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Abstract

Background There is considerable individual variability in nonsteroidal anti-inflammatory drug (NSAID)-induced
enteropathy.

Aim To identify the SNP that is most significantly involved with NSAID-induced enteropathy.

Methods One hundred fifty human subjects who were known to have a certain degree of loxoprofen- or celecoxib-induced
small-intestinal damage from a previous study were enrolled. The subjects were divided into groups based on treatments
and also on the increased number of small intestinal mucosal breaks. The candidate SNP was selected by an initial analysis
of GWAS among the groups in various combinations. After the initial analysis, the gene including the specified SNP was
analyzed in detail using GWAS and genotype imputation.

Results After analysis, 70 subjects receiving the loxoprofen treatment and 69 subjects receiving celecoxib treatment
were determined to be eligible for the analysis. The minimum p value in GWAS was detected in the analysis of 16 cases
with an increase of five or more mucosal breaks and 123 controls with zero to four mucosal breaks. In the GWAS, five
SNPs in the bactericidal/permeability-increasing fold-containing family B member 4 (BPIFB4) gene showed the lowest p
value (p=2.69x 10~7 with an odds ratio of 40.9). Of the five SNPs, four were nonsynonymous SNPs (rs2070325: V268I,
rs2889732: T320N, rs11699009: F527L, rs11696307: T5331, and rs11696310: intronic). Furthermore, 23 SNPs in BPIFB4
detected by genotype imputation based on the GWAS data also showed suggestive associations (p < 1x 107%).

Conclusion The results indicate that SNPs in BPIFB4 were associated with NSAID-induced small intestinal mucosal injury
(UMIN: 000007936).
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Introduction

The capsule endoscopy-advanced modality was developed
in 2000 and allows for full investigation of the entire small
intestine. This technique revealed that nonsteroidal anti-
inflammatory drugs (NSAIDs) cause many small intesti-
nal ulcerative lesions. Graham et al. [1] report that small
bowel injury is observed in 71% of NSAID users compared
with 10% of nonusers based on capsule endoscopy. At
nearly the same time, Maiden et al. [2] report that capsule
endoscopy shows new pathology in 68% of subjects after
14 days of treatment of the traditional NSAID diclofenac
and with the proton pump inhibitor (PPI) omeprazole.
According to these reports, the significance of small intes-
tinal injury is increasingly important, particularly for the
use of NSAIDs with the concomitant administration of
PPIs for gastroprotection, which causes small intestinal
injuries in 50-70% of subjects [3-5].

The authors identified drugs to protect small intestinal
mucosa from NSAID-induced injuries. First, we showed
that coadministration of misoprostol, a prostaglandin
analog, reduced the incidence of small intestinal mucosal
breaks induced by a 2-week administration of diclofenac
with concomitant omeprazole administration in a single-
blind randomized controlled trial (RCT) [6]. Next, we also
showed that coadministration of the cytoprotective anti-
ulcer agent rebamipide can reduce the intensity of small
intestinal injury caused by the same diclofenac treatment
as described previously in a double-blind RCT [7]. These
studies demonstrate that NSAID treatment causes hun-
dreds of small intestinal mucosal breaks in a few subjects.
By contrast, the studies also indicate that treatment causes
no small intestinal mucosal breaks in approximately 50%
of subjects. In fact, there is considerable individual vari-
ability in NSAID-induced small intestinal injury [5]. There
is a high possibility of the presence of a genetic factor that
influences NSAID-induced small intestinal injury.

