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Introduction
Fibrosis in any organ is the result of chronic injury, 
leading to a disturbed balance in the formation and 
degradation of an extracellular matrix (ECM) rich in 
collagen.1 Crohn�s disease (CD) is an inflammatory 

bowel disease showing a heterogeneous phenotype. 
The phenotype, which can change over time, can be 
classified according to the Montreal classification 
in non-stricturing/non-penetrating (B1), stricturing 
(B2), and penetrating disease (B3).2�6 A stricturing 
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Abstract
Background and Aims: Crohn’s disease (CD) can be complicated by intestinal fibrosis. 
Pharmacological therapies against intestinal fibrosis are not available. The aim of this 
study was to determine whether pathways involved in collagen metabolism are upregulated 
in intestinal fibrosis, and to discuss which drugs might be suitable to inhibit excessive 
extracellular matrix formation targeting these pathways.
Methods: Human fibrotic and non-fibrotic terminal ileum was obtained from patients with CD 
undergoing ileocecal resection due to stenosis. Genes involved in collagen metabolism were 
analyzed using a microfluidic low-density TaqMan array. A literature search was performed to 
find potential anti-fibrotic drugs that target proteins/enzymes involved in collagen synthesis, 
its degradation and its recognition.
Results: mRNA expression of collagen type I (COL1A1, 0.76 � 0.28 versus 37.82 � 49.85, 
p = 0.02) and III (COL3A1, 2.01 � 2.61 versus 68.65 � 84.07, p = 0.02) was increased in fibrotic 
CD compared with non-fibrotic CD. mRNA expression of proteins involved in both intra- and 
extracellular post-translational modification of collagens (prolyl- and lysyl hydroxylases, 
lysyl oxidases, chaperones), collagen-degrading enzymes (MMPs and cathepsin-K), and 
collagen receptors were upregulated in the fibrosis-affected part. A literature search on the 
upregulated genes revealed several potential anti-fibrotic drugs.
Conclusion: Expression of genes involved in collagen metabolism in intestinal fibrosis 
affected terminal ileum of patients with CD reveals a plethora of drug targets. Inhibition of 
post-translational modification and altering collagen metabolism might attenuate fibrosis 
formation in the intestine in CD. Which compound has the highest potential depends on a 
combination anti-fibrotic efficacy and safety, especially since some of the enzymes play key 
roles in the physiology of collagen.
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compare with CD-affected non-fibrotic ileum to 
non-CD-affected non-fibrotic ileum, and to com-
pare age at surgery. Differences were considered 
significant at a p value of � 0.05. Median inter-
quartile range (IQR) values are presented in the 
text and figures.

Literature search
A literature search was performed to find (potential) 
drugs that target the proteins/enzymes transcribed 
from genes involved in collagen fibril synthesis and 
degradation, detected in CD patients with strictur-
ing phenotype by a microfluidic card-based low-
density TaqMan array. A comprehensive literature 
search was conducted to identify relevant drugs. The 
electronic exploration involved keyword searches in 
Pubmed. The following search criteria were used (all 
fields) (�gene name� or �protein name�) and 
(�inhibitor�, �antagonist� or �agonist�). Targeting 
drugs tested in vivo/in silico, in vivo in animals or in 
vivo in humans are listed separately in Table 2.

Ethical considerations
Patients gave written informed consent for anony-
mous use of patient data and resected parts of human 
intestine according to the code of conduct for 
responsible use of surgical left-over material (See: 
�Code goed gebruik voor gecodeerd lichaamsmate-
riaal�, Research Code University Medical Center 
Groningen, http://www.rug.nl/umcg/research/docu-
ments/research-code-info-umcg-nl.pdf).

Results

Cohort characteristics
This descriptive cohort study included seven 
patients with fibro-stenotic CD who underwent 
ileocecal resection and four patients with 
adenocarcinoma who underwent right-sided 
hemicolectomy. All patients with CD had a stric-
turing disease phenotype and had either ileal [n = 4 
(57.1%)] or ileocolonic [n = 3 (42.9%)] disease. 
On average, they were 33.6 years old (range 21.1�
54.5) and had suffered from CD for 6.4 years 
(range 1.8�16.0). All patients had clinically active 
disease before they underwent ileocecal resection 
[moderate disease n = 3 (42.9%), severe disease 
n = 4 (57.1%)], and they used several different 
anti-inflammatory drugs before surgery (Table 1). 
As controls, patients who right-sided hemicolec-
tomy due to adenocarcinoma were included at a 

mean age of 73.1 years (range 69.1�78.2). These 
patients were significantly older than the patients 
with CD (p = 0.008). All included patients with 
CD were female.

