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Abstract

AIM

To elucidate the role of proton pump inhibitors (PPIs) in
collagenous disease, direct effect of PPI on colonocytes
was examined.

METHODS

Collagenous colitis is a common cause of non-bloody,
watery diarrhea. Recently, there has been increasing
focus on the use of proton PPIs as a risk factor for
developing collagenous colitis. Mouse CT26 colonic
cells were treated with PPI and/or PPI-induced alkaline
media. Expression of fibrosis-associated genes was
examined by RT-PCR. In human materials, collagen
expression was examined by immunohistochemistry.

RESULTS

CT26 cells expressed a Na*™-H" exchanger gene (solute
carrier family 9, member A2). Treatment with PPI and/
or PPI-induced alkaline media caused growth inhibition
and oxidative stress in CT26 cells. The treatment
increased expression of fibrosis inducing factors,
transforming growth factor g and fibroblast growth
factor 2. The treatment also decreased expression of
a negative regulator of collagen production, replication
factor C1, resulting in increased expression of collagen
types 1l and IV in association with lipid peroxide.
In biopsy specimens from patients with collagenous
colitis, type I and IV collagen were increased.
Increase of type II collagen was more pronounced
in PPI-associated collagenous colitis than in non-PPI-
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associated disease.

CONCLUSION
From these findings, the reaction of colonocytes to PPI
might participate in pathogenesis of collagenous colitis.

Key words: Proton pump inhibitor; Collagenous colitis;
pH; Fibrosis; Oxidative stress

© The Author(s) 2017. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: The main contribution of our paper is the
finding of the basic mechanism of proton pump inhi-
bitor evoking collagenous colitis with direct effects
to colon epithelial cells. The collagenous colitis is a
major cause of non-hemorrhagic watery diarrhea;
however, the mechanism of the disease has not
been fully elucidated. Our research findings show
that proton pump inhibitor causes oxidative stress
and collagen synthesis in colon epithelial cells, which
might provide an impact to understanding patho-
genesis of collagenous colitis and the side effect of
proton pump inhibitor.
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INTRODUCTION

Collagenous colitis is one type of microscopic colitis
and is the most common cause of non-bloody, watery
diarrhea™?. Originally Freeman et al** reported as
a colitis with watery diarrhea and a lesion of colonic
basement membrane. Collagenous colitis is chara-
cterized by collagenous bands at the basement
membrane under microscopic examination**!, This
disease is treated with anti-inflammatory agents
including salicylate™; however, untreated disease
might progress into ulcerative colitis”®,

Recently, proton pump inhibitors (PPIs), especially
lansoprazole, have been considered a potential cause
of collagenous colitis™!. Lansoprazole administration
caused collagen bands in colonic mucosa in Mongolian
gerbils®. However, the role of PPIs in the pathogenesis
of collagenous colitis is not fully understood. Many
pathologic mechanisms are proposed: colonic con-
tents, mucosal immunity including autoimmunity
and flora-associated immunity, eosinophilic reaction,
human leukocyte antigen, biliary acids, anaerobic
bacteria, fibroblast activation, and reduction of acidity
in colonic contents due to suppression of acid secretion
to the gastric juice™'?. In these candidates, the role
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of colonocytes’ response to PPI is not given adequate
attention. In the present study, we attempt to eluci-
date the pathologic importance of the direct effect of
PPIs on colonocytes.

MATERIALS AND METHODS

Surgical specimens

We reviewed the pathology and clinical data of 11
patients with collagenous colitis diagnosed in the
Department of Molecular Pathology, Nara Medical
University from 2012 to 2015. Two samples of non-
pathological colonic mucosa were used as controls.
Basic patient information is summarized in Table
1. As written informed consent was not obtained,
any identifying information was removed from the
samples prior to analysis, in order to ensure strict
privacy protection. All procedures were performed
in accordance with the Ethical Guidelines for Human
Genome/Gene Research enacted by the Japanese
Government, which was approved by the Ethics
Committee of Nara Medical University (Approval
Number 937).