Drug-induced side effects are often associated with
genetic polymorphisms. Several studies have evaluated
the association of genetic polymorphisms with NSAID-
induced gastrointestinal injuries. The studies reported that
single-nucleotide polymorphisms (SNPs) of the meta-
bolic enzymes of NSAIDs, such as CYP2C9, CYP3A4,
and prostaglandin synthesizing enzyme cyclooxygenase- 1
(COX-1) were significantly associated with gastrointesti-
nal bleeding and/or ulceration [8, 9]. However, the studies
investigated only a few candidate SNPs in the enzymes
that metabolize NSAIDs and the arachidonic acid cas-
cade. Therefore, a comprehensive analysis is necessary to
identify other unknown SNPs showing stronger effects on
NSAID-induced small intestinal injury than the previously
reported SNPs.
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A genome-wide association study (GWAS) is an exhaus-
tive genetic polymorphism investigation to resolve the
problem of studies analyzing only a few candidate SNPs.
A GWAS makes it possible to identify loci associated with
drug-induced side effects, which are unpredictable SNPs
using a conventional candidate gene approach. Evaluating
drug-induced side effects under identical conditions in terms
of subjects, dosage amount, and duration of administration
is preferable. In the clinical setting, it is difficult to achieve
identical conditions because patients with a variety of dis-
eases are administered various types of drugs over varying
periods of time. Therefore, the authors performed a further
GWAS analysis to clarify NSAID-induced small intestinal
injury using subjects from a study we previously reported to
compare small intestinal mucosal breaks between celecoxib
monotherapy and concomitant treatment with loxoprofen
and lansoprazole in healthy subjects. These patients were
used because the study subjects were identical healthy sub-
jects receiving the same dosage amount and had the same
duration of administration [10]. The purpose of this study
was to identify the SNP that was involved in susceptibility
of NSAID-induced small intestinal mucosal injury.

Subjects and Methods

The study subjects were obtained from a previous study
that the authors conducted to compare the number of small
intestinal mucosal breaks between loxoprofen (a tradi-
tional NSAID) concomitant with lansoprazole (a PPI) and
celecoxib (a COX-2 selective inhibitor) after a 14-day treat-
ment. The details of the study were reported by Fujimori
et al. [10]. Genomic analyses using DNA samples from the
study subjects were performed. This study was approved by
the ethics committee of Nippon Medical School, Kyushu
Clinical Pharmacology Research Clinic Institutional Review
Board, and RIKEN Center for Integrative Medical Sci-
ences. This study was registered at the UMIN registry (ID:
000007936).

Study Subjects

One hundred fifty subjects were selected as eligible from
the 230 healthy candidates screened by medical checks,
including physical tests, laboratory tests, and interviews
of medical history from April 2012 to March 2013. All
subjects provided written informed consent for this study
before undergoing baseline capsule endoscopy. The study
subjects were required to be healthy Japanese volunteers
aged 40-70 years old at the time of informed consent.
“Healthy” was defined as (1) receiving no treatment and (2)
having no clinically relevant abnormalities determined from
the detailed medical history and full physical examination,
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including blood pressure, pulse rate measurement, 12-lead
electrocardiogram, laboratory tests, and fecal occult blood
test at screening. Subjects with a history of gastrointestinal
ulcer, gastrointestinal operation, malignancy, cardiac dis-
ease, cerebrovascular disease, known hypersensitivity or
allergy to celecoxib, aspirin, other NSAIDs or lansoprazole,
gastrointestinal disease within 1 month or current gastroin-
testinal symptoms at the time of admission to the study, and
subjects who were being treated with NSAIDs, including
aspirin, anti-ulcer medications, antacids, steroids, or antibi-
otics within 1 month prior to the first day of the study were
excluded.

Protocol of the Previous Study

All eligible subjects were randomly divided into two groups,
a celecoxib group and a loxoprofen group. Age, gender, and
Helicobacter pylori infection were equally distributed. After
randomization, baseline capsule endoscopy was performed.
After baseline capsule endoscopy, subjects in the celecoxib
group were administered a celecoxib capsule (100 mg)
twice a day and lactose placebo capsule twice a day. Sub-
jects in the loxoprofen group were given a loxoprofen cap-
sule (60 mg) three times a day and lansoprazole capsule
(15 mg) once a day. Small intestinal injuries were evaluated
using PillCam® SB2 capsule endoscopy (Covidien, Dublin,
Ireland). Baseline capsule endoscopies were performed at
day 1. Post-treatment capsule endoscopies were performed
within 3 days after completion of the drug regimen in all
subjects who completed the study. All video image files were
anonymized and evaluated by three skilled reviewers who
did not have any information about the subjects. A mucosal
break was defined as mucosal deficits in the small intestine
with slough surrounded by erythema. After analysis of the
video files by each reviewer, the number of mucosal breaks
in each anonymous data file was determined by a consensual
decision of the three reviewers.

