeled rabbit 

anti-mouse antibodies  (1:50, Dako, Agilent, Santa Clara, CA, USA) in 1% BSA/PBS 

supplemented with 1% human serum for 30 min at room temperature. Then slices 

were stained with 3,3-diaminobenzidine (SK-4100, Vector Laboratories, Peterborough, 

UK) and hematoxylin and mounted with Eukitt® Quick-hardening mounting medium 

(Sigma-Aldrich).  

Statistics 

Each experiment was repeated at least three times. Data was showed as Mean ± SD. 

Comparisons between two groups were performed using two-tailed unpaired Student’s 

t-test and comparisons between multiple groups were performed with one-way analysis 

after normality tests. GraphPad Prism v.7.0 (San Diego, CA, USA) software was used for 

analysis. A p<0.05 was considered statistically significant. 

  



Cigarette smoke increases AOC3/VAP-1 expression in human intestinal fibroblasts 

 71 

3 

RESULTS 

Intestinal AOC3 levels are elevated in IBD patients who smoke. 

In all, 116 intestinal biopsies (ileal and colonic) were obtained from 82 IBD patients, e.g. 

31 non-smokers and 51 smokers, and analyzed by RNA seq. Expression of over 200 

genes was differentially affected by smoking status, among them CYP1A1 (Figure 1A, B; 

4.1-fold, p=0.0026) which is a well-known smoke-inducible gene, and AOC3 (Figure 1A, C; 

1.63-fold, p=0.016). A significant correlation was observed between AOC3 and CYP1A1 

levels (Figure 1D; p=0.042, r=0.19). The smoke-mediated induction of AOC3 in the colon 

remained significant (Figure 1E, p=0.008) when biopsies were subdivided according to 

location. Smoking also elevated ileal AOC3, but this effect was not significance (Figure 

1E, p=0.21). Interestingly, the smoke-mediated induction of colonic AOC3 was significant 

for CD patients, while this was not observed for UC patients (Figure 1F, p=0.001 and 

p=0.98, respectively). Of note, the AOC3 levels in non-smoking UC patients appeared to 

be higher when compared to non-smoking CD patients, however, this difference was not 

significant (Figure 1F, p=0.38). 
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Figure 1. The effect of cigarette smoking status on CYP1A1 and AOC3 gene expression levels in 
intestinal tissue of IBD patients. (A) Volcano Plot for different gene expression in intestinal 
tissue of cigarette smokers vs. non-smokers. X-axis represents the fold change of gene 
expression in smokers vs. non-smokers. Y-axis which is labelled with Log Q-value means the 
statistical different expression of each gene. Scattered points are analyzed genes. Red dots are 
genes significantly up-regulated or down-regulated after cigarette smoking. Blue dots are 
target genes CYP1A1 and AOC3. (B, C) CYP1A1 and AOC3 gene were significantly upregulated in 
cigarette smokers. (D) The correlation of CYP1A1 and AOC3 gene expression (p=0.042, r=0.19) 
in IBD patients. (E) Subdivisions by location analysis of RNA-Seq data showing AOC3 statistical 
significantly overexpressed in the colon tissue of cigarette smokers than non-smokers (p<0.01). 
(F) Colonic AOC3 levels are significantly enhanced in CD-smokers vs. CD-non-smokers. CD, 
Crohn’s disease; UC, ulcerative colitis. 
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Mucosal AOC3 gene expression is highly correlated with COL1A1 and ACTA2 

expression 

Cigarette smoking is associated with disease progression and complications in CD, 

including fibrotic strictures [13,26]. Gene expression correlation analysis revealed that 

intestinal (colon and ileum combined) AOC3 levels in CD patients significantly correlated 

with the expression of the fibrosis markers COL1A1 and ACTA2 (Figure 2A, B, all 

p<0.001). In line, AOC3 mRNA levels were significantly higher in resected stenotic 

intestinal tissue (characterized by enhanced COL1A1 and ACTA2 levels) of CD patients, 

when compared to the flanking unaffected mucosa and healthy control tissue (Figure 

3A-C). No significant differences were observed for these genes in non-stenotic flanking 

tissue compared to healthy controls (Figure 3A-C). 

 

Figure 2. The intestinal gene expression of AOC3 is significantly correlated with gene 
expression levels of COL1A1 (r=0.57) and ACTA2 (r=0.76) in CD patients (all p<0.001). r: 
Spearman correlation Coefficient. CD, Crohn’s disease. 
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Figure 3. Gene expression of (A) COL1A1, (B) ACTA2 and (C) AOC3 in the proximal part, stenotic 
part, and distal part of resected intestinal tissue from CD patient (n=7) and in the “healthy” 
intestinal tissue from control patients (n=6). COL1A1, ACTA2 and AOC3 mRNA levels are all 
significantly elevated in stenotic tissue of CD patients. * p < 0.05, ** p<0.01. Data was 
represented by Means ± SD (n=3). CD, Crohn’s disease. 

 

VAP-1 is dominantly expressed in intestinal fibroblasts  

VAP-1 protein was previously described to be highly expressed in pericryptal fibroblasts 

in the healthy human colon and colorectal cancer using immunofluorescence 

microscopy [27]. A very similar staining pattern was obtained by immunohistochemistry 

on healthy human colon tissue (H&E staining is included as reference in Figure 4A), 

where VAP-1 positive staining was prominently observed in subepithelial myofibroblasts 

(arrows in Figure 4C), as well as in the muscularis mucosae (arrow heads in Figure 4C). 

The VAP-1 specific staining was comparable to the one obtained for the fibroblast 

marker a-SMA (Figure 4E). Additionally, we analyzed fibrotic intestinal tissue from CD 

patients (Figure 4B) and found that the VAP-1- and aSMA-staining pattern was highly 

comparable (Figure 4D and 4F, respectively). To further confirm cell-type specific 

expression of VAP-1 in human gut mucosa, we generated primary human intestinal 

fibroblasts (p-hIFs), as well as crypt-derived organoids from healthy colonic tissue. AOC3 

mRNA was readily detectable in in vitro-cultured p-hIFs and at much higher levels (>100-

fold) compared to human colonic organoids (Figure 4G).   
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Figure 4. (Immuno)histochemical analysis of colonic tissue from non-inflamed (A, C, E) and 
stenotic (B, D, F) regions from CD patients. Hematoxylin & eosin staining (A-B), VAP-1 staining 
(C, D) and α-SMA staining (E, F) reveals that VAP-1 and α-SMA co-localized in the subepithelial 
myofibroblasts (rectangle, 40X) and muscularis mucosae (arrowhead, 10X) in non-inflamed 
tissue. Clear and consistent expression of VAP-1 and α-SMA immunoreactivity was observed in 
the fibrosis intestinal tissue. (G) AOC3 mRNA levels are readily detected in p-hIFs, and much 
lower in human intestinal organoids (>100-fold, p<0.0001). Data was represented by Mean ± 
SD (n=3). Scale bar = 250 µm. CD, Crohn’s disease; p-hIFs, primary human intestinal fibroblasts. 
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CSE increases AOC3 expression p-hIFs, without increasing their fibrogenic phenotype. 

Next, we evaluated the direct effect of cigarette smoke on cultured p-hIFs (Figure 5). 

Rather unexpectedly, cigarette smoke extract (CSE) dose-dependently reduced p-hIF cell 

proliferation (Figure 5A). CSE exposure (10% for 24 h) strongly enhanced expression of 

the smoke-inducible marker CYP1A1 in p-hIFs (Figure 5B), which was accompanied by a 

significant induction (1.6-fold) of AOC3 (Figure 5C). However, CSE did not chance 

expression levels of markers of fibrosis, e.g. COL1A1 and ACTA2 (Figure 5D, E). Of note, 

CSE exposure did not change the very low basal level of AOC3 mRNA in human colonic 

organoids (Figure 5F), while CYP1A1 was strongly induced (Figure 5G).  

 

Figure 5. CSE increases AOC3 expression in p-hIFs without influencing the fibrogenic 
phenotype. (A) CSE dose-dependently suppressed the proliferation of p-hIFs. (B, C) CSE (10%) 
significantly induced CYP1A1 and AOC3 gene expressions in p-hIFs, while mRNA levels of the 
fibrosis-related COL1A1 and ACTA2 were not affected by CSE exposure (D, E). (F, H) CSE did not 
affect AOC3 gene expression in human intestinal organoids (F), while CYP1A1 was strongly 
induced (G). ** p<0.01, **** p<0.0001. Data was represented by Mean ± SD (n=3). CSE, 
Cigarette smoke extract; p-hIFs, primary human intestinal fibroblasts. 



Cigarette smoke increases AOC3/VAP-1 expression in human intestinal fibroblasts 

 77 

3 

Taken together, our results show that AOC3 expression is associated with smoking in IBD 

patients and positively correlates with markers of fibrosis. Cigarette smoke selectively 

induces AOC3 expression in human intestinal fibroblasts, but is not the prime cause for 

enhancing their fibrogenic phenotype.  
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DISCUSSION 

In this study, we show that smoking enhances colonic VAP-1/SSAO/AOC3 expression in 

CD patients, and to a lesser extent in ileum. This was not observed in UC patients. 

AOC3 mRNA levels were increased in stenotic/fibrotic tissue and positively correlated 

with markers of fibrosis, e.g. COL1A1 and ACTA2.  VAP-1/AOC3 is highly expressed in 

intestinal myofibroblasts and is further enhanced when these cells are exposed to 

cigarette smoke extract in vitro. This, however, did not enhance their fibrotic 

phenotype per se, suggesting that IBD-related fibrogenesis requires accompanying 

factors and/or (inflammatory) cells. 

This is the first report showing that AOC3 expression is sensitive to cigarette smoke. 

Earlier work already established that cigarette smoke enhances lung and systemic SSAO 

activity in a mouse COPD model, leading to airway inflammation, fibrosis and impaired 

lung function [28]. Moreover, serum levels of sVAP-1 are enhanced in smokers [11]. Still, 

these studies did not analyze whether the increased VAP-1/SSAO activity levels in tissue 

or blood are caused by transcriptional, translational or post-translational mechanisms. 

Under healthy conditions, circulating sVAP-1 is thought to originate primarily from 

endothelial cells, while additional cellular sources, such as adipocytes in diabetes, may 

come into play during disease, at least in mice [5].  Pro-inflammatory cytokines, like 

TNFα, may induce metalloprotease activity, which cleaves the membrane-anchored 

VAP-1 releasing sVAP-1 [6]. Intriguingly though, both forms of VAP-1 seem to have the 

same molecular weight of approximately 90 kDa in denatured conditions in SDS-PAGE 

analysis [9] suggesting that also the full-length form, including membrane-anchoring 

domain, may end up in circulation. Thus, data so far have not established smoke-

induced transcriptional regulation of the VAP-1/SSAO-encoding AOC3 gene. Our data 

show that in the colon of CD patients, and to a lesser extent in the ileum, AOC3 levels 

are enhanced by cigarette smoke and this effect is replicated by exposing intestinal 

fibroblasts to CSE. Cigarette smoke is a highly complex mixture of around 5,000 different 

compounds [29], so the exact molecular mechanism controlling smoke-induced AOC3 

expression remains to be determined. Interestingly though, cigarette smoke contains 
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significant amounts of the VAP-1/SSAO substrate methylamine, which is a major 

breakdown product of nicotine [30]. There is abundant literature on the enzyme activity 

of VAP-1/SSAO, but as far as we could trace it is not known whether methylamine 

directly regulates AOC3 at the transcriptional level. Still, besides increasing colonic AOC3 

expression, smoking will provide substrate for the corresponding protein VAP-1/SSAO. It 

remains to be established whether cigarette smoke has similar effects on transcriptional 

regulation of AOC3 in other cell types and tissues that are challenged by smoke 

compounds, such as endothelial and smooth muscle cells in the vascular system, lungs 

and heart.  

As cigarette smoking has opposite effects in CD and UC, e.g. aggravating CD and 

protecting against UC [31-33], it is remarkable to see that smoking significantly 

enhanced colonic AOC3 levels only in CD and not in UC. These data have to be 

interpreted with care though, as the subdivision in IBD subtypes and smoking status 

leads to small-sized groups, especially for the non-smokes in UC patients (n=5). The RNA 

sequencing data, however, seem to suggest that basal AOC3 levels in UC non-smokers 

may be higher compared to CD non-smokers, though this difference was not significant 

comparing these relatively small subgroups. Still, the inflammatory environment in UC is 

different from CD, which may lead to elevated AOC3 levels and limits a further induction 

by cigarette smoke. This, however, does not directly provide a mechanism for 

suppression of colonic inflammation in UC. Other cigarette smoke-induced mechanisms 

may therefore be active in UC.  

A CD-sensitizing effect of cigarette smoke-mediated induction of pro-inflammatory VAP-

1 would fit with the peak of CD diagnosis in early adulthood [30,34], though this 

putative association is highly speculative. Evidently, our observations need to be 

confirmed in larger patient cohorts, data that may come available soon from ongoing 

large-scale RNA sequencing projects focused on mucosal gene expression in IBD patients. 

Our study analyzed the effect of smoking on intestinal AOC3 expression only in IBD 

patients, so did not include non-IBD controls. It is therefore interesting now whether 

smoking also induces intestinal AOC3 expression in healthy individuals and thereby 
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predisposes them for intestinal disease as the intestinal mucosa are constantly exposed 

to potentially inflammatory triggers, such as toxins and a variety of microbes and their 

metabolites. VAP-1/SSAO deaminates methylamine producing H2O2, ammonia and 

aldehydes. Interestingly, methylamines are microbial breakdown products of dietary 

factors, such as choline and lecithin [35], produced in the gut lumen. VAP-1/SSAO 

activity has also been shown to induce expression of other adhesive proteins, like ICAM-

1, MadCAM-1, E-selectin and P-selectin [8], further potentiating an inflammatory 

environment in tissues. The composition of the diet may therefore significantly impact 

the VAP-1/SSAO-mediated priming of the gut mucosa for inflammatory cues. 

Our data show that intestinal VAP-1/AOC3 expression associates with gut fibrosis and 

that cigarette smoke enhances AOC3 expression in intestinal myofibroblasts. Similar 

associations have been described for liver fibrosis, idiopathic pulmonary fibrosis and 

kidney fibrosis [36-38]. As for intestinal myofibroblasts, VAP-1 is expressed in in vitro-

activated hepatic stellate cells as well as in vivo-activated liver myofibroblasts and 

promotes fibroblast spreading and increases expression of fibrosis-associated genes, like 

COL1A1, PDGFRB, and LOXL2 [36]. Pharmacological inhibition of VAP-1 and Aoc3 gene-

deletion strongly suppressed liver fibrogenesis in four different in vivo mouse models 

[36] and similar effects have been described for mouse models of lung and kidney 

fibrosis [37,38]. Both hepatic VAP-1 and circulating sVAP-1 levels are significantly 

elevated in NAFLD patients compared to controls [36]. Similarly, circulating sVAP-1 

levels increase as fibrosis stages advance in hepatitis C-infected patients, with cirrhotic 

patients showing the highest sVAP-1 levels [39]. Particularly intriguing in relation to our 

findings is VAP-1’s role in primary sclerosing cholangitis (PSC). PSC is a progressive 

inflammatory liver disease associated with relentless liver fibrosis. Both circulating 

sVAP-1 and hepatic VAP-1 levels are increased in PSC [40]. The SSAO enzyme-activity in 

the liver increases the expression of mucosal addressin cell adhesion molecule 1 

(MAdCAM-1), which recruits gut-derived α4β7 integrin-expressing lymphocytes to the 

liver, underlying a potential VAP-1-mediated pathogenic mechanism in PSC [34]. 

Vedolizumab blocks α4β7 integrin function and is one of the biologicals available for the 

treatment of IBD [41]. The majority of PSC patients (75-90%) also have Inflammatory 
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Bowel Disease (IBD), most commonly ulcerative colitis (UC) [42,43]. A phase 2 clinical 

trial is currently running in which the therapeutic potential of a VAP-1-neutralizing 

antibody in PSC is being evaluated [44]. Besides its effect on liver disease, it will be 

highly interesting to see whether it also affects chronic intestinal inflammation in these 

patients. 