Cell lines

CT26 mouse colon cancer cell line was provided by
Professor 1. ]J. Fidler (MD Anderson Cancer Center,
Texas University). Cells were cultured in Dulbecco’s
modified Eagle’s medium [DMEM; with high glucose
(450 mg/dL), low glucose (100 mg/dL) or no glucose;
WAKO Purechemical Ind. Ltd., Osaka, Japan), supple-
mented with 10% fetal bovine serum (FBS, Sigma
Chemical Co., St. Louis, MO, United States) at 37 C
in 5% COs2. Alkaline (pH 8.0) medium was made from
DMEM with addition of Tris-HCI (pH 9.0, Sigma). Cell
growth was assessed using a tetrazolium dye assay
(MTT, Sigma), as previously described,

Reagents and enzyme-linked immunosorbent assay
Pantoprazole (Sigma), MitoGreen (Takara Bio Inc.,
Kusatsu, Japan), and 4-hydroxynonenal (4HNE)
ELISA kit (R&D Systems Inc., Minneapolis, MN, United
States) were purchased. For evaluation of MitoGreen,
strength of fluorescence was measured in computer-
captured images by using Photoshop Image Analyzer
(Adobe Systems Inc., San Jose, CA, United States).
4HNE was measured in cell lysate according to the
manufacturers’ instructions. Whole-cell lysates were
prepared using 0.1% nonidet 40 containing lysis buffer
as previously described!?.

Immunohistochemistry

Consecutive 4-um sections were immunohistochemically
stained using the immunoperoxidase technique
described previously!*®!, Anti-type IV collagen antibody
and anti-type III collagen antibody (Abcam, Cambridge,
MA, United States) were used at a concentration
of 0.2 ug/mL. Secondary antibodies (Medical and
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Table 1 List of primer sets for RT-PCR

Gene Symbol Accession No. Upper primer Lower primer

Collagen type IV Col4al NM_009931.2 AAAGGGAGAAAGAGGCTTGC CCTTTGTACCGTTGCATCCT
Collagen type VI Col6al NM_009933.4 GATGAGGGTGAAGTGGGAGA  CAGCACGAAGAGGATGTCAA
Collagen type I Collal NM_007742.4 GAGCGGAGAGTACTGGATCG GCTTCTTTTCCTTGGGGTTC
Collagen type III Col3al NM_009930.2 GCACAGCAGTCCAACGTAGA TCTCCAAATGGGATCTCTGG
Solute carrier family 9, member A2 Slc9a2 NM_001033289.2 ACTGGGGTCACAACTTCTGG CTTCACGGCAGTCATTGAGA
Transforming growth factor f1 Tgfbl NM_011577.2 TTGCTTCAGCTCCACAGAGA TGGTTGTAGAGGGCAAGGAC
Fibroblast growth factor 2 Fgf? NM_008006.2 AGCGGCTCTACTGCAAGAAC GCCGTCCATCTTCCTTCATA
Replication factor C1 Rfcl NM_011258.2 TGATCACAGGAGTGCTGGAG CGAGGATTTTTGTTCCCAGA

NM_001289726.1

AACTTTGGCATTGTGGAAGG

ACACATTGGGGGTAGGAACA

Glyceraldehyde-3-phosphate dehydrogenase Gapdh

Biological Laboratories, Nagoya, Japan) were used at a
concentration of 0.2 ug/mL. Tissue sections were color-
developed with diamine benzidine hydrochloride (DAKO,
Glastrup, Denmark), and counterstained with Meyer’s
hematoxylin (Sigma). We evaluated immunopositivity
at the basement membrane and stromal fibers.
Staining strength was scored from (-) to (++): (-)
is no staining; (+) is staining equal to that of non-
pathologic mucosa; (++) is staining more pronounced
than that of non-pathologic mucosa. All samples were
stained at one time to equalize staining conditions. For
a negative control, unimmunized rat IgG (Santa-Cruz
Biotechnology, Santa-Cruz, CA, United States) was used
as primary antibody.