Detection of SNP with Smallest p Value by GWAS

The two groups of treated subjects were additionally
divided into the following three groups based on increased
numbers of small intestinal mucosal breaks after NSAIDs
administration: (1) no injury group, subjects with no
increase in small intestinal mucosal breaks after treatment;
(2) mild injury group, subjects with an increase of one to
four small intestinal mucosal breaks after treatment; (3)
severe injury group, subjects with an increase of five or
more small intestinal mucosal breaks after treatment. The
three groups were compared in each treated group (loxo-
profen group or celecoxib group) and in combined groups
(loxoprofen group combined with celecoxib group) in the
following combinations: (1) severe injury group compared

with the no injury group; (2) severe injury group combined
with the mild injury group compared with the no injury
group; (3) severe injury group compared with the no injury
group combined with the mild injury group.

The following subjects were excluded from analysis: (1)
incomplete subjects with inadequate drug administration
in the RCT; (2) subjects without evaluation of the entire
small intestine by baseline capsule endoscopy; (3) sub-
jects in which no increased mucosal breaks were detected
because of failed evaluation of the entire small intestine
by post-treatment capsule endoscopy.

SNP Genotyping and Quality Control

Genomic DNA was extracted from the peripheral blood
leukocytes of 143 subjects using the QuickGene DNA
whole blood kit L (Wako Pure Chemical, Osaka, Japan).
In GWAS, the authors genotyped all samples using the
Infinium OmniExpressExome-8 BeadChip (Illumina, San
Diego, CA, USA) that contained a total of 951,117 SNPs.
Samples with a call rate of <0.99, SNPs with a minor
allele frequency < 0.01, and SNPs with p values less than
the cutoff value (p < 1.0x 107°) for the Hardy-Weinberg
equilibrium test as quality control filters were excluded.
Among all SNPs in the BeadChips, 580,461 SNPs in the
autosomal chromosomes were used for further analysis.
Population stratification for the GWAS data was examined
by principal component analysis (PCA) [11]. The genotype
data of the samples along with European (CEU), African
(YRI), and East Asian (JPT and CHB) individuals were
obtained from the Phase IT HapMap database. A quantile-
quantile plot (O—Q plot) was drawn using observed p val-
ues against expected p values. After performing PCA, 16
cases and 123 controls were selected within the major Jap-
anese cluster. Five SNPs showing the lowest p value were
validated using multiplex the PCR-based Invader assay.

Genotype Imputation

The gene with the SNP that had the lowest p value was
further analyzed by genotype imputation. Genotype impu-
tation within the GWAS data was performed using the
SHAPEIT2 and IMPUTE?2 software in 250-kb regions on
chromosome 20q11.21 [12]. The 1000 Genomes Project
database (phase 3, October 2014) was used as a reference
panel. We excluded SNPs that met the following crite-
ria: minor allele frequency < 0.01, Hardy-Weinberg equi-
librium p value < 1 x 1079, a low quality of imputation
(R?<0.9), and a large allele frequency difference between
the GWAS and reference panel (> 0.16).
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Statistical Analysis

Numerical variables related to subject characteristics were
compared by Student’s t-test. Gender was compared by Fish-
er’s exact test. Data are expressed as the mean value + SD.
Association of SNPs with NSAID-induced small intesti-
nal injury was evaluated by Fisher’s exact test under three
genetic models (additive, recessive, and dominant) using
PLINK 1.90 software (http://pngu.mgh.harvard.edu/~purce
1l/plink/). To characterize the population structure in the
GWAS, PCA was performed using PLINK and R statistical
environment version 3.0.1. A genetic inflation factor A (AGC)
was derived from p values under the additive model obtained
by PLINK. A quantile-quantile (O—Q) plot was drawn using
the R program. To obtain an overview of the association of
SNPs, a Manhattan plot of the study was generated using
Haploview 4.2. Regional association plots were generated
using LocusZoom [13].

Results

Of 150 subjects, 1 withdrew from drug administration, 2 had
inadequate drug administration, 2 did not undergo evalu-
ation of the entire small intestine in the baseline capsule
endoscopy, and 2 had no mucosal breaks detected because
of failed evaluation of the entire small intestine after cap-
sule endoscopy following treatment and were excluded from
analysis. In the GWAS, when we performed PCA using
CEU, YRI, JPT, and CHB HapMap samples as references,
we excluded four outlier samples that were not similar to

10 ¢

-log10(minP)
(4]

the major Japanese cluster (Supplementary Figure S1A and
S1B). Ultimately, 70 subjects in the loxoprofen group and
69 in the celecoxib group were analyzed.