Remarkably, while cigarette smoke induced AOC3 expression in intestinal fibroblasts, it 

did not enhance their fibrogenic phenotype per se, as cell proliferation and expression 

of typical markers of fibrosis COL1A1 and ACTA2 were not induced. Still, AOC3 levels 

strongly associated with stenosis and COL1A1 and ACTA2 in colonic tissue of CD patients. 

This may be due to the fact that additional factors present in vivo are lacking in the in 

vitro-cultured p-hIFs. VAP-1 mediated fibrogenesis in vivo may depend on the adhesive 

properties of VAP-1 to attract inflammatory cells to the injured mucosa and thereby 

enhance the fibrogenic phenotype of the intestinal fibroblasts. Alternatively, abundant 

substrate, e.g. methylamine, may be available for VAP-1/SSAO in vivo at the colonic 

mucosa that through its enzyme activity directly promotes the fibrogenic phenotype of 

fibroblasts. Both “factors”, e.g. inflammatory cells and SSAO substrates, are absent the 

in vitro-conditions of p-hIF cultures and could be tested in future experiments for their 

contribution to VAP-1/SSAO-mediated activation of intestinal fibroblasts.   

Multiple inhibitors for VAP-1/SSAO function, both neutralizing antibodies and enzyme 

activity blockers, are currently being tested in preclinical models and clinical trial for the 

treatment of a variety of inflammatory and fibrotic conditions. So far, there is only one 

report that showed that pharmacological inhibition of VAP-1/SSAO effectively 

suppresses colonic inflammation and cytokine production in mice [10]. Our data indicate 

that intestinal VAP-1 is associated with fibrogenesis in CD, which may be treatable using 

VAP-1/SSAO antagonists, especially in CD patient who cannot quit smoking.  
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SUPPLEMENTARY MATERIAL 

Supplementary Table S1. Colonic organoids HGF- medium. 

Compound Quantity 

DMEM/F12 medium 500 ml 

HEPES 10 mmol/L 

Gentamycin 50 µg/ml 

Penicillin 100 U/ml 

Streptomycin 100 μg/ml 
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Supplementary Table 2. Colonic organoids expansion medium. 

Compound Quantity Company 

hGF- medium 45% (v/v)  

Wnt3 conditioned medium 50% (v/v)  

R-Spondin-1 100 ng/ml R&D Systems 

Noggin 100 ng/ml R&D Systems 

B27 1X Gibco 

N-acetylcysteine 1.25 mmol/L Sigma 

EGF 50 ng/ml Gibco 

nicotinamide 10 mmol/L Sigma 

SB202190 10 µmol/L Sigma 

y-27632 10 µmol/L Sigma 

A83 0.5 µmol/L Tocris 
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Supplementary Table 3. Primer and probe sequences. 

Gene TaqMan primers and probes 

18S Forward 
Reverse 
Probe 

CGGCTACCACATCCAAGGA 
CCAATTACAGGGCCTCGAAA 
CGCGCAAATTACCCACTCCCGA 

COL1A Forward 
Reverse 
Probe 

GGCCCAGAAGAACTGGTACATC 
CCGCCATACTCGAACTGGAA 
CCCCAAGGACAAGAGGCATGTCTG 

ACTA2 Forward 
Reverse 
Probe 

GGGACGACATGGAAAAGATCTG 
CAGGGTGGGATGCTCTTCA 
CACTCTTTCTACAATGAGCTTCGTGTTGCCC 

AOC3 Forward 
Reverse 
Probe 

ATGGCGAGAGGCTTCAGCT 
AAAACGCTGCTGCTACTGGG 
TACCAGCTGGCTGTGACCCAGCG 
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ABSTRACT  

Vascular adhesion protein-1 (VAP-1, encoded by AOC3) is prominently expressed by 

vascular endothelial cells, adipocytes, smooth muscle cells and myofibroblasts in 

multiple tissues. Both the leukocyte-adhesive properties and amine oxidase function of 

bifunctional VAP-1 aggravate inflammatory, metabolic and fibrotic disease. 

Immunohistochemistry on human colonic mucosa uncovered a so far unidentified VAP-

1-expressing intestinal epithelial cell (VAP-1+IEC) that was further characterized in this 

study. 

Intestinal tissue (colon, ileum and/or jejunum) from healthy donors and patients with 

Inflammatory Bowel Disease (Crohn’s disease and ulcerative colitis) were analyzed by 

immunohistochemistry and immunofluorescence microscopy for VAP-1 and markers for 

differentiated epithelial cell types. Crypt-derived organoids from human colon were 

grown in stem cell (expansion) medium or differentiation medium and analyzed for 

AOC3/VAP-1 expression. 

Besides typical VAP-1 staining of the mucosal endothelial cells, smooth muscle cells and 

subepithelial myofibroblasts, solitary VAP-1+IEC were detected in healthy colon, ileum 

and jejunum, residing mostly in the bottom half of the crypt-villus axis. VAP-1+IEC were 

also detected in uninflamed, inflamed and stenotic colonic tissue of IBD patients. 

Immunohistochemical analysis of serial tissue sections and immunofluorescence co-

staining revealed that VAP-1 is expressed in a subpopulation of chromogranin A-positive 

enteroendocrine cells. Inducing epithelial differentiation in human colonic organoids 

suppressed LGR5 (stem cell marker) levels and increased CHGA/chromogranin A and 

AOC3/VAP-1 expression that accumulated at the basolateral side of the organoid.  

VAP-1 is dominantly expressed by a subpopulation of enteroendocrine cells in the 

healthy, inflamed and stenotic human intestinal epithelium. Future studies need to 

establish whether VAP-1 supports known functions of enteroendocrine cells or marks a 

novel immunomodulatory role of these cells in the gut.  
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INTRODUCTION  

Vascular adhesion protein-1 (VAP-1) is a member of semicarbazide-sensitive amine 

oxidase (SSAO) family and is encoded by the amine oxidase copper containing 3 (AOC3) 

gene. VAP-1/SSAO (further on referred to as VAP-1) is a bifunctional protein since it acts 

as a receptor in leukocyte extravasation and as an enzyme that deaminates primary 

amines in a reaction that produces hydrogen peroxide [1]. In physiological conditions, 

VAP-1 is highly expressed in blood vessel endothelium, adipocytes, smooth muscle cells 

and subepithelial myofibroblasts [2,3]. VAP-1 is an N-terminally anchored type 2 

transmembrane protein with the bulk of the protein facing extracellularly when residing 

at the plasma membrane [4]. In addition, VAP-1 can be detected at relatively stable 

levels in blood as s(oluble)VAP-1, which is a result of matrix metalloprotease (MMP)-

mediated cleavage of the transmembrane anchor [5]. In inflamed tissue, VAP-1 

expression is typically enhanced and may include additional cell types that de novo 

express VAP-1, such as activating hepatic stellate cells/myofibroblasts that cause liver 

fibrosis [6]. This may coincide with increased sVAP-1 levels in blood, though this is not a 

biomarker of inflammatory disease per se. The role of VAP-1 is extensively studied in a 

variety of preclinical models of inflammatory, metabolic and fibrotic diseases, including 

cardiovascular, kidney, lung and liver disease as well as rheumatoid arthritis and cancer 

[1]. Both VAP-1-neutralizing antibodies and small molecule inhibitors show potent 

therapeutic effects in most of these disease models [1,6,7]. Accordingly, several clinical 

trials are ongoing to evaluate the therapeutic effect of VAP-1 antagonism in primary 

sclerosing cholangitis (PSC), psoriasis, rheumatoid arthritis, diabetic complications and 

inflammatory pain, and are likely to be extended to non-alcoholic steatohepatitis (NASH) 

and Chronic Obstructive Pulmonary Disease (COPD) in the near future [1]. 

In the intestine, VAP-1 is also expressed by vascular endothelial cells and smooth muscle 

cells [8,9]. In addition, intestinal VAP-1 is abundantly present in subepithelial 

myofibroblasts [3], a cell type that is increasingly recognized as a therapeutic target for 

inflammatory bowel disease (IBD), including Crohn’s disease (CD) and ulcerative colitis 

(UC) [10,11]. VAP-1 expression is enhanced in the inflamed mucosa of IBD patients, 
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which is, however, not accompanied by the elevated levels of sVAP-1 in blood [12,13]. 

Recently, we have found that intestinal AOC3 expression is enhanced in IBD patients 

who smoke and that it is strongly associated with the fibrotic disease (Cui et al., 

unpublished, see Chapter 3). Cigarette exposure enhanced AOC3 expression in cultured 

primary human intestinal fibroblasts, which may promote fibrogenesis in the intestine. 

Parallel to these studies, we made an unexpected observation that VAP-1-positive cells 

are also present in the intestinal epithelium (see Figure 1 and onward). The human 

intestinal epithelium is composed of multiple cell types, each with a highly defined 

function, that all originate from crypt-based stem cells. The stem cells constantly 

produce new cells that replace the whole intestinal epithelium, on average, every 4-7 

days. Besides the stem cells, the mature epithelium consists of several main 

differentiated cell types, including absorptive enterocytes [14], mucus-producing goblet 

cells [15], hormone-secreting enteroendocrine cells [16] and microbiome-controlling 

Paneth cells [17]. Recent single-cell RNA sequencing projects have defined many distinct 

subtypes of these main cell lineages in the human intestinal epithelium [18]. 

In this study, we aimed to characterize newly discovered VAP-1-positive intestinal 

epithelial cells (VAP-1+IEC) by using immunohistochemistry and immunofluorescence 

microscopy, as well as human crypt-derived intestinal organoids. Moreover, we 

compared mucosal tissue from healthy, inflamed and stenotic tissue from IBD patients 

for the presence of VAP-1+IECs.  
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MATERIALS AND METHODS 

Ethical statement and human materials 

The procurement of a part of the healthy intestinal tissue for research was approved by 

the National Discussion of the Procurement Teams (Landelijk OveRleg Uitname Teams) 

from the Dutch Transplantation Association (Nederlandse Transplantatie Vereniging) 

and performed after written informed consent from the relatives. Fresh transplantation 

surgical specimens from jejunum, ileum and colon were obtained from brain death 

donors. Inflamed and/or fibrotic tissue and flanking non-involved intestinal tissue was 

obtained from CD and UC patients. The inflamed/fibrotic and the non-inflamed/fibrotic 

tissue (resection margin) were macroscopically identified. For colonic crypts isolation, 

colon tissue was obtained from the healthy flanking regions in surgical resection 

specimen of colon cancer patients undergoing surgery. All patients’ materials were 

obtained in the Department of Gastroenterology and Hepatology in the University 

Medical Center Groningen after informed consent was obtained. 

Intestinal crypts isolation and organoids culture 

Human intestinal crypts isolation and organoids culture were performed as described 

previously (Cui et al. submitted, Chapter 2) [19-21]. Intestinal tissue fragments were 

washed with cold HBSS until the supernatant was clear. Then tissue fragments were 

incubated with TrypLE Express (Gibco, Groningen, The Netherlands) and 10 nmol/L Y-

27632 (Sigma-Aldrich, Zwijndrecht, The Netherlands) for 30 min at 37˚C. Tissue 

fragments were pipetted up and down until crypts became loose in supernatant. 

Advanced Dulbecco’s Modified Eagle’s Medium/F12 was supplemented with 1X 

GlutaMAX, 10 mmol/L HEPES, 100 U/ml penicillin, 50 µg/ml gentamycin and 100 µg/ml 

streptomycin (all from Gibco) to prepare an HGF-medium. Crypts were washed twice 

with HGF-medium before they were pelleted and embedded in Matrigel (Corning, New 

York, US). Human intestinal crypts were cultured in organoid expansion medium (EM): 

HGF-medium  supplemented with 50% (v/v) Wnt3-conditioned medium, 100 ng/ml R-

Spondin-1 (R&D Systems, Abingdon, UK), 100 ng/ml Noggin (R&D Systems), 1x B27 
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(Gibco), 1.25 mmol/L N-acetyl-cysteine (Sigma-Aldrich), 50 ng/ml EGF (Gibco), 10 

mmol/L nicotinamide (Sigma-Aldrich), 10 µmol/L SB202190 (Sigma-Aldrich), 10 µmol/L 

y-27632 (Sigma-Aldrich) and 500 nmol/L A83 (Tocris Bioscience, Minneapolis, US). To 

induce epithelial differentiation, intestinal organoids were cultured for 4 days in 

differentiation medium (DM) by removing Wnt3-conditioned medium, nicotinamide 

(Sigma-Aldrich), SB202190 (Sigma-Aldrich) and y-27632 (Sigma-Aldrich) from the EM. 

Immunohistochemistry 

Intestinal tissue from healthy donor, CD, and UC patients were fixed with 4% 

paraformaldehyde and embedded in paraffin blocks. Intestinal organoids were washed 

with ice-cold PBS to remove the Matrigel, fixed with 4% paraformaldehyde for 60 min 

at room temperature and dehydrated in 25%, 50%, 70%, 96% and 100% ethanol. Then 

organoids were cleared with n-butanol and embedded in paraffin.  

Human intestinal tissue and intestinal organoids sections (4 μm) were obtained for 

histological analysis. Sections were deparaffinized using xylene. Dehydration was 

performed in 100%, 96%, and 70% ethanol solution. Hematoxylin & Eosin staining was 

performed according to a standard protocol [22]. Antigen retrieval was carried out by 

boiling the tissue slides in citrate buffer (pH 6.0) for 20 min. Endogenous peroxidase 

activity was blocked with 0.3% H2O2 for 30 min. Then, sections were blocked with 1% 

BSA/PBS and incubated with a primary rabbit monoclonal antibody against VAP-1 

(ab181168, Abcam, Cambridge, UK, 1:800 dilution) or mouse monoclonal antibody 

against Chromogranin A (M0869, Dako, Santa Clara, US, 1:750 dilution),  diluted in 1% 

BSA/PBS for 60 min at room temperature. Following incubation with secondary and 

third antibodies (horseradish peroxidase (HRP)-labeled goat anti-rabbit,  HRP-labeled 

goat anti-mouse, HRP-labeled rabbit anti-goat, and HRP-labeled rabbit anti-mouse 

antibodies (1:50, all from Dako)) for 30 min, sections were subjected to 3,3-

diaminobenzidine (SK-4100, Vector Laboratories, Peterborough, UK), counterstained 

with hematoxylin and mounted with Eukitt® (03989, Sigma-Aldrich).  
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Immunofluorescence microscopy 

Tissue sections were cut into 4-µm thick and were deparaffinized in xylene and 

dehydrated in ethanol gradient series. After antigen retrieval at 100 °C for 20 min with 

citrate buffer, tissue sections were washed with PBS and blocked with 1% BSA/PBS for 

30 min. Then samples were incubated with primary rabbit antibody against VAP-1 

(Abcam, 1:800 dilution) or/and mouse antibody against Chromogranin A (Dako, 1:750 

dilution) overnight at 4°C. Alexa Fluor 488 goat-anti-mouse IgG and Alexa Fluor 546 

goat-anti-rabbit IgG were used as secondary antibodies (Invitrogen, Bleiswijk, The 

Netherlands, 1:400). Nuclear staining was performed with DAPI mounting medium 

(H1200, Vector Laboratories, Peterborough, UK). Images were then taken and processed 

using a Leica DMI6000 fluorescence microscope (Leica Microsystems). 

Real-time quantitative polymerase chain reaction (RT-qPCR) 

Total RNA was isolated from colonic organoids according to the protocol of the 

manufacturer (Thermo Fisher Scientific, Waltham, USA) [23]. The quality and quantity of 

RNA were measured by NanoDrop spectrophotometer (Thermo Fisher Scientific). Then 

RNA (1 μg) was reverse-transcribed into cDNA with the Reverse Transcription System 

(Thermo Fisher Scientific). RT-qPCR was performed using 7900HT Fast Real-Time PCR-

system (Applied Biosystems, Waltham, USA). The relative gene expression levels were 

calculated by normalizing the averaged Ct values of target genes to the expression of 

the housekeeping gene 18S. The TaqMan primer and probe sequences used are listed in 

Supplementary Table S1. 