Reverse transcription-polymerase chain reaction
Reverse transcription-polymerase chain reaction
(RT-PCR) of 0.5 ug total RNA extracted using an
RNeasy kit (Qiagen, Germantown, MD, United States)
was performed. Primer sets used in the experiment
are listed in Table 1. Primers were synthesized by
Sigma Genosys (Ishikari, Japan). PCR products were
electrophoresed in a 2% agarose gel and stained with
ethidium bromide.

Statistical analysis

Statistical significance was calculated by using two-
tailed Fisher’s exact, Chi-square, and unpaired
Student-t tests by using InStat software (GraphPad,
Los Angeles, CA, United States). Statistical significance
was defined as a two-sided P-value of < 0.05.

RESULTS

Effect of PPI and/or alkaline pH on cell growth of CT26
cells

The effect of PPIs was examined by using CT26 mouse
colon cancer cells treated with pantoprazole and/or
alkaline media™ (Figure 1). PPI treatment did not
affect cell proliferation of CT26 cells regardless of
glucose concentration (Figure 1A). In contrast, alkaline
media suppressed cell proliferation at 100 and 450
mg/dL glucose concentrations (Figure 1B). When
treated with PPI and alkaline media together, cell
proliferation in 0 and 450 mg/dL glucose concentrations
was suppressed more than in 100 mg/dL glucose
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concentration (Figure 1C).

Effect of PPI and/or alkaline pH on oxidative stress and
mitochondria volume

Next, oxidative stress was examined by 4HNE levels,
as it is a marker for lipid peroxide (Figure 2A and
B). Treatment with PPI or alkaline media increased
levels of 4HNE in various glucose concentrations.
Alkaline media-treated cells showed higher 4HNE
levels than PPI-treated cells. Treatment with PPI
or alkaline media decreased mitochondrial volume
(Figure 2C), particularly in 100 and 450 mg/dL
glucose concentrations compared to 0 mg/dL glucose
concentration (Figure 2D).

Expression of collagen and collagen-associated genes
in CT26 cells

We confirmed the expression of Na*-H* exchanger
(solute carrier family 9, member A2; SLC9A2), a
pharmacological target of PPIs (Figure 3A). SLC9A2
expression was not affected by treatment with PPI
or alkaline media. Expression of transforming growth
factor (TGF) p and fibroblast growth factor (FGF) 2 was
increased by treatment with PPI or alkaline media.
TGF-B and FGF2 are known to stimulate collagen-
producing fibroblasts™*!. In contrast, expression of
replication factor C1 (RFC1 orAlp145), a negative
regulator of collagen expression™, was downregulated
by treatment with PPI or alkaline media. Compared to
other collagen types, mRNA expression of type I and
IV collagen was increased in CT26 cells treatment with
PPI or alkaline media (Figure 3B-D).

Production of collagen type [l and IV in human
collagenous colitis mucosa

We confirmed the increase of collagen type 1l and IV
in human colonic mucosa of patients with collagenous
colitis (Figure 4). HE and Azan staining showed
thickening of the basement membrane at the covering
epithelium (Figure 4A-C). Immunohistochemistry of
collagen type I showed that collagen fibers were
increased at the basement membrane and mucosal
stroma when compared with non-pathologic mucosa
(Figure 4D and E). In contrast, immunohistochemistry
of collagen type IV showed that collagen fibers were
increased at the basement membrane alone when

March 7, 2017 | Volume 23 | Issue 9 |



140
120 + —I— —I—
100 + —} {_

>

60 -

Cell growth (%)

40 -

20 -

Gc 0 100 450 0 100 450
PPI

140 b
120 |- o [
100 - o

80 -

60

Cell growth (%)

20

Glc 0 100 450 0 100 450
pH8.0

120

100 - T

40 -

Cell growth (%)
(2]
o
T

20 -

Glc 0 100 450
PPI + pH8.0

Figure 1 Effect of proton pump inhibitor and/or alkaline pH on CT26 cell
growth. Cell growth of CT26 cells was examined in different concentration of
glucose (Glc) concentration (0, 100, 450 mg/dL). A: Pantoprazole (10 nug/mL)
treatment (PPI); B: DMEM-pH8.0 treatment (pH 8.0); and C: Treatment with
PPI and alkaline media (pH 8.0). Error bar, SD calculated from 3 independent
experiments by Student's -test. PPI: Proton pump inhibitor. ®P < 0.001.

compared with non-pathologic mucosa.