Expression of fibrosis markers is increased 
in macroscopically fibrosis-affected terminal 
ileum
Using a microfluidic card-based low-density 
TaqMan array, mRNA expression of a variety of 
ECM proteins were investigated. mRNA 
expression of procollagens type I, III, IV, V and 
IV was increased in fibrotic CD compared with 
non-fibrotic CD. Especially expression of collagen 
type I (COL1A1, 0.76 � 0.28 versus 37.82 � 49.85, 
p = 0.02) and III (COL3A1, 2.01 � 2.61 versus 
68.65 � 84.07, p = 0.02) was increased in the 
fibrosis and the CD affected part compared with 
non-fibrotic CD (Figure 1A). Upregulation of 
these procollagens was considered as a positive 
control for the correct selection of the fibrosis-
affected region. mRNA expression of other ECM 
proteins such as elastin (ELN, 0.01 � 0.02 versus 
0.07 � 0.10, p = 0.03), FN1 (0.53 � 0.43 versus 
2.50 � 10.52, p = 0.02), and BGN (0.1 � 0.12 
versus 2.83 � 4.46, p = 0.03) was also increased in 
fibrotic CD compared with non-fibrotic CD 
(Figure 1B). mRNA expression of alpha-smooth 
muscle actin (generally considered as a marker for 
myofibroblasts), was also elevated in the fibrosis 
and CD-affected region compared with non-
fibrotic CD (ACTA2, 1.03 � 3.98 versus 
16.57 � 47.31, p = 0.02, Figure 1C).

Expression of intra- and extra-cellular 
modification of collagen fibrils is increased 
in macroscopically fibrosis-affected terminal 
ileum
Enzymes involved in intracellular post-translational 
modification of the collagen fibril, were also  
upregulated in fibrotic CD compared with non-
fibrotic CD. Expression of lysyl hydroxylases 1�3 
(PLOD1, 0.05 � 0.06 versus 0.40 � 0.38, p = 0.02; 
PLOD2, 0.23 � 0.13 versus 0.58 � 0.69, p = 0.05; 
PLOD3, 0.06 � 0.01 versus 0.29 � 0.40, p = 0.02), 
prolyl 4-hydroxylases (P4HA1, 0.37 � 0.43 versus 
1.04 � 2.10, p = 0.02); P4HB, 2.37 � 3.72 versus 
9.48 � 14.54, p = 0.02) and prolyl-3-hydroxylases 
1-3 (P3H1, 0.022 � 0.037 versus 0.39 � 0.54, 
p = 0.03; P3H2, 0.05 � 0.27 versus 0.33 � 1.77, 
p = 0.03; P3H3, 0.03 � 0.16 versus 0.39 � 0.91, 
p = 0.02) was increased in the fibrosis- and 
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CD-affected region compared with non-fibrotic 
CD (Figure 2A�C). Expression of P4HA2 and 
P4HA3 was not detectable. Expression of chaper-
ones HSP47 and FK506 binding protein 10 
(SERPINH1, 0.06 � 0.02 versus 0.68 � 0.62, 
p = 0.03; FKBP10, 0.04 � 0.07 versus 0.51 � 0.35, 
p = 0.031) was also increased in fibrotic CD com-
pared with non-fibrotic CD (Figure 2D). mRNA 
expression of the enzymes related to cleavage of 
the N- and C- terminal propeptides (ADAMTS2, 
0.06 � 0.08 versus 0.27 � 0.38, p = 0.03; 
ADAMTS14, 0.01 � 0.01 versus 0.01 � 0.06, 
p = 0.06) and bone morphogenetic protein 1 
(BMP1, 0.07 � 0.05 versus 0.30 � 1.26, p = 0.031) 
was increased in fibrotic CD compared with non-
fibrotic CD. Also, the expression of collagen recep-
tors discoidin domain receptor tyrosine kinase 2 
(DDR2, 0.17 � 0.09 versus 0.49 � 1.72, p = 0.016) 
and of mannose receptor C type 2 (MRC2, 
0.07 � 0.06 versus 0.36 � 0.80, p = 0.016) was 
increased in the fibrosis- and CD-affected tissue 
compared with non-fibrotic CD.

Expression of MMPs and their tissue inhibitors 
is increased in macroscopically fibrosis-
affected terminal ileum
Net deposition of collagen depends on the balance 
between formation and degradation. Collagens are 

degraded by matrix-metalloproteinases, which are 
inhibited by tissue inhibitors of MMPs. MMP1 
(0.02 � 0.24 versus 1.22 � 0.88, p = 0.031) and 
MMP14 (0.16 � 0.21 versus 1.51 � 2.95, p = 0.031) 
was upregulated in fibrotic CD compared with 
non-fibrotic CD, as well as TIMP1 (0.85 � 3.17 
versus 22.78 � 47.61, p = 0.016).

No differences in expression of the genes described 
in this study involved in collagen metabolism was 
observed between non-CD non-fibrotic control 
tissue and non-fibrotic CD (Figures 1�4 and 
Supplemental Table S1).