Statistics 

All experiments were performed at least three times. The differences between two 

groups were measured by using a two-tailed Student’s t-test on normal distributed 

variables with GraphPad 7.0 software (San Diego, CA, USA). p < 0.05 was considered 

statistically significant. 
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RESULTS 

Presence of solitary VAP-1-positive cells (VAP-1+IEC) in the human intestinal 

epithelium 

Immunohistochemical analysis of healthy human colon tissue showed the most 

prominent staining of VAP-1 in the lamina propria, where VAP-1 is in particular 

expressed by the subepithelial myofibroblasts (Figure 1A, black arrows), as reported 

earlier (Hsia 2016 and Chapter 3) [3]. The epithelial layer was mostly negative for VAP-1. 

However, we unexpectedly observed solitary VAP-1-positive intestinal epithelial cells 

(VAP-1+IEC), for which the staining intensity typically exceeded that of the cells in the 

lamina propria (Figure 1B, red arrows). VAP-1 was also detected in endothelial cells of 

blood vessels (Figure 1C, black arrowhead) and smooth muscle cells in the muscularis 

mucosae (Figure 1C, green arrow), in line with earlier reports [24]. VAP-1+IEC were 

detected in healthy colon, ileum and jejunum and most were detected in the bottom 

half of the crypt-villus axis (Figure 2A-C, respectively).  

 
Figure 1. Representative immunohistochemical staining of VAP-1 in healthy human intestinal 
tissue. As described before, VAP-1 is expressed in vascular endothelial cells (inset in C, black 
arrowhead), smooth muscle cells in the muscularis mucosae (C+inset, green arrow), intestinal 
subepithelial myofibroblasts (A, inset in C; black arrows), but also in newly-identified solitary 
epithelial cells (B, C+inset; red arrows). 
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Figure 2. Immunohistochemical VAP-1 staining of healthy human colon (A), ileum (B) and 
jejunum (C). VAP-1-expression intestinal epithelial cells (red arrows) were detected in all 3 
gastrointestinal locations. Scale bar = 250 µm. 

 

VAP-1+IEC appear in the normal, inflamed and stenotic tissue from IBD patients 

In order to determine whether pathophysiological conditions affect the expression of 

VAP-1+IEC, we analyzed non-inflamed, inflamed and stenotic intestinal tissues from IBD 

patients. VAP-1+IEC were observed in the non-inflamed colonic tissue that was flanking 

inflamed or stenotic areas in patients with CD (Figure 3A and B, respectively) or UC 

(Figure 3C), though the number of VAP-1+IEC varied greatly between individual patients. 

Moreover, VAP-1+IEC were also detected in crypts that were present in inflamed and 

stenotic tissue of CD patients (Figure 3D and E, respectively) and inflamed tissue of UC 

patients (Figure 3F). VAP1-specfic staining in the lamina propria was often increased in 

inflamed/stenotic tissue, while infiltrating cells were negative for VAP-1. 
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Figure 3. Immunohistochemical VAP-1 staining in non-inflamed (A-C), inflamed (D, F) and 
stenotic (E) intestinal tissue in CD (A, B, D, F) and UC (C, F) patients. VAP-1-expression intestinal 
epithelial cells (red arrows) were detected in non-inflamed, inflamed and stenotic tissue of IBD 
patients. In addition, strong VAP-1-specific staining was often observed in the lamina propria 
of inflamed and/or stenotic tissue of IBD patients. Scale bar = 100 µm, IBD, inflammatory 
bowel disease; CD, Crohn’s disease; UC, ulcerative colitis. 

VAP-1 colocalizes with the enteroendocrine cell marker chromogranin A  

Staining of serial tissue sections using VAP-1 and cell type-specific makers was 

performed to further characterize the VAP-1+IEC (Figure 4). In the colonic epithelium, a 

largely overlapping staining pattern was observed for VAP-1 and the enteroendocrine 

cell marker chromogranin A (CgA) [25] (Figure 4A and B, respectively). Evidently, VAP-1 

also stained the lamina propria and the muscularis mucosae, which was negative for CgA. 

Similar results were obtained for ileal tissues (Figure 4C and D). In areas with high 

numbers of VAP-1+IEC it appeared that (virtually) all of these cells were also CgA+ (Figure 

4E and F, red arrows), whereas not all CgA+ cells were VAP-1+ (Figure 4E and F, green 

arrows). VAP-1+IEC did not co-stain with Villin (enterocytes), Alcian Blue (mucus-

producing goblet cells), LGR5 (stem cells) or Lysozyme (Paneth cells) (data not shown). 
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To further confirm that VAP-1+IEC represent a (subtype) of CgA+ enteroendocrine cells, 

we performed co-staining experiments by immunofluorescence microscopy using 

healthy human colonic tissue (Figure 5). In accordance with immunohistochemistry, 

VAP-1-specific immunofluorescent staining was detected in subepithelial myofibroblasts 

and solitary IECs (Figure 5A). The subepithelial myofibroblasts were all negative for CgA, 

while all VAP-1+IEC co-stained for CgA (Figure 5A-C, yellow arrows). These results show 

that solitary IECs in the human intestinal epithelium that highly express VAP-1 identify 

as (a subpopulation of) CgA+ enteroendocrine cells.  

 

Figure 4. Characterization of VAP-1-expressing intestinal epithelial cells (VAP-1+IEC), by using 
serial sections of human intestinal colonic tissue. VAP-1-specific staining (A, C, E) showed a 
highly similar pattern as the enteroendocrine cell–specific marker chromogranin A (B, D, F) in 
colon (A,B=longitudinal and E,F=perpendicular section through crypt-villus axis) and ileum (C, 
D). Areas with high numbers of VAP-1+IEC (E, F) reveals that all VAP-1+ cells were chromogranin 
A+ (red arrows), while not all chromogranin A+ cells expressed VAP-1 (green arrows). Scale bar 
= 250 µm. IEC, intestinal epithelial cell. 
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Figure 5. Co-immunofluorescence microscopy of VAP-1 and chromogranin A. (A, C) VAP-1 
(green) was detected in pericryptal subepithelial myofibroblasts and in solitary intestinal 
epithelial cells (yellow arrows). Only the VAP-1+IEC costained with chromogranin A (red in B 
and merged images in C).  

 

VAP-1/AOC3 is co-regulated with CHGA in crypt-derived human colonic organoids 

Human crypt cell-derived organoids were generated from healthy colonic tissue (n=3) to 

obtain independent evidence for the existence of VAP-1+IEC. Organoids were 

propagated in expansion medium (EM) to maintain the LGR5+-stem cell phenotype or 

were cultured for 4 days in differentiation medium (DM) to promote the differentiation 

to various epithelial cells, including enterocytes, goblet cells, Paneth cells and 

enteroendocrine cells [26]. LGR5 mRNA was readily detected in organoids grown in EM 

and, as expected, was dramatically (~15-fold) reduced when shifted to DM (Figure 6A). 

On the other hand, shifting organoids from EM to DM lead to a strong increase in CHGA 

(~30-fold) and AOC3 (~20-fold) mRNA levels (Figure 6B and C). In line, DM induced CgA 

protein expression in organoids (Figure 6D, left panels). VAP-1 protein was hardly 

detectable by immunohistochemical staining in organoids grown in EM (Figure 6D, top 

right panel), while it was readily detectable in organoids grown in DM (Figure 6D, 
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bottom right panel). Remarkably, most VAP-1-specific staining was observed at the 

basolateral side of the organoids (Figure 6F, arrow).  

 

Figure 6. VAP-1/AOC3 and CHGA/Chromogranin A expression in crypt-derived human colonic 
organoids. (A-C) Relative gene expression of stem cell marker LGR5 (A), enteroendocrine cell 
maker CHGN (B) and AOC3 (C) in colonic organoids cultured in EM and DM. LGR5 is highly 
expressed in EM, while CHGA and AOC3 are co-induced in DM-grown organoids. (D) 
Chromogranin A (left panels) and VAP-1 (right panels) immunohistochemical staining of colonic 
organoids cultured in EM (upper panels) and DM (bottom panels). Data was represented by 
Mean ± SD (n=3).  ***p < 0.001, ****p < 0.0001. EM, expansion medium; DM, differentiation 
medium. 

 

Taken together, our results show that (a subpopulation of) human enteroendocrine 

cells in the intestinal epithelium highly express immunomodulatory VAP-1.  
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DISCUSSION 

In this study, we identified a novel VAP-1-expressing cell type in the human intestinal 

epithelium (VAP-1+IEC) that exists besides the typical VAP-1-positive endothelial cells, 

smooth muscle cells and subepithelial myofibroblasts. Solitary VAP-1+IEC were found in 

the normal jejunum, ileum and colon, residing mostly in the bottom half of the crypt-

villus axis. VAP-1+IEC co-express the enteroendocrine marker chromogranin A (CgA), 

however not all CgA+ cells express VAP-1, suggesting that VAP-1+IEC identify as a 

subpopulation of CgA-expressing enteroendocrine cells. In vitro- differentiation of 

primary human epithelium in crypt-derived organoids leads to co-induction of 

CHGA/CgA and AOC3/VAP-1, and the latter accumulates at the basolateral side of the 

organoid. VAP-1+IEC are also found in inflamed and stenotic tissue of IBD patients. 

Colonic VAP-1+IEC numbers are highly variable both in controls and IBD patients, but do 

not seem to vary much between healthy and diseased tissue, although the lamina 

propria of inflamed mucosa of IBD patients often shows an intensified VAP-1 staining. 

VAP-1 in enteroendocrine cells may play so far unrecognized roles in intestinal hormone 

release and/or immune regulation, which requires further investigation. 

VAP-1 was originally identified as a leukocyte adhesion protein in vascular endothelial 

cells, as well as in smooth muscle cells, pericytes and adipocytes [27,28]. It is normally 

stored in intracellular vesicles in physiological conditions, while it travels to the plasma 

membrane upon inflammation. VAP-1 is also an amine oxidase that converts primary 

amines, in particular monomethylamine, into ammonia, H2O2 and (form)aldehydes [29]. 

Both receptor and enzyme activities promote inflammatory and fibrotic disease, which 

is effectively suppressed by neutralizing antibodies and enzyme activity antagonists [6].  

More recently, VAP-1 was found to be highly expressed in subepithelial myofibroblasts 

in the human colonic and rectal mucosa, while skin fibroblasts lack this protein 

(Hsia2016) [3].  

Since to date, the VAP-1 expression has been described solely in stromal cells in the 

intestinal lamina propria, it was therefore surprising to us to detect an additional cell 

type within human intestinal epithelium that strongly expresses VAP-1. Our histological 
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analyses showed that the number of VAP1+IEC is highly variable, with large sections that 

appear completely devoid of these cells. The VAP1+IEC seem to be present mostly in the 

lower half of the crypt-villus axis, which may be one of the reasons why they have not 

been noticed so far. VAP-1 co-localizes with the enteroendocrine cell marker 

chromogranin A (CgA) in the intestinal epithelium, but not all CgA-positive cells express 

VAP-1. CgA is a 439-amino acid pro-hormone secreted by enteroendocrine cells, giving 

rise to various signaling peptides, such as vasostatin-1 and -2, parastatin, pancreastatin 

and catestatin that have metabolic and immunomodulatory functions [30]. IBD is 

characterized by enteroendocrine cell hyperplasia and elevated CgA serum levels [31], 

but we did not observe an evident difference in VAP-1+IEC numbers in inflamed or 

stenotic tissue of IBD patients when compared to non-inflamed tissue. However, we did 

not systematically analyze the number of CgA+ and VAP-1+IEC cells, nor did we have 

matching serum CgA levels available for this limited number of patients. 

Enteroendocrine cells are a highly specialized epithelial subpopulation, with around 15 

distinct subtypes identified in the gastrointestinal tract that produce and secrete over 30 

different hormones. These different subtypes each have their own specific function and 

regional distribution in the gastrointestinal tract. Among the known enteroendocrine 

subpopulations, Enterochromaffin (EC) cells, L cells and D cells are the three main 

enteroendocrine cell types found in the lower gastrointestinal tract [25,32], of which EC 

and L cells make up the vast majority and produce CgA [33]. Besides CgA, EC cells 

produce serotonin and control bowel peristalsis and spread from the gastric antrum to 

the rectum and may compose up to 70% of enteroendocrine cells in the colon [25]. In 

turn, L cells secrete the anorectic peptide hormones – glucagon-like peptide-1 (GLP-1) 

and peptide YY (PYY) – in response to the ingestion of food. GLP-1 stimulates insulin 

secretion from pancreatic β-cells and increases satiation, while PYY suppresses bowel 

motility and food intake [34]. L cells are also distributed throughout the intestine, but 

relatively low-abundant in ileum and comprise at most ~15% of  all the enteroendocrine 

cells in the colon [25]. Not all L-cells appear to produce CgA and they are typically 

located in the upper half of the crypt-villus axis [35]. D cells, and some other 

enteroendocrine cells present in the gastric area, duodenum and jejunum, such as K, I 
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and N cells, do not produce CgA  [36]. Given these features, it is likely that VAP-1 is 

expressed by (a subtype) of) EC cells.  

The precise biological function of VAP-1 in enteroendocrine cells remains the be 

determined. Although we have not performed high-resolution microscopy yet to study 

the exact subcellular location of VAP-1 in IECs, it appears that the bulk of VAP-1 is 

located intracellularly, most likely largely co-localizing with CgA. This fits well with the 

presence of VAP-1 in cytoplasmic vesicles in endothelial cells, where VAP-1 rapidly 

translocates from vesicles to the cell surface in inflammatory conditions [1]. In addition, 

VAP-1 has been shown to co-localize with the glucose transport type 4 (GLUT4) in 

intracellular vesicles, and VAP-1 substrates strongly stimulated GLUT4 recruitment to 

the plasma membrane, thereby stimulating glucose uptake [37]. CgA-secreting 

endocrine cells are not limited to the gut, and can be found in other tissues, such as 

adrenal gland, parathyroid, and pancreas [38]. CgA co-localizes with insulin in pancreatic 

beta cells [39,40]. Interestingly, VAP-1 is detected in pancreatic islands, and VAP-1 

substrates promote insulin secretion in rats [41]. It is therefore tempting to speculate 

that VAP-1 may mediate CgA release, or other hormones, in enteroendocrine cells. The 

fact that we observed VAP-1 and CgA accumulation at the basolateral membrane of the 

human intestinal organoids may indicate that VAP-1 plays a role in vesicle trafficking to 

the membrane and hormone release. In addition to controlling (pro-)hormone release, 

VAP-1 in enteroendocrine may also play a role in attracting leukocytes to the intestinal 

epithelium, as intraepithelial leukocytes accumulate in the inflamed intestine [42]. If 

demonstrated, this would present a novel mechanism by which enteroendocrine cells 

contribute to the innate immunity in the human gut. 

In conclusion, our study identifies a subset of Chromogranin A+ enteroendocrine cells in 

human intestinal epithelium that highly express VAP-1. Future studies need to address 

the functional role of VAP-1 in enteroendocrine cells in healthy and inflammatory 

diseases of the gastrointestinal tract, which might involve control of hormone secretion 

and/or immune regulation.  
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SUPPLEMENTARY MATERIAL 

Supplementary Table S1. TaqMan primer and probe sequences used in this study. 

Gene name TaqMan primers and probes 

LGR5 
 

Forward 
Reverse 
Probe 

TGTTTCAGGCTCAAGATGAACGT 
AGCAGGTGTTCACAGGGTTTG 
CCCTTCATTCAGTGCAGTGTTCACCTTCC 

AOC3 
 

Forward 
Reverse 
Probe 

GGCCCAGAAGAACTGGTACATC 
CCGCCATACTCGAACTGGAA 
TACCAGCTGGCTGTGACCCAGCG 

CHGA 
 

Forward 
Reverse 
Probe 

CCGCTGTCCTGGCTCTTCT 
CCTTTATTCATAGGGCTGTTCACA 
CTCTGCGCCGGGCAAGTCACTG 

18S 
 

Forward 
Reverse 
Probe 

CGGCTACCACATCCAAGGA 
CCAATTACAGGGCCTCGAAA 
CGCGCAAATTACCCACTCCCGA 
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Abstract: Intestinal fibrosis is a common complication of inflammatory bowel disease. 