In GWAS, we calculated p values under three genetic
models (additive, recessive, and dominant) using the 139
subjects. When a O—Q plot was generated, the AGC was
1.048 (Supplementary Figure S1C), indicating a low pos-
sibility of population stratification. The Manhattan plot of
the minimum p value with the three genetic models showed
that there were no genetic loci surpassing genome-wide sig-
nificance with the threshold p value of <5 x 10~ in all com-
binations of divided subgroups. The lowest p value (p =2.69
x 1077 with an odds ratio of 40.9) was detected comparing
16 cases (severe injury group) and 123 controls (no injury
group combined with mild injury group) (Fig. 1). The char-
acteristics of the two groups is shown in Table 1. Analyzing
only 70 subjects treated with loxoprofen plus lansoprazole,
the same SNPs had the lowest p values in the GWAS (p=8.3
x 107 with an odds ratio of 34.1).

Five SNPs (rs2070325, rs2889732, rs1169009,
rs11696307, and rs11696310) showing the lowest p value
were located within the bactericidal/permeability-increasing
fold-containing family B member 4 (BPIFB4) gene (Table 2
and Fig. 2). Of the five SNPs showing a linkage disequi-
librium (LD) coefficient (%) of 1.0, four were nonsynon-
ymous SNPs and the remaining one was an intronic SNP
(Table 2). To identify additional susceptible loci associated
with NSAID-induced small intestinal injury, we conducted
imputation analysis around the genomic region of chromo-
some 20q11.21 based on GWAS data and found that 23
SNPs within a 250-kb region, including the BPIFB4 gene,

BPIFB4

e Chr1 wess Chr2 msm Chr3 ¢
mmm Chr13 wess Chr14 wmsm Chr15 ¢

1Chr4 wem Chr5 wess Chrf wess Chr7 wess Chr8 === ChrQ wess Chr10 msm Chr11 wess Chr12
1Chr16 wess Chr17 wess Chr18 wess Chr19 wess Chr20 wess Chr21 wes Chr22

Fig. 1 Manhattan plot for GWAS of NSAID-induced small intestine
mucosal breaks. The y-axis shows the —logl0 of p values of 580,461
SNPs. The minimum p value under three genetic models (additive,
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Table 1 Characteristics of subjects compared between the severe
injury group (N=16) and no injury group combined with the mild
injury group (N=123)

Small intestinal injury No and mild Severe injury group p value
injury group

Mucosal breaks 04 5 and more

Number 123 16

Age 48.6+6.0 489+7.6 0.82

Male/female 58/65 12/4 0.060

Weight (kg) 58.6+9.9 64.2+14.0 0.045

BMI 21.8+2.6 22.6+33 0.27

Blood counts
WBC (ul) 6190+1630 6680+ 1100 0.25
Hb (g/dl) 139+1.3 142+0.9 0.29
Plt (x 10*/ul) 22.7+4.6 242+5.2 0.25

Blood chemistry
TP (g/dl) 7.0+0.4 7.0+0.3 0.83
Alb (g/dl) 45+0.2 45+0.2 0.60
AST (1U/1) 19.7+5.9 293+5.5 0.80
ALT (1U/) 18.0+9.4 17.2+79 0.72
y-GTP (1U/1) 23.0+143  28.6+21.7 0.17
BUN (mg/dl) 11.1+2.3 11.5+3.1 0.25
Cre (mg/dl) 0.73+0.15 0.81+0.13 0.057
GLU (mg/dl) 93.9+59 95.8+7.2 0.24

Numeral variables related to patient characteristics were compared
between the celecoxib and loxoprofen groups by Student’s ¢-test. Gen-
der and the Helicobacter pylori infection rate were compared between
the two groups by Fisher’s exact test. Data are expressed as the mean
value +SD

showed almost complete LD (+* > 0.96) with the 5 SNPs and
a suggestive association (p <1 x 107, Supplementary Fig-
ure S2). Among these 23 SNPs, 4 (rs2424955, rs2424956,
rs2424957, and rs2424958 within the intron of BPIFB4)
showed the lowest p value (p=1.44 x 10~7 with an OR of
44.0, Supplementary Table S1).