Finally, expression of collagen type I and IV was
compared in 11 collagenous colitis patients (Tables 2
and 3). The levels of collagen type I were increased
in PPI-associated collagenous colitis whereas levels
of collagen type IV were not different between PPI-
associated and non-PPI-associated collagenous colitis.

DISCUSSION

Collagenous colitis is an increasingly common micro-
scopic colitis*!. Recently proton pump inhibitors,
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Table 2 Expression of collagen Il and IV in collagenous

colitis

Case no. Age Sex PPI Expression
Collagen I Collagen IV

1 79 F + ++ ++
2 71 F + 4 ++
3 87 F + ++ ++
4 26 F + 4+ ++
5 80 M + 4+ +
6 78 M + 4+ ++
7 80 F - ++ +
8 45 M + ++
9 67 M - ++ +
10 59 F - + ++
11 77 F - ++ ++

PPI: Proton pump inhibitor.

Table 3 Expression of collagen type II and IV in proton pump

inhibitor-asscoiated collagenous colitis

PPI (+) PPI (-) P value
n 6 5
Age 70.2 65.6 NS
M:F 2:4 2:3 NS
Collagen
Type Il 2.67 £0.52 1.6 +0.55 0.0089
Type IV 1.83 £0.41 1.6 +0.55 NS

PPI: Proton pump inhibitor.

especially lansoprazole, are recognized to be asso-
ciated with onset of collagenous colitis™. Thus, the
mechanism of this association is a focus of stud-
ies on collagenous colitis. In the present study, we
examined the direct effect of PPIs on colonocytes, as
well as the effect of increased pH of colonic contents.

We confirmed that the expression of the SLCO9A2
Na*-H" exchanger is a target of PPIs in the colonocytes.
PPIs did not affect CT26 cell growth but alkaline
conditions did suppress cell growth. Growth suppression
of colonocytes might induce retardation of wound
healing causing subsequent persistent inflammation,
immune disturbances, and collagen overproduction.

PPI and alkaline condition caused increase of lipid
peroxide with decrease of mitochondrial volume.
Inhibition of proton efflux might induce acidic altera-
tion of the cytoplasm, which might affect oxidative
phosphorylation in mitochondria. Monitoring of mito-
chondrial function, ATP production and mitochondrial
voltage are needed to conclude the effect of PPI on
oxidative stress.

PPI and alkaline condition decreased the expression
of RFC1, which is a negative regulator of collagen
gene expression™®, We then examined the alteration
of expression of collagen type I, III, IV and VI. Only
collagen type 1 and IV showed increase of mRNA
levels in cells treated with PPI or alkaline conditions. In
colon biopsy specimens of collagenous colitis patients,
the amounts of type I and type IV collagens were
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Figure 2 Effect of proton pump inhibitor and/or alkaline pH on oxidative stress and mitochondria volume. A and B: Levels of 4-hydroxynonenal (4HNE)
was measured by ELISA. Relative quantities were designated (Glucose 100 mg/dL without PPI or pH8.0 is set to 100%); C: Mitochondrial volume was examined
by Mitogreen staining; D: The fluorescence strength of Mitogreen (Strength in cells treated with glucose 0 mg/dL is set to 100%). Error bar, SD calculated from 3
independent experiments by Student's t-test. PPI: Proton pump inhibitor. °P < 0.001.
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Figure 3 Expression of collagen and collagen-associated genes in CT26 cells. A: Expression of Na'-H" exchanger gene (SLC9A2) and collagen-associated
genes was examined by RT-PCR in CT26 cells treated with PPI or alkaline media. Glyceraldehyde 3-phosphate dehydrogenase (GPDH) served as an internal control;
B: Expression of collagen type I, I, IV and VI in CT26 cells treated with PPI or alkaline media; C and D: The expression of collagen type I, I, IV and VI in CT26
cells was semi-quantitated. Expression in cells without treatment in 100 mg/dL glucose concentration was set to 100% as a reference. Asterisk shows significant
difference from the reference. Error bar, SD calculated from 3 independent experiments by Student's t-test. PPI: Proton pump inhibitor.
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Figure 4 Expression of collagen type I and IV in colonic mucosa of collagenous colitis patients. A-C: Histopathological appearance of colonic
mucosa in collagenous colitis patients. Thickened basement membrane at the covering epithelium was observed in HE (A) and Azan (B and C) staining; D-G:
Immunohistochemistry of collagen type III (D and E) and type IV (F and G) in non-pathologic mucosa (D and F) and collagenous colitis mucosa (E and G).