So far, there is no safe and effective drug for intestinal fibrosis. Pirfenidone is an anti-

fibrotic compound available for the treatment of idiopathic pulmonary fibrosis. Here, 

we explored the anti-proliferative and anti-fibrotic properties of pirfenidone on 

primary human intestinal fibroblasts (p-hIFs). p-hIFs were cultured in the absence and 

presence of pirfenidone. Cell proliferation was measured by a real-time cell analyzer 

(xCELLigence) and BrdU incorporation. Cell motility was monitored by live cell imaging. 

Cytotoxicity and cell viability were analyzed by Sytox green, Caspase-3 and Water 

Soluble Tetrazolium Salt-1 (WST-1) assays. Gene expression of fibrosis markers was 

determined by quantitative reverse transcription PCR (RT-qPCR). The mammalian 

target of rapamycin (mTOR) signaling was analyzed by Western blotting and type I 

collagen protein expression additionally by immunofluorescence microscopy. 

Pirfenidone dose-dependently inhibited p-hIF proliferation and motility, without 

inducing cell death. Pirfenidone suppressed mRNA levels of genes that contribute to 

extracellular matrix production, as well as basal and TGF-β1-induced collagen I protein 

production, which was associated with inhibition of the rapamycin-sensitive 

mTOR/p70S6K pathway in p-hIFs. Thus, pirfenidone inhibits the proliferation of 

intestinal fibroblasts and suppresses collagen I production through the TGF-

β1/mTOR/p70S6K signaling pathway, which might be a novel and safe anti-fibrotic 

strategy to treat intestinal fibrosis. 

Keywords: intestinal fibrosis; pirfenidone; mTOR; TGF-β1; collagen; fibroblast; 

inflammatory bowel disease 
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1. Introduction 

Inflammatory bowel diseases (IBD), e.g., Crohn’s Disease and ulcerative colitis, are 

complex diseases, characterized by chronic and recurrent inflammation in the intestine 

[1]. Typically diagnosed in early adulthood, patients require life-long disease 

management without a curative therapy available at this moment. The prevalence of 

IBD has increased significantly in the past decades and is expected to increase even 

further, especially in countries adopting a Western lifestyle [2]. Intestinal fibrosis is a 

severe and common complication of IBD and is increasingly recognized as a 

therapeutic problem [3]. Chronic inflammation leads to damage to the intestinal tissue. 

In response, intestinal myofibroblasts become activated and secrete extracellular 

matrix (ECM) such as collagen and fibronectins under the regulation of TGF-β1 and 

several other pro-fibrotic and anti-fibrotic factors. Intestinal fibrosis develops when the 

ECM production exceeds the co-induced ECM degradation and may lead to organ 

stenosis and malfunction [3,4]. Despite the introduction of novel therapeutics for IBD 

in the past two decades, the incidence of fibrosis-induced intestinal strictures has not 

significantly changed in these patients [5]. Up to 30–60% of Crohn’s disease patients 

experience intestinal stenosis and bowel obstruction. Short strictures can be dilated by 

endoscopic balloon dilatation, but approximately 75% of subjects need redilatation 

and 30–40% require surgical resection [5–8]. While this improves quality of life directly 

after surgery, stenotic bowel obstruction is bound to recur in approximately 50% of the 

patients within 20 years [9]. Thus, there is an urgent need to elucidate the 

pathophysiological mechanisms of intestinal fibrosis at the cellular and molecular level 

in order to develop safe and effective drugs to prevent and treat intestinal fibrosis. 

TGF-β1 has been identified as an important factor during fibrogenesis as it promotes 

ECM protein synthesis and inhibits ECM degradation [10]. Also, TGF-β1 is known to 

activate mTORC1 signaling pathway, which is a central regulator of cell metabolism, 

proliferation, and protein synthesis [11,12]. Important downstream execution proteins 

are 4E-BP1, a translation repressor protein, and p70S6K that targets the S6 ribosomal 

protein [13,14]. 
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Pirfenidone is a pyridone compound with anti-fibrotic properties in idiopathic 

pulmonary fibrosis (IPF), liver cirrhosis, and cardiac fibrosis [15–17]. Moreover, 

pirfenidone significantly suppressed TGF-β1-induced ECM synthesis in a mouse model 

with renal fibrosis [18]. In a phase III randomized, double-blind, placebo-controlled, 

and multinational clinical trial (ASCEND), pirfenidone significantly improved 

progression-free survival and reduced the number of IPF patients who had a decline in 

forced vital capacity [17]. 

In this study, we investigated the effect of pirfenidone on primary human intestinal 

fibroblasts (p-hIFs), including its effect on TGF-β1-mediated mTOR-p70S6K1 signaling. 
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2. Materials and Methods 

2.1. p-hIFs Isolation and Culture 

The procurement of a part of the colon for research was approved by the National 

Discussion of the Procurement Teams (Landelijk OveRleg Uitname Teams) from the Dutch 

Transplantation Association (Nederlandse Transplantatie Vereniging) and performed after 

written informed consent from the relatives. All the procedures were performed according 

to Helsinki Declaration. Primary human colon fibroblasts were isolated and cultured as 

previously described [19]. Fresh transplantation surgical specimens from morphological 

normal ascending colon tissue were obtained from the donor. Colon tissue was cut into 

small pieces and placed in T25 cell culture flasks with culture medium: Dulbecco’s 

Modified Eagle Medium containing 20% heat-inactivated fetal calf serum, 1X MEM Non-

Essential Amino Acid, 100 µg/mL gentamycin, 200 u/mL of penicillin, 200 µg/mL of 

streptomycin, and 2.5 µg/mL of Amphotericin B (all Gibco™ by Life technologies, Bleiswijk, 

The Netherlands) in a humidified incubator at 37 °C and 5% CO2. After p-hIFs grew from 

the tissue, the tissue was removed from the flask. The confluency of the p-hIFs reached up 

to 70–80% after approximately 3–4 weeks. All experiments were performed with at least 3 

independent p-hIF isolates. 

2.2. Proliferation Assays 

2.2.1. Real-Time Cell Analysis (RCTA) 

Experiments of p-hIF proliferation were performed using the xCELLigence Real-Time 

Cell Analysis (RTCA, xCELLigence RTCA DP, ACEA Biosciences Inc., San Diego, CA, USA) 

as previous described [20]. p-hIFs were seeded in an E-16 plate with a density of 2500 

cells/well in 200 µL culture volume. E-16 plates carry sensor microelectrodes to 

measure electronic impedance that represents the cell confluency. The impedance of 

electron flow caused by adherent cells is reported using a unitless parameter called 

Cell Index (CI), where CI = (impedance at time point n – impedance in the absence of 

cells)/nominal impedance value. The impedance was recorded at 15 min intervals to 

continuously monitor the proliferation of p-hIFs. p-hIFs were refreshed with new 



Chapter 5 

  120 

medium and treated with different concentrations of pirfenidone after 18 h. Results 

were analyzed by RTCA Software (Version 1.2, ACEA Biosciences Inc.). 

2.2.2. BrdU Assay  

The BrdU assay was performed according to the standard protocol of the manufacturer 

(Roche, Mannheim, Germany). p-hIFs were seeded in a 96-well plate overnight and were 

treated with pirfenidone (0, 0.5, 1, 2 mg/mL) for 72 h. BrdU (10 μmol/L) was added and 

incubated in the final 24 h. After fixation, p-hIFs were incubated with 100 µL/well anti-

BrdU-POD working solution for 90 min at room temperature. After 15 min of incubation 

with the substrate solution, the proliferation measurement was conducted using the BrdU 

incorporation ELISA kit (all from Roche, Mannheim, Germany). 

2.2.3. p-hIFs Cell Counting 

p-hIFs were seeded in 6-well plates with a density of 8 × 105 cells/well. After exposure 

to various concentrations of pirfenidone for 72 h, wells were washed with PBS and p-

hIFs were dissociated using trypsin. Then p-hIFs were centrifuged and resuspended in a 

small volume of culture medium. Numbers of p-hIFs were quantified using a TC20 cell 

counter (Bio-Rad Laboratories, Inc., Hercules, CA, USA). 

2.3. Real-Time Imaging of Cell Motility 

p-hIFs were seeded in a 8-well chamber plate (Lab-Tek II, 155409, Thermo Scientific, 

Waltham, MA, USA) in 250 µL medium at a density of 1000 cells/well and cultured 

overnight, after which they were exposed to 0, 1, and 2 mg/mL pirfenidone for 24 h. 

Next, the plate containing the p-hIFs was transferred to a live cell imaging platform in a 

DeltaVision microscope (GE Healthcare Bio-sciences, Marlborough, MA, USA) and p-hIF 

motility was monitored for 15 h. Images were taken every 5 min using a 40 × oil 

objective with DIC channels and cell motility was analyzed with Imaris software 

(Version 8.0, Oxford Instruments, Zurich, Switzerland; 

https://imaris.oxinst.com/downloads). 
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2.4. Cytotoxicity and Cell Viability Assays 

2.4.1. Sytox Green Assay 

p-hIFs were seeded in the 96-well plate with a density of 2500 cells/well. p-hIFs were 

exposed to pirfenidone for 72 h. p-hIFs exposed to H2O2 (5 mmol/L) were included as 

positive (necrotic) control group [21]. Sytox Green (10 µM; Life Technologies) nucleic 

acid stain was added to tested wells for 15 min, followed by fluorescence microscopy 

using a Leica DMI6000 microscope (Leica Microsystems GmbH, Wetzlar, Germany). 

2.4.2. Caspase-3 Assay 

Caspase-3 activity (as marker for apoptosis) was quantified as described earlier [22]. After 

72 h of treatment with pirfenidone, p-hIFs were scraped and cell lysates were obtained 

after three times of freezing (−80 °C) and thawing (37 °C) followed by centrifugation for 5 

min at 12,000× g. 20 µg protein per sample was used to quantify caspase-3 activity. 

2.4.3. WST-1 Assay 

The p-hIF cell viability assay was quantified using the Cell Proliferation Reagent Water 

Soluble Tetrazolium Salt-1 (WST-1, 11644807001 Roche) according to the manufacturer’s 

protocol. p-hIFs were seeded in a 12-well plate with a density of 4 × 104 cells/well and 

were exposed to pirfenidone for 72 h. Thus, 10 µL of WST-1 solution per 100 µL medium 

was added to the growing p-hIFs and was next incubated at 37 °C for 90 min after which 

the WST-1-containing medium was transferred to a new 96-well plate for analysis. 

2.5. Quantitative Real–Time PCR (RT-qPCR) 

p-hIFs were seeded in 6-well plates with a density of 8 × 105 cells/well and were exposed 

to pirfenidone with or without TGF-β1 for 72 h. Total mRNA was extracted from scraped p-

hIFs using TRIzol reagent (Sigma-Aldrich, Zwijndrecht, The Netherlands). RNA 

concentrations were determined with a NanoDrop 1000 spectrophotometer (Thermo 

Fisher Scientific, Wilmington, DE, USA). RT-qPCR was performed using 7900HT fast Real-

Time PCR system (Applied Biosystems, Bleiswijk, The Netherlands) as previously described 
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[23]. The TaqMan primers and probes and SYBR green primers used are shown in 

Supplementary Table S1 and S2. 18S was used to normalize the mRNA level. 

2.6. Immunofluorescence Microscopy (IF) 

p-hIFs were seeded in 12-well plates (4 × 105 cells/well) containing coverslips. After 72 

h of different treatments, coverslips were rinsed with PBS, fixed with 4% 

paraformaldehyde for 10 min, and permeabilized with 0.1% Triton X-100 for 10 min at 

room temperature. Non-specific antibody binding was blocked with 3% bovine serum 

albumin/PBS solution for 30 min. Then, coverslips were incubated with primary 

collagen I antibody (1:1000, 1310-01, Southern Biotech, Birminghan, UK) for 1 h at 

37 °C. Afterward, coverslips were rinsed with PBS three times and incubated with 

Alexa-Fluor488-conjugated rabbit anti-goat secondary antibodies (1:400 A11008; 

Molecular Probes, Leiden, The Netherlands) for 30 min. Nuclei were stained with 

Mounting Medium with 4’,6-diamidino-2-phenylindole (DAPI H-1200 Vector 

Laboratories, Peterborough, UK). Images were taken using a Leica DMI6000 

fluorescence microscope (Leica Microsystems GmbH). 

2.7. Western Blotting 

p-hIFs were lysed with cell lysis buffer containing 25 mM HEPES, 150 mM KAc, 2 mM EDTA, 

and 0.1% NP-40 (all from Sigma-Aldrich) supplemented with protease inhibitors on ice. 

Protein concentrations were quantified using the Bio-Rad protein assay (Bio-Rad). Equal 

quantities of protein were separated by 5–12% gradient sodium dodecyl sulfate 

polyacrylamide gel electrophoresis. Proteins were transferred to membranes with the 

Trans-Blot Turbo transfer system (Bio-Rad). After 1 h of blocking using 2% bovine serum 

albumin/PBS-Tween, membranes were incubated with the primary antibody (antibodies 

catalog numbers and dilutions supplied in Supplementary Table S3) at 4 °C overnight. Then 

membranes were washed with three times of PBS-Tween and incubated with horseradish-

peroxidase conjugated secondary antibody for 1 h. Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) was used as the reference protein. The signals were detected by 

chemidoc XRS system and Image Lab version 3.0 (Bio-Rad). 
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2.8. Statistical Analysis 

Statistical analyses were performed with Graphpad Prism 7 (Graphpad Software, San 

Diego, CA, USA). All data presented as mean ± SEM. Statistical differences between two 

groups were analyzed by using unpaired t-test. If more than two groups were evaluated, 

the groups were analyzed by using one-way ANOVA with Dunnett or Turkey test. A p-value 

< 0.05 was considered as statistically significant. 
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3. Results 

3.1. Pirfenidone Suppresses the Proliferation of p-hIFs, Which is Reversible 

Primary hIFs (p-hIFs) were cultured in a real-time cell analysis (RTCA, xCELLigence) to 

analyze the effect of pirfenidone on cell proliferation. The p-hIFs were allowed to attach to 

the culture plate for 18 h, represented by stabilization of the Cell Index (CI). Next, the p-

hIFs were treated with increasing concentrations of pirfenidone (0, 0.5, 1, and 2 mg/mL) 

for 72 h, which revealed that pirfenidone dose-dependently reduced the increase in CI 

(green, purple and blue lines) when compared to untreated control p-hIFs (red line in 

Figure 1A). In line, pirfenidone dose-dependently reduced BrdU incorporation (Figure 1B; 

all **** p < 0.0001 when compared to untreated control p-hIFs) and cell numbers (-34%, -

72%, and -97% at 0.5, 1.0, and 2.0 mg/mL, respectively; Figure 1C, all **** p < 0.0001). 