Discussion

In the results of the GWAS, the SNP (rs2070325) with a
minimum p value (p=2.69 x 10~7) was obtained by com-
paring 16 cases (severe injury group) and 123 controls (no
injury group combined with mild injury group). The SNP
was present in the gene of the BPIFB4 protein. We first
identified the SNP, which was not detected in a previous
candidate-gene approach for NSAID-induced small intesti-
nal mucosal injury.

A total of five SNPs, including rs2070325, were in com-
plete linkage disequilibrium (+*=1). Four of the five SNPs
caused an amino acid substitution. In fact, three types of
BPIFB4 may exist: the homozygous, heterozygous, and

Table 2 Association of five SNPs in the BPIFB4 gene showing the lowest p value with NSAID-induced small intestinal mucosal injury

Recessive” Dominant®

Additive®

123)

Control (N

16)

Case (N

Amino acid change

Allele? (1/2)

SNP

OR p value OR

p value

OR

p value

RAF

22

12 22 RAF 11 12

11

37
37
37
37
37

3.

4091 1.85%107!

2.69%x1077

6.20

6.60x107°

0.154
0.154
0.154
0.154
0.154

5
5
5
5
5

28
28
28
28

90
90
90
90
90

0.531

2
2
2
2
2

13
13
13
13
13

V2681
T320N
F527L
T5331

G/A
C/A
T/C
C/T

C/IT

rs2070325

620 2.69%x1077 4091 1.85x1071 3.
6.

6.60%x107°

0.531

rs2889732

rs11699009
rs11696307
rs11696310

4091 1.85x107 3.

2.69%x1077

20
20

6.60%x107°

0.531

3.

2.69%x1077 4091 1.85%107!

6.

6.60%x107°

0.531

620 2.69%x1077 4091 1.85x107"1 3.

6.60%x107°

28

0.531

BPIFB4 bactericidal/permeability-increasing fold-containing family B member 4, GWAS genome-wide association study, OR odds ratio, RAF risk allele frequency, SNP single-nucleotide poly-

morphism

bp values were calculated by Fisher’s exact test under three genetic models: additive, 1 versus 2; recessive, 11 versus 12+22; dominant, 11+ 12 versus 22

2Allele 1, nonrisk allele; allele 2, risk allele
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Fig.2 Regional association
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GWAS. The —logl0 of the p
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recessive homozygote of the NSAID risk type. Moreover,
an additional 23 SNPs with p <1 x 107® were detected in
BPIFB4 by genotype imputation methods. Therefore, we
hypothesized that SNPs in BPIFB4 are responsible for
NSAID-induced small intestinal mucosal breaks.

The BPIFB4, which consists of 614 amino acids and has
a molecular weight of 65,055 Da, is a bactericidal/permea-
bility-increasing protein (BPI) [14—17]. BPI has antibiotic
activity, endotoxin neutralization activity, and antiangioge-
netic effects in its amino terminal and has opsonic activity
and neutralizing lipopolysaccharide function in the carboxy
terminal. BPI is produced and secreted by neutrophils in the
mucosa and is distributed in the intramucosa, intraepithelial
cells, and the surface of epithelial cells. The target of BPI is
gram-negative bacteria. The cell wall of gram-negative bac-
teria is a double-membrane structure. The outer membrane
is important to maintain the cell wall because gram-negative
bacteria have a very thin peptidoglycan layer compared with
gram-positive bacteria. The BPI invades the outer membrane
of gram-negative bacteria to destroy it. In addition, gram-
negative bacteria invading the BPI in the outer membrane
have opsonic activity for ingestion by white blood cells. Fur-
thermore, BPI neutralizes lipopolysaccharide function on the
outer membrane of gram-negative bacteria [15, 16]. Briefly,
BPI has strong antibiotic activity for gram-negative bacteria
that invade and contact the mucosa, causing disinfection and
detoxification.