Discussion
To our knowledge, this is the first study examin-
ing the expression of genes coding for enzymes 
involved in the metabolism (such as post-transla-
tional modifications) of collagens in intestinal 
fibrosis in CD. We aimed to reveal a gene signa-
ture with potential targets for drugs against intes-
tinal fibrosis based on gene expression of 
CD-affected fibrotic versus non-fibrotic terminal 
ileum from the same patient using a microfluidic 
card-based low-density TaqMan array. A litera-
ture search revealed several drugs that interfere 
with the metabolism of collagens that could be 
candidates for drug treatment against intestinal 

Figure 1.  mRNA expression of procollagens 1–6 (A), of extracellular matrix molecules BGN, DCN, ELN, FMOD, FN1 (B), and of ACTA2 
in fibrotic versus non-fibrotic terminal ileum of patients with CD, and versus non-CD control terminal ileum.
Significant differences are depicted as: *p � 0.05, **p � 0.01, ns: not significant. Marker levels are presented as median.
ACTA2, alpha-actin-2; BGN, biglycan; CD, Crohn’s disease; DCN, decorin; ELN, elastin; FMOD, fibromodulin; FN1, fibronectin.
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fibrosis (Table 2). Some of these drugs are already 
used clinically for other (fibrotic) conditions, 
whereas some have been tested only either in vivo 
in animals or in vitro in cell culture models. Others 
have been tested only in biochemical models such 
as binding assays to determine biochemical half-
maximal binding concentrations or were identi-
fied using screening technologies for small 
molecule discovery. Outside of the scope of this 
study, comprehensive reviews and studies are 
available on pharmacological inhibition of (pre-
transcriptional/translational) pathways leading to 
a lowered production of ECM.73,74

The expression of enzymes involved in the intra-
cellular and extracellular post-translational modi-
fications of collagens (see Table 2) has never been 
described for intestinal fibrosis in CD. However, 
expression of several collagens and post-transla-
tional modulators of collagens was assessed in 
colorectal-cancer-associated fibrosis using com-
parative liquid chromatography with mass spec-
trometry.75 In a study by Afik et� al., PLOD1-3 
and P4HA1 protein expression was upregulated 

in colorectal cancer-associated fibrosis compared 
with more distal non-fibrosis-affected colon tis-
sue, which is in line with our results. This study 
also reports on increased protein expression of 
BGN and FN1 in colorectal cancer-associated 
fibrosis, which is in line with our results.75 
Upregulation of PLOD1�3 mRNA was also 
observed in fibrotic conditions such as idiopathic 
pulmonary fibrosis.31 Furthermore, upregulation 
of LOXL-2 has been reported in renal fibrosis and 
inhibition of LOXL-2 by several inhibitors in 
mice in vivo successfully reduced the expression 
of fibrosis markers in several studies.76,77 A rela-
tive increase in protein expression of collagen 
type III over type I in fibrostenotic CD compared 
with inflamed or non-disease affected intestinal 
tissue reported previously was not observed in 
this cohort at the mRNA level.78,79

Intracellular post-translational modifications
Pharmacological inhibition of the intracellular post-
translational modifications (lysyl hydroxylase, 
prolyl-3 and -4 hydroxylase and glycosyltransferase, 

Figure 2.  mRNA expression of lysyl hydroxylases 1–3 (PLOD1–3) (A), of prolyl 4-hydroxylases (P4HA1 and P4HB) (B), of prolyl 
3-hydroxylases (P3H1, P3H2, P3H3) (C), and of heat shock protein 47 (SERPINH1) and of FK506 binding protein 10 (FKBP10) (D) in 
fibrotic versus non-fibrotic terminal ileum of patients with CD, and versus non-CD control terminal ileum.
Significant differences are depicted as: *p � 0.05, **p � 0.01, ns: not significant. Marker levels are presented as median.
CD, Crohn’s disease.
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Figure 3.  mRNA expression of ADAMTS2, ADAMTS14 and BMP1 (A), PCOLCE2 (B), and LOXs LOXL1–4 (C) in fibrotic versus non-fibrotic 
terminal ileum of patients with CD, and versus non-CD control terminal ileum.
Significant differences are depicted as: *p � 0.05, **p � 0.01, ns: not significant. Marker levels are presented as median.
ADAMTS, A disintegrin and metalloproteinase with thrombospondin motifs; BMP1, bone morphogenic protein 1; CD, Crohn’s disease; LOX, lysyl 
oxidase; PCOLCE2, procollagen C-endopeptidase enhancer 2.

Figure 4.  mRNA expression of collagen degrading enzymes MMPs MMP1, MMP14, and CTSK (A), and of TIMP1 (B) in fibrotic versus 
non-fibrotic terminal ileum of patients with CD, and versus non-CD control terminal ileum.
Significant differences are depicted as: *p � 0.05, **p � 0.01, ns: not significant. Marker levels are presented as median.
CD, Crohn’s disease; CTSK, cathepsin K; MMP, matrix metalloproteinase; TIMP1, tissue inhibitor of matrix metalloproteinase 1.

Table 2) could inhibit collagen formation and 
thereby fibrosis, but these enzymes are pivotal to 
human physiology. Therefore, the inhibition 

should be very enzyme specific and ideally be tar-
geted to the fibrosis-affected area in order to be 
effective without causing severe side effects. The 
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