Video-assisted imaging of p-hIFs revealed that pirfenidone also suppressed the motility of 

individual p-hIF, albeit only significantly at the highest concentration of 2 mg/mL (Figure 

1E,F). Pirfenidone treatment did not evidently affect the typical spindle-shaped cell 

morphology of p-hIFs (Figure 1D,E). Moreover, pirfenidone did not induce significant levels 

of necrotic p-hIF cell death (Figure 2A), nor did it induce caspase-3 activity as a measure of 

apoptotic cell death (Figure 2B). Still, 72 h pirfenidone treatment dose-dependently 

reduced the metabolic activity of p-hIFs, as quantified in WST-1 assays (Figure 2C; **** p < 

0.0001 for at all tested concentrations). As pirfenidone did not appear cytotoxic for p-hIFs, 

we next analyzed whether p-hIFs proliferation is reversible after cessation of pirfenidone 

treatment. p-hIFs were pre-treated for 72 h with 2 mg/mL pirfenidone inhibiting cell 

proliferation and upon refreshing the medium without pirfenidone the p-hIFs regained 

normal proliferation rates after a lag-phase of approximately 48 h (Figure 2D). Notably, the 

cell index of pirfenidone pre-treated p-hIFs reached the same level after 96 h as compared 

to non-treated p-hIFs (see for reference Figure 1A). 
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Figure 1. Pirfenidone suppresses the proliferation of primary human intestinal fibroblasts (p-
hIFs). (A) Intestinal fibroblasts were seeded in the xCELLigence system for 18 h and were then 
exposed to increasing concentrations of pirfenidone (0, 0.5, 1, and 2 mg/mL) for 72 h. Cell 
index curves showed pirfenidone dose-dependently inhibited the proliferation of fibroblasts. 
(B) Pirfenidone dose-dependently decreased BrdU incorporation (n=3, **** p < 0.0001 for all 
groups) and (C) p-hIF cell numbers (n = 3, **** p < 0.0001 for all groups) after 72 h exposure. 
(D) Bright field images showing pirfenidone inhibited the proliferation of p-hIFs, while 
maintaining their spindle like morphology. (E) Stills of real-time cell imaging tracking the 
movement of individual p-hIFs after 0, 5, 10 and 15 h in the absence or presence of 
pirfenidone. (F) Quantification of p-hIF motility in each group shown in E. Motility was tracked 
every 5 min for 15 h in total. * p < 0.05; Data are shown in mean ± SEM. Scale bars = 100 μm. 
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Figure 2. Pirfenidone does not induce cell death and reversibly suppresses the 
proliferation of human primary intestinal fibroblasts. (A) Bright field (top panels), Sytox 
Green nucleic staining (middle panels) and overlay images (bottom panels) of p-hIFs 
exposed for 72 h to 2 mg/mL pirfenidone or for 24 h to 5 mmol/L H2O2 (positive 
control for necrosis) showing that less than 1% of pirfenidone-exposed p-hIFs were 
necrotic (representative image of n = 3). (B) Pirfenidone did not induce caspase-3 
activity compared to anti-Fas-exposed (1 ug/mL for 9 h) p-hIFs (positive control for 
apoptotic cell death) (n = 3). (C) Water Soluble Tetrazolium Salt-1 (WST-1) assay showed 
pirfenidone dose-dependently suppressed the total metabolic activity of p-hIFs as 
proxy for total cell number (**** p < 0.0001, n = 3). (D) Pirfenidone (2 mg/mL for 72 
h)-induced inhibition of p-hIF proliferation was reversible even refreshing the cells with 
pirfenidone-free medium, as analyzed in real-time in the xCELLigence. Scale bars = 50 
μm. 
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3.2. Pirfenidone Suppresses Extracellular Matrix Protein (ECM) Expression in p-hIFs 

In order to determine whether pirfenidone also affects ECM production, p-hIFs were 

exposed to pirfenidone for 72 h and mRNA levels of genes encoding ECM proteins, as 

well as collagen I protein production were analyzed by RT-qPCR, IF, and Western blot 

analysis (Figure 3). Pirfenidone dose-dependently reduced COL1A1, COL3A1, COL4A1, 

COL6A1, FN1 (encoding fibronectin 1) and ELN (encoding elastin) mRNA levels, while it 

did not affect ACTA2 (encoding alpha-smooth muscle actin; α-SMA) expression (Figure 

3A–G). Untreated p-hIFs contained high levels of (intracellular) collagen I, which was 

dose-dependently reduced by pirfenidone and was virtually absent after 72 h exposure 

with 2 mg/mL pirfenidone (Figure 3H), also when analyzed by Western blotting (Figure 

3I,J). When 72 h-pirfenidone treated p-hIFs were exposed to normal medium again, 

collagen I protein reappeared (Figure 3K), but even after 96 h collagen I protein levels 

were still clearly lower compared to p-hIFs that were not pretreated with pirfenidone 

(Figure 3I,L). 
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Figure 3. Pirfenidone inhibits Extracellular Matrix Protein (ECM) production. (A–G) 
Intestinal fibroblasts were treated with increasing (maximum 2 mg/mL) concentrations 
of pirfenidone for 72 h. Pirfenidone suppressed COL1A1, COL3A1, COL4A1, COL6A1, 
FN1, and ELN mRNA levels, but not ACTA2 levels (* p < .05, n = 3). (H) 
Immunofluorescent images showing that pirfenidone dose-dependently suppressed 
intracellular levels of collagen I. (I) p-hIFs were exposed for 72 h to pirfenidone (Lanes 
1–4) and subsequently cultured in pirfenidone-free medium for 96 h (Lanes 5–8). (J–L) 
Western blot analysis showed that pirfenidone concentration-dependently and 
reversibility suppressed collagen I protein levels in p-hIFs. The relative abundance of 
the tested proteins was normalized to that of Glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH). ** p < 0.01, *** p < 0.001, **** p < 0.0001; Data are 
presented as mean ± SEM. Scale bars = 50 μm. Refresh+, refresh medium. 
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3.3. Pirfenidone Reduces TGF-β1-Induced COL1A1 mRNA Expression and Collagen I 

Synthesis 

Exposure of p-hIFs to TGF-β1 (2.5 ng/mL for 72 h) strongly increased COL1A1 mRNA 

levels (>4-fold; Figure 4A), which was accompanied by increased collagen I protein 

levels (Figure 4B–D). Co-treatment with pirfenidone completely blocked the TGF-β1-

induced expression of collagen 1, both at mRNA (pirfenidone at 1 and 2 mg/mL) and 

protein level (pirfenidone at 1 mg/mL) (Figure 4A–C). IF revealed that TGF-β1 induced 

collagen I protein accumulation in intestinal fibroblasts. Collagen I remained 

detectable in TGF-β1 + pirfenidone cotreated p-hIFs but it appeared to accumulate 

perinuclear, in comparison to more evenly distributed throughout the cellular 

cytoplasm in TGF-β1-only treated p-hIFs (Figure 4D). 
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Figure 4. Pirfenidone suppresses basal and TGF-β1-induced collagen I expression in p-hIFs. (A) 
TGF-β1 (2.5 ng/mL) induces COL1A1 mRNA levels. Pirfenidone dose-dependently suppresses 
TGF-β1-induced COL1A1 mRNA levels (* p < 0.05, n = 3) which was accompanied with a 
reduction in collagen I protein expression levels (B–C). (* p < 0.05, n = 3; GAPDH is included as 
protein loading control) (D) Immunofluorescence microscopy revealed that TGF-β1 enhanced 
the cellular surface area positive for collagen I, which was reduced again by pirfenidone 
leading to a perinuclear location of collagen I. ** p < 0.01, *** p < 0.001; Data are presented as 
mean ± SEM. Scale bars = 50 μm. 
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3.4. Pirfenidone Inhibits TGF-β1-Mediated Phosphorylation of TGF-β1/mTOR/p70S6K 

Signaling Pathway in p-hIFs 

In order to delineate the molecular signaling pathways that underlie the anti-

proliferative/anti-fibrotic effects of pirfenidone, we analyzed its effect on Smad2/3, 

p38 MAPK and mTOR phosphorylation in p-hIFs in the presence and absence of TGF-β1. 

As shown in Supplementary Figure S1, both TGF-β1 and pirfenidone did not 

significantly affect phosphorylation of Smad2/3 and p38 MAPK in p-hIFs. Besides 

activation of the Smad-signaling [24–29], TGF-β1 may also signal via mTOR [30,31], the 

latter not being studied earlier in intestinal fibroblasts. Indeed, TGF-β1 enhanced 

mTOR phosphorylation (at 6 h) in p-hIFs, as well as downstream signaling factor 

p70S6K (at 6 and 12 h) (Figure 5A). In contrast, TGF-β1 did not affect the levels of 

phosphorylated 4E-BP1 at any of the analyzed time points (6, 12, and 24 h TGF-β1 

exposure) (Figure 5A). Pirfenidone (1 mg/mL) strongly suppressed both basal and TGF-

β1-induced phosphorylation of mTOR and p70S6K, while it hardly affected 4E-BP1 

phosphorylation (Figure 5B). Similar effects were observed for rapamycin (100 nmol/L, 

Figure 5B), the classical mTOR signaling pathway inhibitor. In line, rapamycin (100 

nmol/L) also suppressed basal and TGF-β1-induced expression of collagen I in p-hIFs 

(Figure 5C). 

Taken together, our data show that pirfenidone suppressed proliferation of p-hIFs and 

collagen I production by p-hIFs. Pirfenidone inhibits TGF-β1-induced mTOR signaling 

that may aid in the inhibition of p-hIFs proliferation and collagen production. 

 



Chapter 5 

  132 

 

Figure 5. Pirfenidone suppresses the TGF-β1/mTOR/p70S6K signaling pathway. (A) p-hIFs were 
cultured for 6, 12, and 24 h in the absence or presence of TGF-β1 (2.5 ng/mL). Levels of total 
and phosphorylated mTOR, p70S6K, and 4E-BP1 were assessed by Western blot analysis. TGF-
β1 enhanced the levels of p-mTOR (at 6 h) and p-p70S6K (at 6–12 h). (B) p-hIFs were exposed 
to TGF-β1 (2.5 ng/mL), pirfenidone (1 mg/mL), rapamycin (100 nmol/L), or combinations of 
those compounds for 6 h and analyzed by Western blotting. Pirfenidone and rapamycin 
inhibited basal and TGF-β1-induced phosphorylation of mTOR and p70S6K. (C–D) Rapamycin 
(100 nmol/L for 72 h) inhibited basal and TGF-β1-induced collagen I production in p-hIFs. * p < 
0.05, ** p < 0.01, *** p < 0.001, n = 3; GAPDH is included as protein loading control. 
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4. Discussion 

In this study, we show that pirfenidone dose-dependently and reversibly inhibits the 

proliferation and excessive production of ECM components, in particular collagen I. We 

show for the first time that pirfenidone suppresses basal and TGF-β1-induced mTOR 

signaling in p-hIFs, a pathway known to contribute to organ fibrosis. Thus, pirfenidone is a 

relevant drug to explore further for the treatment of intestinal fibrosis, a condition often 

associated with chronic intestinal diseases, such as IBD. 

Intestinal inflammation triggers the activation of myofibroblasts that are central 

players in tissue repair, as they migrate into damaged tissue and control production 

and turnover of the extracellular matrix in support of all the other tissue-resident cell 

types. However, chronic inflammation leads to overactivation and proliferation of 

myofibroblasts that produce excessive amounts of ECM causing fibrosis [32,33]. 

Therefore, suppressing myofibroblast proliferation and/or ECM production is an 

important therapeutic target to control and prevent intestinal fibrosis. An earlier study 

analyzed p-hIFs from CD patients and found that pirfenidone inhibited cell 

proliferation, but did not affect collagen (I-V) production [34]. The p-hIFs were exposed 

to the same concentrations of pirfenidone as we did, however, only for 24 h. Moreover, 

only secreted collagen (in the medium) was quantified and no difference were found 

for untreated and pirfenidone-treated p-hIFs. Given the fact that pirfenidone did not 

affect collagen production in their study, they concluded that it may be of limited 

clinical value for treating intestinal fibrosis. We, however, found that pirfenidone dose-

dependently suppresses COL1A1, COL3A1, ELN (all >90%) and COL4A1, COL6A1 and 

FN1 (>50%) mRNA levels, as well as collagen I protein production by p-hIFs, along with 

inhibiting cell proliferation. The key difference probably is that we treated the p-hIF for 

72 h and the most pronounced effect of pirfenidone, also on cell proliferation, is 

observed only 24 h after the treatment started, especially at the lower concentrations 

of pirfenidone (Figure 1A). In addition, we show that TGF-β1-induced collagen I 

production is effectively suppressed by pirfenidone. Our results are largely in line with 

earlier observations using human intestinal fibroblast cell lines and rat and mouse 
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primary intestinal fibroblasts. Pirfenidone was shown to suppress TGF-β1-induced 

COL1A1 and ACTA2 expression in a human intestinal myofibroblast cell lines either by 

activating the transient receptor potentialankyrin 1 channel [24], by inhibiting 

Smad/PI3K/AKT [27] signaling or the MAPK pathway [25]. Many studies have analyzed 

the effect of pirfenidone on tissue fibrosis in organs other than the intestine, and 

multiple pathways have been implicated with most focus on Smad-related signaling 

pathways (summarized in Figure 6) [18,24–30,36,37]. However, compared to the 

earlier studies using intestinal fibroblasts, we found that a 6 h exposure to TGF-β1 (2.5 

ng/mL) did not significantly induce phosphorylation of Smad 2/3 or p38-MAPK in p-hIFs. 

This may be because we exposed the p-hIFs to lower concentrations TGF-β1 compared 

to the other studies (5-10 ng/mL; [24–27]). TGF-β1 induces Smad2/3 phosphorylation 

within minutes [24] and elevated levels are still detectable after 24–48 h exposure [25–

27]. Still, the extent of Smad2/3 phosphorylation is time-dependent and the time-point 

we chose (6 h of TGF-β1 treatment) may not have been optimal. Sun et al. also 

examined the effect of pirfenidone on “untreated” human intestinal fibroblasts and 

found that this did not lower Smad 2/3 phosphorylation, which is in line with our data. 

Notably, phosphorylated Smad2/3 and p38 MAPK were detectable in control-cultured 

p-hIFs, which may indicate a higher basal activation state compared to CCD-Co18 [25], 

InMyoFib [24] and HUM-CELL-d022 [27] fibroblasts. A possible effect of pirfenidone on 

mTOR signaling has so far not been studied for intestinal fibrosis. We show that 2.5 

ng/mL TGF-β1 quickly enhances mTOR phosphorylation, followed by downstream 

p70S6K phosphorylation. This suggests that the mTOR pathway was more sensitive to 

the stimulation of TGF-β1 than Smad 2/3 and p38-MAPK pathways in p-hIFs. 

Rapamycin-sensitive mTOR signaling plays an important role in regulating cell growth, 

cell proliferation, protein synthesis, transcription and autophagy [38]. p70S6K is one of 

the main key substrates of mTOR and promotes protein synthesis at the ribosome [39]. 

Pirfenidone inhibited both basal and TGF-β1-induced mTOR and p70S6K 

phosphorylation which may suppress collagen production. Indeed, treating p-hIFs with 

rapamycin, the prototypical inhibitor on mTOR [40] also suppressed both basal and 

TGF-β1-induced collagen I production in p-hIFs. This supports the relationship between 
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mTOR signaling and collagen I production in p-hIFs and suggests that pirfenidone, at 

least in part, acts via mTOR to suppress ECM production and p-hIF proliferation. 

 

Figure 6. Overview of signaling pathways involved in the development of tissue fibrosis that 
are affected by pirfenidone. Previously reported pathways are presented in blue. The mTOR 
pathways studied in this work is presented in red. 

 

It is important to note that besides anti-fibrotic activity, pirfenidone has also been shown 

to act as an anti-inflammatory and an anti-oxidant agent in IPF patients [41,42]. Here, we 

specifically focused on the potential anti-fibrotic action of p-hIFs, but the anti-

inflammatory and anti-oxidant activities of pirfenidone may synergize in its therapeutic 

effect in patients with IBD. One important aspect of pirfenidone has to considered, as it 

has been reported to cause some gastrointestinal side effects in IPF patients, including 

nausea, vomiting, dyspepsia and diarrhea [43,44]. Current therapies for IBD, however, are 

also pursuing intestine-specific delivery of drugs. The ColoPulse technology is such a novel 

approach which allows controlled release of drugs at the terminal ileum and colon [45]. 

Systemic and gastrointestinal side effects of pirfenidone may be minimized using such 

approach, concomitant with a higher drug-efficacy of pirfenidone on intestinal 

inflammation and fibrosis [46]. 
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In this study, we made use of p-hIFs from healthy tissue, which were exposed to TGF-

β1, being a “master cytokine” in the development of tissue fibrosis. It remains to be 

determined to what level this exactly resembles the phenotype of fibroblasts residing 

in stenotic intestinal tissue in vivo. In addition, future studies need to establish the 

interindividual, as well as location-specific differences between intestinal fibroblasts 

and their value as in vitro models to study intestinal fibrosis. 