The mechanism of NSAID-induced small intestinal
mucosal injury is briefly considered as follows. First,
permeability of the small intestinal mucosa increases.
NSAIDs damage mitochondria in epithelial cells to weaken
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Position on chr20 (Mb)

intercellular junctions between epithelial cells. Next, gut
content, including bacteria and bile acids, invades the intra-
mucosa and/or submucosa through the infinitesimal gap
between epithelial cells [18, 19]. However, invasion of the
gut content into mucosa is not sufficient to induce small
intestinal mucosal breaks because strong intestinal mucosal
immunity eliminates the invader. Prostaglandin (PG) is an
important part of the mucosal defense to maintain mucosal
blood flow and product mucus. PG is synthesized in response
to cyclooxygenase (COX). NSAIDs inhibit COX to trigger
a decrease in PG with the impairment of mucosal defense.
In particular, inhibition of COX-1, which is constantly pro-
duced in diverse tissues for biologic defense, is most associ-
ated with small intestinal mucosal injury among the COXs
[3, 19]. Thus, the inhibition of COX-1 induces a decrease in
PG in the mucosa to extend mucosal breaks with insufficient
elimination of the invader [19]. Other than the above, there
is a possibility that some components of bacteria including
endotoxin are associated with NSAIDs-induced small intes-
tinal mucosal injury. However, there are no reports to show
a clear association between the two factors.

Bacteria are invaders because NSAID-induced small
intestinal mucosal injury does not occur before anti-bacte-
rial drug treatment [20]. SNPs in BPIFB4, a member of the
BPI family associated with the elimination of gram-negative
bacteria, were associated with the risk of NSAID-induced
small intestinal mucosal breaks in the study. Considering
that gram-negative bacteria were intimately involved in
NSAID-induced small intestinal mucosal injury, the results
of the present study were rational from the aforementioned
perspective. Recently, it was shown that PPIs influence small
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intestinal flora to exacerbate NSAID-induced enteropathy
[21]. Our study may be influenced by PPIs. However, we
propose that the significance of BPIFB4 for the small intes-
tine is clear.

Recently, Villa et al. [22, 23] reported that BPIFB4 was
detected by comparing long-living individuals with younger
subjects in GWAS (p < 1 x 107*). They also analyzed SNPs
of BPIFP4 and reported that the four SNPs caused an amino
acid substitution with complete linkage disequilibrium [24].
These four SNPs were the same as our SNPs. However, the
allele frequency was inversed because of racial variation.
Therefore, 11e229Val, Asn281Thr, Leud488Phe, and Ile-
494Thr in their study correspond to V2681, T320N, F527L,
and T533I in our study, respectively. Because Japanese are
known for the longevity of its people among others, inversed
allele frequencies are consistent with their results. They used
aging perspective in the analysis of BPIFB4 and reported
that BPIFB4 was expressed in the CD34+ sub-fraction of
circulating mononuclear cells, which is known to participate
in vascular repair of ischemic tissues [22]. In their report,
beneficial effects of BPIFB4 with the longevity-associated
variant on endothelial function showed that the roles of Ca>*
mobilization and protein kinase C alpha in endothelial nitric
oxide synthase activation and of endothelium-derived hyper-
polarizing factor when endothelial nitric oxide synthase was
inhibited [25]. We would like for these interesting results to
be reevaluated in the view of antibacterial protein and repair
of intestinal mucosa.

Although SNPs that surpassed the genome-wide signifi-
cance level (p <5 x 107%) could not be identified through
GWAS in the study, the results indicated that the SNPs of
BPIFB4 were associated with NSAID-induced small intes-
tinal mucosal injury because many SNPs on BPI/FB4 had a
low p value. It was possible that the NSAID-induced small
intestinal mucosal injury was complicated by a variety of
factors, such as antibiotic proteins, drug metabolism, drug
susceptibility, and intestinal bacterial flora [26]. The selec-
tion of the other SNPs may occur with future investigations.

In conclusion, the SNPs of BPIFB4 showed the low-
est p values in GWAS for NSAID-induced small intestinal
mucosal injury. The effect of individual variability of the
antibacterial protein on the expression enteropathy, whether
involving the improvement of intestinal flora changed by
drugs or drugs with an inhibitory effect on the antibacterial
protein, was not specified. However, the results showed a
possibility of the importance of antibacterial proteins for
defending the intestinal mucosa. This study showed that
SNPs of BPIFB4 may be useful for individual treatment for
the defense of small intestinal mucosa from NSAIDs.
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