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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. 
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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. 
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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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