In summary, we show that pirfenidone suppresses the proliferation and collagen 

production of primary intestinal fibroblasts, and it does so, at least in part, by inhibiting 

mTOR/p70S6K signaling. This study suggests that pirfenidone might be a potential new 

therapeutic drug for the treatment of intestinal fibrosis. 
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Supplementary Materials: Figure S1: Pirfenidone does not suppress Smad2/3 and p38 

MAPK phosphorylation in p-hIFs, Table S1: TaqMan primers and probes for Real-time 

Quantitative PCR analysis, Table S2: SYBR green primer sequences used for Real-time 

Quantitative PCR Analysis, Table S3: Antibodies catalog numbers and dilutions. 
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Supplementary tables:  

Table S1. TaqMan primers and probes for Real-time Quantitative PCR analysis. 

Gene TaqMan primers and probes 

18S Forward: CGGCTACCACATCCAAGGA 

Reverse: CCAATTACAGGGCCTCGAAA 

Probe: CGCGCAAATTACCCACTCCCGA 

COL1A1 Forward: GGCCCAGAAGAACTGGTACATC 

Reverse: CCGCCATACTCGAACTGGAA 

Probes: CCCCAAGGACAAGAGGCATGTCTG 

ACTA2 Forward: GGGACGACATGGAAAAGATCTG 

Reverse: CAGGGTGGGATGCTCTTCA 

Probe: CACTCTTTCTACAATGAGCTTCGTGTTGCCC 
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Table S2. SYBR green primer sequences used for Real-time Quantitative PCR Analysis. 

Gene SYBR green primers  

COL3A1 Forward: CTGGACCCCAGGGTCTTC 

Reverse: CATCTGATCCAGGGTTTCCA 

COL4A1 Forward: AGGAGAGAAGGGCGCTGT 

Reverse: TCCAGGTAAGCCGTCAACA 

COL6A1 Forward: GAAGAGAAGGCCCCGTTG 

Reverse: CGGTAGCCTTTAGGTCCGATA 

FN1 Forward: CTGGCCGAAAATACATTGTAAA 

Reverse: CCACAGTCGGGTCAGGAG 

ELN Forward: CGGGAGTAGTTGGTGTCCC 

Reverse: AGCTGCTTCTGGTGACACAA 
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Table S3. Antibodies catalog numbers and dilutions. 

Antibody Cat no. (dilution) Company 

GAPDH CB1001 (1:1000) Calbiochem 

Phospho-mTOR 2971 (1:1000) Cell Signaling 

mTOR 2983T (1:1000) Cell Signaling 

Phospho-p70S6K Thr389 9205 (1:1000) Cell Signaling 

p70S6K 9202S (1:1000) Cell Signaling 

Phospho-4E-BP1 Ser65 9451 (1:1000) Cell Signaling 

4E-BP1 9644T (1:1000) Cell Signaling 

Phosho-Smad2 (S465/467)/3 
(S423/425) 

8828 (1:1000) Cell Signaling 

Smad2/3 3120 (1:1000) Cell Signaling 

Phosho-p38 MAPK 9211 (1:1000) Cell Signaling 

p38 MAPK 9212 (1:1000) Cell Signaling 

Polyclonal Rabbit Anti-Mouse 
Immunoglobulins 

P0260 (1:2000) DAKO 

Polyclonal Rabbit Anti-Goat 
Immunoglobulins 

P0160 (1:2000) DAKO 

Polyclonal Goat Anti-Rabbit 
Immunoglobulins 

P0448 (1:2000) DAKO 
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Supplementary Figure: 

 

Figure S1. Pirfenidone does not suppress Smad2/3 and p38 MAPK phosphorylation in p-hIFs. (A) 
p-hIFs were exposed to pirfenidone (1 mg/ml) and/or, TGF-β1 (2.5 ng/ml) for 6 h. Total and 
phosphorylated Smad2/3 and p38 MAPK were assessed by Western blot analysis. Compared 
with the control group, TGF-β1 or pirfenidone did not pronouncedly change levels of 
phosphorylated Smad2/3 or p38 MAPK in p-hIFs. (B) Shows the quantification of the signal 
intensity-ratios of P-Smad2/3 to Smad2/3 and P-p38 MAPK to p38 MAPK of 3 independent 
experiments. GAPDH is included as protein loading control. 
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General discussion  

It is remarkable how well the healthy human intestine is able to efficiently and 

selectively absorb fluids and nutrients, and at the same time tolerate a great variety of 

potential immune-reactive compounds and microbiota. Still, this balance at the 

intestinal epithelium is fragile, and when disturbed may give rise to infection, 

inflammation, fibrosis and cancer. A Western life style is particularly challenging for 

the human gut, which is reflected by a continuous rise of chronic inflammatory bowel 

disease (IBD), e.g. ulcerative colitis (UC) and Crohn’s disease (CD), up to 0.6 % of the 

population in Westernized countries [1,2]. In line, the incidence of colorectal cancer 

(CRC) in Western countries increases with age and affects approximately 2% of the 

population. These intestinal diseases are associated with considerable reduction in 

quality of life and increased morbidity and mortality [3,4]. The risk of developing IBD 

and CRC is influenced by both environmental and genetic factors and some of these 

western lifestyle factors are shared. Cigarette smoking (CS) is such a risk factor that is 

associated with CRC and development of CD, but is a protective factor for the 

development and progression of UC [5]. 

Research presented in this thesis focused on the effects of cigarette smoke on the 

human intestinal epithelium in relation to CRC and also on the subepithelial 

compartment in relation to inflammation and intestinal fibrosis, as observed in IBD. 

The intestinal epithelium is composed of various types of cells, including stem cells, 

enterocytes, goblet cells, Paneth cells and enteroendocrine cells [6]. Throughout the 

whole human life span, the intestinal epithelium sustains a high proliferative and 

differentiation capacity that replaces the full intestinal epithelium every 4-5 days, 

while maintaining a tight barrier function [7]. The lamina propria below the epithelium 

contains numerous immune cells and fibroblasts to regulate the mucosal immune 

response and wound healing processes [8]. Moreover, immune cells collaborate with 

myofibroblasts contributing to intestinal fibrogenesis [9]. In order to study the effect of 

smoking on intestinal epithelial cells and subepithelial fibroblasts we exposed these 

cells to cigarette smoke extract (CSE). As an additional spin-off of these studies we 
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identified and characterized a novel subtype of enteroendocrine cells that expresses 

immunomodulatory VAP-1. Lastly, we investigated the anti-fibrotic effects of 

pirfenidone on intestinal fibrosis. Key findings reported in this thesis are: 1) CSE 

irreversibly impairs stemness, proliferation, differentiation and polarization of the 

human intestinal epithelium. These direct and long-lasting effects of cigarette smoke 

on the intestinal epithelium may predispose for the development of colon cancer 

(Chapter 2). 2) Cigarette smoke induces colonic expression of VAP-1/AOC3 in CD and 

correlates with intestinal fibrogenesis. Moreover, it induces VAP-1/AOC3 expression in 

intestinal fibroblasts, but this does not enhance their fibrogenic phenotype. The 

smoke-induced VAP-1/AOC3 expression might aggravates intestinal inflammation and 

thereby promote colonic fibrogenesis in CD (Chapter 3). 3) VAP-1 is dominantly 

expressed by a subpopulation of enteroendocrine cells in the healthy, inflamed and 

stenotic human intestinal epithelium. This could mark a novel immunomodulatory role 

of these VAP-1-expressing enteroendocrine cells in the gut (Chapter 4). 4) Pirfenidone 

inhibits the proliferation of intestinal fibroblasts and suppresses collagen I production 

through the TGF-β1/mTOR/p70S6K signaling pathway, which might be a novel and safe 

anti-fibrotic strategy to treat intestinal fibrosis (Chapter 5). 

1. Cigarette smoke irreversibly impairs regeneration and polarization of the human 

intestinal epithelium 

Cigarette smoking is an important environmental risk factor for developing cancer in 

many organs, including colon, lung, liver and breast [10-12]. The carcinogenic effects of 

CS often appear after 10 to 30 years of (initial) exposure. Cigarette smoke is a complex 

mixture of about 4,500 components, including carbon monoxide, nicotine, oxidants, 

fine particulate matter and aldehydes. The CS-induced carcinogenic effects are thought 

to be linked to impaired barrier function and subsequent inflammation. Cigarette 

smoke (CS) increases the permeability of both the lung epithelium and endothelium 

[13]. CS stimulates inflammatory cells to release pro-inflammatory cytokinesis, a 

central pathological mechanism in a variety of diseases, including cancer [13,14]. 

Moreover, CS activates enzymes that regulate epigenetic alterations, such as DNA 
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methylation, post-translation modifications of histones and non-coding RNA sequences 

[15]. Although the carcinogenic effects of CS are evident, it is peculiar that CS shows 

opposing effects in the forms of inflammatory bowel disease (IBD), being a  risk factor 

for CD, while it protects against UC [5]. In order to determine the direct effects of CS 

on the human intestinal epithelium, we exposed in vitro-cultured human intestinal 

organoids and 3D-spheroids of Caco-2 cells, a model for enterocyte polarity 

development, to cigarette smoke extract (CSE) (Chapter 2). Most preclinical studies 

analyzing effects of CS on cellular functions exposed cells to specific (pure) 

components from CS, such as nicotine, formaldehyde, benzene or isoprene [16,17]. 

However, CS is a highly complex mixture, containing over 4,500 different compounds. 

We therefore chose to use CSE that contains the aqueous ingredients of CS and is 

believed to be a more realistic approach to study the effects of CS on epithelial cells 

than analyzing the effect of just one single constituent [18]. Importantly, these CS-

derived components can reach the intestinal mucosa at high concentrations. Firstly, 

potential noxious substances from CS are absorbed by the lungs into the blood steam, 

resulting in systemic toxicity, including the gastrointestinal tract [19,20]. The intestines, 

however, are also exposed to CS-borne compounds from the luminal side of the gut, as 

particulate substances in CS are ingested by smokers. Indeed, nicotine concentrations 

in gastric fluid can be up to 80 times higher compared to venous blood and 10 times 

higher than in arterial blood [5]. So far, limited data are available on direct effects of 

CSE on the human intestinal epithelium. In Chapter 2, we analyzed the direct effects of 

CSE on the self-regenerative and morpho-biochemical functions of intestinal organoids 

and intestinal Caco-2 cells. Self-regeneration is a fundamental and essential function of 

the intestine performed by tissue-resident stem cells that constantly produce new 

epithelial cells that subsequently to absorptive enterocytes, mucus-producing goblet 

cells, hormone-releasing enteroendocrine cells and microbiome-controlling Paneth 

cells [21]. In Chapter 2, we show that expression of LGR5 and OLFM4 (markers for 

stem cells) and MUC2 (an abundant mucin produced by goblet cells) in human 

intestinal organoids is significantly and irreversibly suppressed by CSE exposure, which 

is accompanied by impaired growth of the organoids. However, the epithelial integrity 
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in intestinal organoids was not affected by CSE. This was also observed when using 

Caco-2-based 3D-spheroids, a model system to study enterocyte polarity development 

[22], indicating that the intestinal barrier is actually more tolerant to CS exposure than 

lung epithelium [23]. Still, impaired mucin production could alter the microbiota that 

consume mucin leading to dysbiosis as present in smoking IBD patients [24]. Moreover, 

our data shows that CSE impairs normal cell polarity development in 3D Caco-2 

spheroids. This could resemble the mechanism that is believed to contribute to 

epithelial carcinogenesis in the lung. Pulmonary epithelial cells lose apical-basal 

polarity and transit to highly aggressive and migratory mesenchymal cells, a process 

called epithelial-mesenchymal transition (EMT) [13]. Importantly, the effects exerted 

by CSE in the human intestinal epithelium were found to pass to next offspring cells in 

our study. This might result from epigenetic alterations caused by CS [25,26]. These 

data may also explain why early exposure to (passive) cigarette smoking enhances the 

risk for dysplasia in IBD. In conclusion our data suggest that direct exposure to CSE not 

only suppresses the regenerative capacity of intestinal epithelial cells, but also affect 

the biochemical function of the intestinal epithelium. Even though CS appears to 

suppress colonic inflammation in UC, our results indicate that it has still dangerous 

effects on the intestinal epithelium. This is a harsh dilemma for the patient and 

treating doctor, as smoking may relieve acute colitis, but will increase the risk for the 

development of colorectal cancer later in life.  

2. Association of cigarette smoke-induced VAP-1 and intestinal fibrosis 

Intestinal fibrosis and subsequent stenosis are a common complication of IBD. Similar 

to the pathogenesis in other organs, such as lung and renal fibrosis, intestinal fibrosis is 

primarily driven by chronic inflammation [27]. As an important environmental factor, 

cigarette smoking causes oxidative stress, exacerbates inflammation and promotes 

organ fibrogenesis [28,29]. CS evidently increases the risk for- and aggravates the 

disease course of- CD, accompanied with more complications and high demand for 

surgery [5,30]. However, the pathophysiological mechanisms of CS-induced aberrant 

inflammation and fibrogenesis in the intestine are not exactly known. Activated 
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intestinal subepithelial myofibroblasts (sMF) are primarily responsible for the excessive 

intestinal matrix accumulation in intestinal fibrosis and are getting increasing attention 

as therapeutic targets for IBD [31]. Vascular adhesion protein 1 (VAP-

1)/semicarbazide-sensitive amine oxidase (SSAO) is a bifunctional protein that has 

been associated with a wide variety of inflammatory and fibrotic diseases [32]. In the 

intestine, VAP-1 is prominently expressed in sMF [33]. Earlier studies confirmed 

elevated levels of VAP-1 in the inflamed intestine of IBD patients [34]. Interestingly, 

serum levels of s(oluble)VAP-1 are enhanced in cigarette smokers as well [35]. In 

Chapter 3, we show mucosal AOC3 (encoding VAP-1) mRNA levels are higher in IBD 

patents who smoke, compared to non-smokers. Moreover, mucosal AOC3 expression 

in IBD patients correlates with expression of the fibrosis markers COL1A1 and ACTA2. 

Consistently, CSE significantly induced AOC3 expression in primary human intestinal 

fibroblasts (p-hIFs) in vitro. However, CSE did not enhance p-hIF proliferation, nor did it 

induce COL1A1 or ACTA2 expression. This suggest that the simultaneous expression of 

AOC3 and fibrosis markers in vivo depends on additional factors. VAP-1 is a leukocyte 

adhesion molecule directly involved in recruiting inflammatory cells to inflamed and/or 

fibrotic tissue [36,37]. Moreover, its amine oxidase enzyme activity activates additional 

adhesion proteins, such as ICAM-1 and MAdCAM-1, further potentiating its pro-

inflammatory role [32]. IBD-related fibrogenesis and its progression is characterized by 

continuous accumulation of inflammatory cells and release of pro-inflammatory and 

pro-fibrogenic cytokines (e.g. IL-1β, IL-6, TNF-α and TGF-β) [38]. We thus hypothesize 

that VAP-1 is a novel smoke-induced factor that contributes to development of 

intestinal fibrosis in IBD. Many earlier studies have demonstrated the pro-

inflammatory and pro-fibrotic function of VAP-1 in other organs, like lung, kidney and 

liver [39,40]. Possible VAP-1 targeting therapies are most advanced for primary 

sclerosing cholangitis (PSC), a progressive chronic immune-mediated liver disease 

accompanied with prominent development of liver fibrosis [32,41,42]. Notably, the 

majority of PSC patients also have underlying IBD. A phase 2 clinical trial evaluating the 

therapeutic effect of VAP-1-neutralizing antibodies in PSC is currently running [42]. 

This may allow a first evaluation of VAP-1 inhibition on PSC-associated IBD also. 
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However, our data suggest that VAP-1 antagonists may be most effective in CD 

patients with fibrostenotic disease who are unable to quit smoking. 