increased. Type I collagen was increased in the
basement membrane and mucosal stroma, whereas
type IV collagen was increased only in the basement
membrane. Type IV collagen is a major component
of basement membrane collagens'”’. The expression
level of type I collagen in PPI-associated patients was
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higher than in non-PPI-associated patients. These
discrepancies between our data and Aigner’s report
might be due to differences in the pathogenesis of
collagen disease or due to the influence of PPIs.

We examined pantoprazole in this study. To deter-
mine the significance of lanzoprazole in occurrence of
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collagenous colitis, we examine several kinds of PPIs
in future. NSAIDs are also associated with collagenous
colitis in cases. The mechanism is also examined to
compare with that of PPIs.

In our data, PPI and alkaline condition increased
the expression of TGF-B and FGF2, which are well
known fibrosis-inducing factors**, We focused on
the direct effect of PPI in colonocytes; however, stro-
mal cells, such as fibroblasts are also involved in
collagen production in collagenous colitis™. Our results
suggest that PPIs induce fibroblast-mediated collagen
production via stimulation of colonocyte secreting
TGF-B and FGF2.

In the literature, alteration of gut flora is relevant
for development of collagen colitis; clostridium, in par-
ticular, is associated with the disease™®?%. Reduction of
acidity in colonic contents by PPIs activates clostridium
virulence!®, The flora alteration might induce collagen
production in the colonic mucosa. Anaerobic bacte-
ria, including clostridium, induce TGF-B expression in
colonocytes, which enhances collagen deposition in
the colonic wall®'. The TGF- induction is caused by
activation of the mucosal immunity®”. Interleukin-13
increase in the inflammatory mucosa is reported to
activate TGF-B expression™™, Alkaline conditions might
also affect gut flora, whose imbalance is regarded as
important in causing collagenous colitis.

These findings suggest that collagen production and
expression of collagen producing factors are directly
stimulated by PPIs and PPI-induced alkaline change of
colonic content. Colonocyte response to these factors
might contribute to the pathogenesis of collagenous
colitis.
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Background

Collagenous colitis is a clinical problem recognized recently in an association
with administration with proton pomp inhibitor (PPI). Since the pathogenesis is
still controversy, reveal of the disease mechanism might be expected to develop
a new therapy.

Research frontiers
Many recent studies show the immunological and bacteriological effect of PPI.
Study on the direct effect of PPl on colonocytes is a novel approach.

Innovations and breakthroughs
PPI and the PPI-resulted alkaline condition altered mitochondrial energy
metabolism and collagen expression in colonocytes.

Applications

PPI-induced oxidative stress is not only a possible cause of collagen production
in colon epithelium but also an important factor affecting tumor growth or
function of mitochondria-rich tissues, such as myocardium, hepatocytes.
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Peer-review

Interesting paper on possible mechanism for lanzoprazole associated
collagenous colitis. It would be very interesting to evaluate other PPIs, such as
omeprazole (a much rarer association with collagenous colitis), as well as with
other agents (e.g., non-steroidal antiinflammatory drugs) to determine if this
mechanism is shared with other agents.
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