3. VAP-1 function in enteroendocrine cells. 

Enteroendocrine cells are heterogeneous class of epithelial cells distributed 

throughout the gastrointestinal tract. They produce gastrointestinal hormones in 

response to various stimuli are released in the blood or act locally and initiate digestive 

or protective responses [43]. Chromogranin A (CgA) is an established marker of most 

intestinal enteroendocrine cells, since more than 95% of enteroendocrine cells 

produce it [44]. Besides being present in the gastrointestinal tract, CgA+ endocrine 

cells also exist in adrenal glands, parathyroid and pancreas [45]. In the pancreas, CgA 

co-localizes with insulin in pancreatic beta cells [46,47]. Interestingly, VAP-1 is 

detected in pancreatic islets and its substrates promote insulin secretion in rats [48]. 

This supports a role of VAP-1 in controlling hormone release. In Chapter 4, we show 

for the first time that VAP-1 co-localizes with CgA in intestinal enteroendocrine cells. 

This suggest a putative role of VAP-1 in promoting hormone release in the intestine as 

well. Moreover, VAP-1 was found to co-localize with the glucose transporter type 4 

(GLUT4) in intracellular vesicles in adipocytes and VAP-1 substrates induce trafficking 

of GLUT4 to the cell surface to enhance glucose uptake [49,50]. This show that VAP-1, 

in particular its amine oxidase activity, regulates vesicle-mediated protein 

translocation. Interestingly, we discovered similar effects of intestinal epithelial VAP-1. 

In differentiated human intestinal organoids, VAP-1 and CgA appear at the basolateral 

membrane, which is suggestive of VAP-1 facilitating the translocation of CgA in 

intestinal enteroendocrine cells. In the intestinal mucosa, enteroendocrine cells are in 

close proximity to immune cells, suggesting that these cells may have functional 

interactions [51]. Enteroendocrine cells release 5-HT and specific 5-HT receptors could 

then activate immune cells, such as lymphocytes, to participate in intestinal 

inflammation [52]. When analyzing inflamed and stenotic mucosa tissue of IBD 

patients, we often observed increased staining of VAP-1 in the lamina propria whereas 

the number of VAP-1-expressing enteroendocrine cells in the epithelium were not 
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evidently different. The enhanced VAP-1 staining could be a result of accumulating 

fibroblasts in the lamina propria. However, it is also tempting to speculate that VAP-1 

is released by the enteroendocrine cells, thereby attracting inflammatory cells to the 

injured lamina propria. The human intestinal organoids that can be induced to express 

VAP-1 are an excellent experimental system to analyze whether VAP-1 can be secreted 

from epithelial enteroendocrine cells.  

4. Anti-fibrotic actions of pirfenidone in human intestinal fibroblasts. 

Intestinal fibrosis is a common complication in IBD. It is characterized by stricture 

formation and significantly compromises the quality of life of patients with IBD [53]. 

Endoscopic balloon dilation or surgical removal of the stenotic segment are currently 

the only available treatment options. However, these procedures are not without risks 

and the recurrence rate of stenosis and need for re-dilation or re-operation are high. 

This generates a heavy burden on the patients’ well-being and is are also costly 

procedures [54,55]. Thus, there is a high need for better understanding of the 

pathophysiological mechanisms underlying intestinal fibrogenesis in IBD and the 

development of effective drug-based therapies. In Chapter 5, we show that 

pirfenidone, a drug used for the treatment of idiopathic pulmonary fibrosis (IPF), 

inhibits the proliferation and ECM production of primary human intestinal fibroblasts 

(p-hIFs). This is in line with earlier studies using fibroblast cell lines [56-59]. We 

additionally show that the inhibitory effect of pirfenidone on collagen I production was 

long-lasting, as it had not normalized again after re-growth of the pirfenidone-treated 

fibroblasts for 4 days in pirfenidone-free conditions. Transforming growth factor beta-

1 (TGF-β1) is a master regulator of fibroblast activation inducing cell mobility and ECM 

production, primarily acting in the wound healing process [60]. In chronic 

inflammatory conditions, such as in IBD, excessive TGF-β1-signalling leads to 

pathological accumulation of ECM and intestinal fibrosis. Therefore, we examined the 

effect of TGF-β1 in p-hIFs and found that TGF-β1 strongly induces collagen I production 

in p-hIF. Importantly, the TGF-β1-induced collagen I production is efficiently 

suppressed by pirfenidone as well. Previous work has shown that pirfenidone exerts its 



General discussion and future perspectives 

 157 

6 

anti-fibrotic effects through inhibiting the TGF-β1/Smad 2/3 and/or TGF-β1/p38-MAPK 

signaling pathways [58,61,62]. Besides these mechanisms, rapamycin-sensitive 

mTORC1 and downstream 4E-BP1 have been  proven to be a pivotal pathway in TGF-

β1-stimulated collagen accumulation in lung fibrosis [63], which had not been linked to 

actions of pirfenidone yet. We found that TGF-β1 induced mTORC1, and downstream 

p70S6K1 phosphorylation, in p-hIF which was significantly suppressed by pirfenidone. 

One drawback of pirfenidone may be that it has been reported to case gastrointestinal 

side effects in IPF [64]. A possible therapy for intestinal fibrosis, should of course not 

worsen other intestinal symptoms of IBD. However, the adverse effects of pirfenidone 

may be overcome by gut-specific targeting of pirfenidone using innovative approaches 

like the Colopulse [65]. This may allow to significantly reduce the dose of pirfenidone, 

and thereby prevent gastrointestinal side effects. Thus, our results provide a potential 

therapeutic option to treat intestinal fibrosis and offer a mechanistic insight in the 

anti-fibrotic effects of pirfenidone. 
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Future perspectives  

In this thesis, we establish the 3D organoids and 3D Caco-2 cell culture model systems 

for the in vitro analysis of intestinal epithelial cell morphogenesis and function. 

Intestinal organoids are simplified versions of the primary intestinal epithelium and are 

currently being used for studying intestinal disease mechanisms and drug screening [66]. 

These 3D models, in which intestinal epithelial cells form a specific multicellular and 

polarized architecture with a lumen, reflect the physiological in vivo situation much 

better than existing two-dimensional (2D) immortalized cell line-based monolayer 

models. Secondly, intestinal organoids possess long-term self-regeneration and 

multipotent differentiation ability by generating absorptive enterocytes, goblet cells, 

enteroendocrine cells and Paneth cells, which allows to create a stable and modifiable in 

vitro model to study intestinal epithelial function. This fills a gap between in vitro cell 

culture and in vivo human/animal models. We used these 3D models to investigate the 

effect of cigarette smoke on morphogenesis, regenerative capacity and barrier function 

of intestinal epithelial cells for the first time. However, the structure of 

organoids/spheroids is still not completely the same as the human intestinal epithelium 

in vivo. Organoids/spheroids present an enclosed lumen and apoptotic cells shed and 

accumulate into the central lumen instead of being removed with luminal flow. The 2-

channel organs-on-chip technique provides an excellent platform to incorporate 

organoid-grown intestinal epithelium and simulate both vascular and luminal flow. It has 

already been shown that intestinal epithelial cells form villi-like structure with apical 

surfaces facing to an open lumen in the Intestine-on-a-Chip [67]. In order to mimic the 

human gut in which anaerobic bacteria are present close to the aerobic epithelial 

compartment, we developed the "Human oxygen-Bacteria anaerobic" (HoxBan) system 

[68]. The HoxBan system was developed using Caco-2 cells and the strict anaerobe 

Faecalibacterium prausnitzii and provided the first molecular insights in the mutual 

beneficial interaction between those two. The HoxBan system is now further developed 

by using organoid-derived human primary intestinal epithelium in combination with a 

variety of other gut bacteria, including complex mixtures. These novel experimental 

systems that model the human gut ecosystem can now be used to study the effects of 
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cigarette smoke on host microbiome interactions [69]. For instance, we showed that 

smoking reduces MUC2 expression that could inhibit the growth of beneficial symbiotic 

mucophilic bacteria, such as Akkermansia muciniphila [70], a mechanism that could be 

studied in these new aerobic/anaerobic co-culture systems. Optimizing these model 

systems would be the next step to study host-environmental interactions as described in 

this thesis.  

VAP-1 regulates inflammation and fibrosis by recruiting leukocytes and other immune 

cells through its adhesion and enzymatic functions [39,40]. Besides the well-known cell 

types that express VAP-1 in various tissue, e.g. endothelial cells, pericytes, adipocytes 

and subepithelial myofibroblasts, we identified a subtype of enteroendocrine cells in the 

human intestinal epithelium that also highly expresses VAP-1. Studying leucocyte 

migration in the absence and presence of VAP-1 inhibitors in organoid based gut-on-a-

chip systems would further support that this is a (patho)physiological mechanism in IBD.  

With respect to VAP-1’s function in the human intestine, many fundamental questions 

remain unclear, such as: 1) Whether and how VAP-1 in human intestinal 

fibroblasts/tissue recruit specific subsets of immune cells? 2) Will inhibition of VAP-1 

suppresses intestinal inflammation and/or fibrosis? This could be tested in fibrostenotic 

animal models of IBD [71]. 3) Whether VAP-1/SSAO and its substrates promote the 

release of CgA and/or other hormones from differentiated organoids? 4) Whether VAP-1 

(substrates) lead to the adherence of leukocytes in differentiated organoids. I think that 

is worthwhile to further study to role of VAP-1 function in intestinal inflammatory 

diseases, which will hopefully uncover novel therapeutic options, in particular for 

patients with IBD. 

Many experiments have been performed to analyze the anti-fibrotic effect of 

pirfenidone on tissue fibrosis [72-74]. However, we reported for the first time the 

reversible effect of pirfenidone on the proliferation and collagen I production in p-hIFs. 

Fibrosis is a natural process to re-establish tissue structure and function during 

physiological wound healing. The mechanisms of tissue wound healing and pathological 

tissue fibrogenesis have similarities at the molecular level. Intestinal fibrosis is caused by 
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chronic intestinal inflammation, which is typically accompanied by tissue damage [75]. 

Full and permanent suppression of fibroblast proliferation and migration, as well as ECM 

production, is most likely not the optimal therapeutic modality to treat intestinal fibrosis. 

The reversible effect of pirfenidone on cell proliferation and ECM production makes it 

therefore a flexible choice to be used as anti-fibrotic agent. We recently developed the 

colopulse technology that can locally deliver compounds to the inflamed bowel [76]. 

Colopulse-delivered pirfenidone is an attractive approach to be tested in fibrostenotic 

Crohn’s disease.  

In conclusion, human intestinal organoids and primary human intestinal fibroblast-based 

models make it possible to study physiological and pathological cell morphology and 

functioning in diseases derived from intestinal epithelium and sub-epithelium and 

provide promising tools for deeper understanding of disease pathogenesis and drug 

development. 
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Summary 

The intestinal epithelium and the subepithelial layers form the primary barrier in the 

human gut, that serves 2 main functions: 1) absorption of essential nutrients from the 

diet, but at the same time 2) protect against potentially harmful and/or infections 

substances in the gut lumen. Many chronic diseases are associated the toxic effects of 

these harmful substances on the intestinal epithelium and subepithelial layers and lead 

to intestinal dysfunction, such as intestinal cancer, chronic intestinal inflammation and 

fibrosis. Cigarette smoking is a well-known risk factor for developing colon cancer and 

Crohn's disease (CD), but it is less-well known that concentrations cigarette smoke-

derived compounds are often higher in the gut lumen than in the blood stream of 

people who smoke. Thus, this is a serious threat for the gut epithelium and 

subepithelial layers. However, in what way cigarette smoke directly affects the human 

intestinal epithelial and subepithelial cells functioning is not really known. Smoking 

also leads to a more severe disease course of CD, which is characterized by a higher 

risk for developing fibrotic disease in the gut. This thesis focuses on the effect of 

cigarette smoke on the human intestinal epithelium and subepithelial cells 

(myofibroblasts) and analyzed the effect of an antifibrotic drug, pirfenidone, on the 

fibrogenic potential of intestinal myofibroblasts. 

Chapter 2 employed the human intestinal organoid and 3-dimensional (3D) Caco-2 cell 

models to investigate the effects of CSE on epithelial cell morphogenesis, regeneration, 

polarity and barrier function. We show that exposure of intestinal epithelial cells to 

cigarette smoke extract (CSE) resulted in defective proliferative and differentiation 

function of intestinal stem cells and impaired polarization of intestinal enterocytes, 

leading to aberrant intestinal cell morphogenesis and functioning. The effects induced 

by CSE was transferred to next generation cells, e.g. appeared to induce irreversible 

effects. However, CSE did not perturb the epithelial polarity development or impair the 

epithelial barrier function of organoids, suggesting that intestinal epithelial tissue is 

more resistant to CSE exposure than lung epithelial tissue. Moreover, CSE did not 
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perturb the morphogenesis and polarity of pre-formed Caco-2 spheroids, suggesting 

that the effects of CSE on intestinal enterocyte may be relevant to the morphogenesis 

and polarity reestablishment, such as during the regenerative wound healing response. 

This study demonstrates that short-term CSE exposure exerts long-term effects in 

intestinal epithelial cells that may underlie the increased risk for developing colon 

cancer.  

Cigarette smoking is also a risk factor of chronic intestinal inflammation, such as in CD. 

In Chapter 3, we analyzed the effect of cigarette smoking/CSE on the expression of 

vascular adhesion protein-1 (VAP-1; encoded by AOC3) in IBD patients and primary 

human intestinal fibroblasts (p-hIFs) to determine whether the immunomodulatory 

VAP-1 is involved in the pathogenetic mechanism of intestinal inflammation and/or 

fibrosis. Colonic AOC3 expression was significantly higher in CD patients who smoke, 

when compared to non-smoking CD patients. We found that colonic AOC3 levels 

strongly correlated with COL1A1 and ACTA2 levels (markers of fibrosis) in intestinal 

tissue in CD patients. In line, VAP-1 co-localized with αSMA in the intestinal 

subepithelial myofibroblasts, which was dominantly expressed in fibrotic areas. In line 

with the patient data, CSE exposure induced AOC3 expression in primary human 

intestinal fibroblasts (p-hIFs), however, it did not change COL1A1 and ACTA2 levels in 

these cells. Cigarette smoke is likely to aggravate intestinal inflammation and thereby 

promote colonic fibrogenesis in CD by inducing immunomodulatory VAP-1, but not by 

directly enhancing the fibrogenic phenotype of intestinal fibroblasts. 

As an additional spin-off of Chapter 3, we newly-identified and characterized a subtype 

of enteroendocrine cells that expresses immunomodulatory VAP-1. Besides typical 

VAP-1 staining of the mucosal endothelial cells, smooth muscle cells and subepithelial 

myofibroblasts, in Chapter 4, we observed solitary VAP-1+ intestinal epithelial cells (IEC) 

in the healthy colon, ileum and jejunum and in uninflamed, inflamed and stenotic 

colonic tissue of IBD patients. By immunohistochemical analysis of serial tissue 

sections and immunofluorescence co-staining, we demonstrate that VAP-1 is 

expressed in a subtype of chromogranin A+-enteroendocrine cells. In vitro, we 
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detected increased expression of CHGA/chromogranin A and AOC3/VAP-1 in 

differentiated human colonic organoids, both of which accumulated at the basolateral 

side of the organoid. Future studies need to investigate the functional role of VAP-1 in 

enteroendocrine cells, which might be related to hormone secretion and/or immune 

regulation.  

Intestinal fibrosis is a severe complication of chronic intestinal inflammation and there 

is an urgent need for effective anti-fibrosis drug therapies. Chapter 5 studied the effect 

of pirfenidone on p-hIFs. We show that pirfenidone dose-dependently inhibited p-hIF 

proliferation and the expression of extra cellular matrix (ECM) component markers, 

including the COL1A1, COL3A1, COL4A1, COL6A1, FN1 and ELN. TGFβ1, a key cytokine 

in the development fibrogenesis, strongly induced collagen-I expression in p-hIF, which 

was effectively suppressed by pirfenidone. The inhibiting effect of pirfenidone on p-hIF 

proliferation and collagen I production was reversible. The mammalian target 

of rapamycin (mTOR) signaling pathway contributes to organ fibrosis, but this was not 

analyzed in detail yet for intestinal fibrosis. We demonstrate that pirfenidone acts 

through deactivating mTOR and the downstream p70S6K pathway in p-hIFs. We 

conclude that pirfenidone directly suppressed p-hIFs proliferation and collagen I 

production via the TGF-β1/mTOR/p70S6K signaling pathway, which provided a novel 

drug target for the treatment of intestinal fibrosis. 

In conclusion, chronic intestinal disease, including inflammation, fibrosis and cancer 

strongly impacts the life of many patients with a heavy and increasing burden on 

health care systems. A better understanding of the underlying mechanisms is needed 

to develop effective therapeutic methods. Human intestinal organoids and primary 

human intestinal fibroblasts are available and promising models to investigate the 

physiological and pathological intestinal cell morphology and functioning in diseases 

derived from intestinal epithelium and sub-epithelium and for drug development. 
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Nederlandse samenvatting 

De primaire barrière in de humane darm wordt gevormd door het darmepitheel en de 

subepitheliale lagen. Deze vervullen 2 hoofdfuncties: 1) opname van essentiële 

voedingsstoffen uit de voeding, maar tegelijkertijd 2) bescherming tegen potentieel 

schadelijke stoffen en/of infectieuze microben in het darmlumen. Veel chronische 

ziekten zijn geassocieerd met de toxische effecten van deze schadelijke stoffen op het 

darmepitheel en de subepitheliale lagen en leiden tot darmstoornissen, zoals 

darmkanker, chronische darmontsteking en fibrose. Het roken van sigaretten is een 

bekende risicofactor voor het ontwikkelen van darmkanker en chronische 

darmontsteking, zoals in de ziekte van Crohn (CD). Het is echter minder bekend dat 

rokende mensen vaak hogere concentraties van stofjes uit sigarettenrook in het 

darmlumen hebben dan in de bloedbaan. Dit is dus een ernstige bedreiging voor het 

darmepitheel en de subepitheliale lagen. Hoe sigarettenrook rechtstreeks de werking 

van menselijke darmepitheel- en subepitheliale cellen kan beïnvloeden, is echter niet 

echt duidelijk. Roken leidt tevens tot een ernstiger ziekteverloop van CD, dat wordt 

gekenmerkt door een hoger risico op het ontwikkelen van littekenvorming, oftewel 

fibrose, in de darm. Dit proefschrift richt zich op het effect van sigarettenrook op het 

menselijke darmepitheel en subepitheliale cellen (voornamelijk de myofibroblasten) 

en analyseerde het effect van een antifibrotisch medicijn, pirfenidon, op het fibrogene 

potentieel van intestinale myofibroblasten. 

In hoofdstuk 2 werd gebruik gemaakt van menselijke darmorganoïden en 

driedimensionale (3D) Caco-2-celmodellen om de effecten van een totaal extract van 

sigarettenrook (CSE) op epitheliale cel morfogenese, regeneratie, polariteit en 

barrièrefunctie te onderzoeken. We laten zien dat blootstelling van darmepitheelcellen 

aan CSE resulteerde in een defecte proliferatieve en differentiatie functie van 

intestinale stamcellen en een verminderde polarisatie van intestinale enterocyten, wat 

leidde tot afwijkende intestinale cel morfogenese en functioneren. De door CSE 

veroorzaakte effecten werden doorgegeven aan cellen van de volgende generatie en 

bleken tevens onomkeerbare effecten te veroorzaken. CSE verstoorde echter niet de 
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ontwikkeling van de epitheliale polariteit en verminderde ook niet de epitheliale 

barrièrefunctie van organoïden, wat suggereert dat intestinaal epitheelweefsel 

resistenter is tegen CSE-blootstelling dan longepitheelweefsel. Bovendien verstoorde 

CSE de morfogenese en polariteit van reeds gevormde Caco-2-sferoïden niet, wat 

suggereert dat de effecten van CSE op intestinale enterocyten relevant kunnen zijn 

voor de morfogenese en het herstel van de polariteit, zoals tijdens de regeneratieve 

wondgenezingsproces. Deze studie toont aan dat een kortdurende blootstelling van 

intestinale epitheelcellen aan CSE lange termijn effecten kan hebben die mogelijk ten 

grondslag liggen aan het verhoogde risico op het ontwikkelen van darmkanker. 

Het roken van sigaretten is ook een risicofactor voor het ontstaan van chronische 

darmontsteking, zoals bij CD. In hoofdstuk 3 analyseerden we het effect van roken van 

sigaretten/CSE op de expressie van vasculair adhesie-eiwit-1 (VAP-1; een eiwit 

gecodeerd door het gen AOC3) in darmweefsel van CD patiënten en primaire 

menselijke darmfibroblasten (p-hIF's) om te onderzoeken of het immunomodulerende 

VAP-1 betrokken is bij het ontwikkelen van darmontsteking en/of fibrose. AOC3 

expressie in de dikke darm was significant hoger bij CD patiënten die roken in 

vergelijking met niet-rokende CD patiënten. We ontdekten dat AOC3 expressie in de 

dikke darm van CD-patiënten sterk correleerde met COL1A1 en ACTA2 expressie (dat 

zijn merkers van fibrose). Overeenkomstig, VAP-1 co-lokaliseerde met αSMA (het eiwit 

dat wordt gecodeerd dor ACTA2) in de intestinale subepitheliale myofibroblasten, die 

voornamelijk tot expressie kwam in fibrotische gebieden. In overeenstemming met de 

patiëntgegevens werd AOC3-expressie verhoogd wanneer primaire humane intestinale 

fibroblasten (p-hIF's) werden blootgesteld aan CSE, maar het veranderde de COL1A1 

en ACTA2 expressie niet in deze cellen. Deze resultaten suggereren dat sigarettenrook 

de darmontsteking verergert en daardoor de fibrogenese van de dikke darm bij CD 

bevordert door immunomodulerende VAP-1 te induceren in intestinale fibroblasten, 

maar niet door het fibrogene fenotype van deze cellen rechtstreeks te versterken. 

Als extra spin-off van Hoofdstuk 3 hebben we een nieuw subtype entero-endocriene 

cellen in de menselijk darm geïdentificeerd en gekarakteriseerd die 
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immunomodulerende VAP-1 tot expressie brengen. Naast typische VAP-1-kleuring van 

de mucosale endotheelcellen, gladde spiercellen en subepitheliale myofibroblasten, 

hebben we in hoofdstuk 4 enkele VAP-1+ intestinale epitheelcellen (IEC) waargenomen 

in de gezonde dikke darm, ileum en jejunum en bij niet-ontstoken, ontstoken en 

stenotisch colonweefsel van patiënten met inflammatoire darmziekten IBD), zowel 

patiënten met CD als patiënten met colitis ulcerosa (CU). Door immunohistochemische 

analyse van seriële weefselcoupes en immunofluorescentie co-kleuring, tonen we aan 

dat VAP-1 tot expressie wordt gebracht in een subtype van chromogranine A+ 

enteroendocriene cellen. In vitro detecteerden we verhoogde expressie van 

CHGA/chromogranine A en AOC3/VAP-1 in gedifferentieerde humane colonorganoïde 

en beide eiwitten bevinden zich voornamelijk aan de basolaterale zijde van de 

organoïde. Verdere studies moeten uitwijzen wat de functionele rol van VAP-1 is in 

entero-endocriene cellen, welke mogelijk verband houden met hormoonsecretie en/of 

immuunregulatie. 

Darmfibrose is een ernstige complicatie van chronische darmontsteking en er is 

dringend behoefte aan effectieve therapieën tegen fibrose. Hoofdstuk 5 bestudeerde 

het effect van pirfenidon, en medicijn wat al wordt toegepast voor de behandeling van 

longfibrose, op primaire humane darmfibroblasten (p-hIF's). We laten zien dat 

pirfenidon dosis-afhankelijk de p-hIF-proliferatie remde en de expressie van 

componenten van het littekenweefsel, zoals COL1A1, COL3A1, COL4A1, COL6A1, FN1 

en ELN. TGFβ1, een belangrijk cytokine dat fibrose stimuleert, induceerde collageen-I-

expressie in p-hIF, een effectief dat werd tegengegaan door pirfenidon. Het remmende 

effect van pirfenidon op de proliferatie van p-hIF en de productie van collageen I 

verdween weer als p-hIF werden gekweekt in de afwezigheid van pirfenidon. De 

rapamycine (mTOR)-signaleringsroute draagt bij aan orgaanfibrose, maar dit werd nog 

niet in detail geanalyseerd bij darmfibrose. We tonen aan dat pirfenidon werkt door 

mTOR en de daarvan afhankelijke p70S6K-route in p-hIF's te deactiveren. We 

concluderen dat pirfenidon de proliferatie van p-hIF's en de productie van collageen I 

rechtstreeks onderdrukte via de TGF-β1/mTOR/p70S6K-signaleringsroute. Dit is 

mogelijk een nieuwe doelwit als medicijn voor de behandeling van darmfibrose. 
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Kortom, chronische darmaandoeningen, waaronder chronische ontsteking, fibrose en 

kanker, hebben een grote invloed op het leven van veel patiënten met een 

toenemende belasting op de gezondheidszorg. Een beter begrip van de onderliggende 

mechanismen is nodig om effectieve therapeutische methoden te ontwikkelen. 

Humane darmorganoïden en primaire humane darmfibroblasten zijn beschikbaar en 

veelbelovende modellen om de fysiologische en pathologische morfologie en werking 

van darmcellen te onderzoeken bij ziekten die hun oorsprong vinden in het 

darmepitheel en subepitheliale cellagen. Daarnaast zijn het geschikte modellen om de 

werking van medicijnen tegen deze aandoeningen te testen. 
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总结 

肠上皮和上皮下层形成了人类肠道的主要屏障，具有两个主要功能：1）从饮食

中吸收必需营养素，同时 2）保护人体免受肠腔内潜在有害和/或感染性物质的损

伤。许多肠道的慢性疾病与这些有害物质对肠道上皮和上皮下层的毒性作用有关，

进而导致肠道功能障碍，例如肠道肿瘤，慢性肠道炎症和肠道纤维化。吸烟是众

所周知的导致结肠癌和克罗恩病 （CD）的危险因素，但鲜为人知的是，肠腔中香

烟烟雾衍生的化合物的浓度通常高于吸烟者血液中的浓度。因此，吸烟对肠道上

皮和上皮下层是严重的威胁。但是，目前尚不清楚香烟烟雾是如何直接影响人的

肠道上皮和上皮下层细胞功能的。此外，吸烟还会加重 CD 的严重程度，其特征

是增大了肠道纤维化的发病风险。本文着眼于香烟烟雾对人肠道上皮和上皮下细

胞（成肌纤维细胞）的影响，并分析了抗纤维化药物吡非尼酮的抗肠道纤维化的

作用。 

第 2 章使用人类肠道类器官和 3 维（3D）Caco-2 细胞模型研究了香烟烟雾提取物

（CSE）对肠道的上皮细胞形态发生，再生，极性和屏障功能的影响。我们的结

果表明，CSE 会影响肠道干细胞的增殖和分化功能并导致肠上皮细胞的极化功能

受损，从而引起肠道的上皮细胞的形态和功能异常。此外，CSE 诱导的效应会影

响至子代的肠道细胞，提示 CSE 对肠道可能引起了不可逆转的影响。但是，CSE

不会干扰肠道类器官的极性发展或损害其屏障功能，这表明肠道上皮组织比肺上

皮组织更能抵抗 CSE 带来的损伤。此外，CSE 不会干扰预先已经形成的 Caco-2 球

状体的形态和极性，这表明 CSE 对肠上皮细胞的影响可能与形态发生和极性重建

有关，例如在创伤愈合过程中。这项研究表明，CSE 暴露会对肠道上皮细胞产生

迅速且持久的影响，这可能是吸烟增加结肠癌患病风险的基础之一。 

吸烟也是慢性肠道炎症的危险因素，例如在 CD 中。在第 3 章中，我们分析了吸

烟/CSE 对炎性肠病（IBD）患者和人原代肠成纤维细胞（p-hIFs）中血管粘附蛋白

1（VAP-1；由 AOC3 基因编码）表达的影响，以明确具有免疫调节性的 VAP -1 蛋

白是否参与了肠道炎症和/或纤维化的致病机制。我们发现，与不吸烟的 CD 患者
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相比，吸烟的 CD 患者结肠组织中的 AOC3 表达水平明显更高。并且，CD 患者肠

道组织中的 AOC3 表达水平与 COL1A1 和 ACTA2 水平（纤维化标记物）显著相关。

相一致地，VAP-1 与 αSMA 在肠道上皮下层中的肌成纤维细胞中共定位，并且这

种现象在纤维化的肠道部分更加显著。与患者研究数据一致，CSE 暴露诱导原代

人肠成纤维细胞（p-hIFs）中 AOC3 表达，但是，它并未改变 p-hIFs 中 COL1A1 和

ACTA2 的表达水平。结果提示，香烟烟雾可能会通过诱导免疫调节性 VAP-1 从而

加剧肠道炎症并促进 CD 中结肠纤维化的发生，但不会直接增强肠道成纤维细胞

的纤维化表型。 在研究第 3 章的同时，我们新近鉴定并表征了表达免疫调节

VAP-1 的肠内分泌细胞亚型。除了在肠道粘膜的内皮细胞，平滑肌细胞和上皮下

肌成纤维细胞发现了典型的 VAP-1 染色外，在第 4 章，我们还在健康结肠、回肠

和空肠组织中以及在 IBD 病人的非病变组织、炎症组织和纤维化组织中，观察到

了单个 VAP-1+ 肠上皮细胞（IEC）。通过对组织连续切片进行免疫组织化学分析

和免疫荧光共染色，我们证明了 VAP-1 在嗜铬粒蛋白 A+ 的肠道内分泌细胞的亚型

中表达。在体外，相对于未分化的结肠类器官，已诱导分化的人结肠类器官中的

CHGA /嗜铬粒蛋白 A 和 AOC3 / VAP-1 的表达增加，这两种蛋白均积累在类器官的

基底外侧，这可能与肠内分泌细胞的激素分泌和/或免疫调节有关。接下来会针对

VAP-1 在肠内分泌细胞中的功能开展研究。 

肠道纤维化是慢性肠道炎症的严重并发症，迫切需要有效的抗纤维化药物疗法。

第 5 章研究了吡非尼酮对 p-hIF 的作用。我们发现吡非尼酮剂量依赖性地抑制 p-

hIF 增殖和细胞外基质（ECM）的标记物的表达，具体包括 COL1A1，COL3A1，

COL4A1，COL6A1，FN1 和 ELN。 TGFβ1 是纤维化发生中的关键细胞因子，可强烈

诱导 p-hIF 中 I 型胶原的产生表达，而吡非尼酮可有效地抑制 TGFβ1 的作用。我

们还发现，吡非尼酮对 p-hIF 增殖和 I 型胶原产生的抑制作用是可逆的。之前的研

究表明，雷帕霉素（mTOR）信号转导途径和器官纤维化有关，但尚未针对肠道

纤维化进行过详细分析。我们证明了吡非尼酮通过抑制 mTOR 和下游 p70S6K 途

径在 p-hIFs 中发挥作用。我们得出的结论是，吡非尼酮直接抑制 p-hIFs 增殖并通

过抑制 TGF-β1/ mTOR / p70S6K 信号通路减少 I 型胶原的产生，这为治疗肠纤维化

提供了新的靶标。 



总结 

 183 

肠道炎症，纤维化和癌症这些慢性肠道疾病会严重影响患者的生活，给医疗保健

系统带来沉重的负担，需要更好地了解这些疾病的潜在机制以开发有效的治疗方

法。人类肠道类器官和人原代肠道成纤维细胞是目前可用于研究来源于肠上皮和

上皮下层疾病并用于药物研发的工具。 
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