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ABSTRACT: Gastrointestinal symptoms are a common manifestation of adverse drug effects. Non-steroid anti-inflammatory drugs (NSAIDs) are widely
prescribed drugs that induce the serious side effect of gastric mucosal ulceration. Biomarkers for these side effects have not been identified and ulcers are
now only detectable by endoscopy. We previously identified five metabolites as biomarker candidates for NSAID-induced gastric ulcer using capillary
electrophoresis—mass spectrometry (CE-MS)-based metabolomic analysis of serum and stomach from rats. Here, to clarify mechanism of changes and
limitations of indications of biomarker candidates, we performed CE-MS-based metabolomic profiling in stomach and serum from rats with gastric ulcers
induced by ethanol, stress, and aspirin. The results suggest that a decrease in hydroxyproline reflects the induction of gastric injury and may be useful in

identifying gastric ulcer induced by multiple causes. While extrapolation to humans requires further study, hydroxyproline can be a new serum biomarker

of gastric injury regardless of cause.
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Introduction

Gastrointestinal complaints are common manifestations of
adverse drug effects.! Non-steroid anti-inflammatory drugs
(NSAIDs) are useful drugs for a range of conditions, includ-
ing rheumatoid arthritis, osteoarthritis, and others.? How-
ever, they have serious adverse effects on gastric mucosa, and
an association between use of NSAIDs and admission to hos-
pital for upper gastrointestinal hemorrhage and perforation
and other upper gastrointestinal events has been established.3
Presently, however, gastric ulceration and hemorrhage are
only detectable by endoscopy,* and no serum biomarkers for
NSAID-induced gastric ulcer have yet been identified.

We previously reported five biomarker candidates in
serum that predict gastric injury induced by NSAIDs in
rats.” We also reported that the decrease in hydroxyproline
in stomach induced by aspirin recovered to the control level on
co-administration with omeprazole and famotidine. In con-
trast, the levels of the other metabolites in stomach did not
change on co-administration with these agents.® With regard
to the mechanism of change, we speculated that the changes
in hydroxyproline were due to a lesion-induced decrease in the
amount of collagen in stomach tissue, whereas those in the
other metabolites were due to NSAID-induced depression of
mitochondrial function.®
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Gastric ulcer is thought to result from an imbalance
between damaging factors within the lumen and protec-
tive mechanisms in the gastric mucosa. Ethanol, stress, and
NSAIDs are known to cause severe gastric irritation, but the
mechanism is still poorly understood. Non-NSAID experi-
mental models of gastric ulcer induction include those based
on ethanol and stress.” Ethanol is known to cause gastric
damage via its alteration of protective factors, including
decreasing mucus production and blood circulation within
the mucosa. In addition, ethanol may also cause gastric
damage via the generation of reactive species, decreased cell
proliferation, and an exacerbated inflammatory response.®
Long-term psychological stress also leads to ulceration
by stimulating the secretion of acid and pepsin and/or by
decreasing mucosal defense.” Several mechanisms to explain
the gastric ulceration associated with NSAID use have
been suggested, including increased permeability of the
stomach,!® inhibition of prostaglandin synthesis, mitochon-
dria dysfunction,!! or a combination of these. While details
of the mechanism of gastric ulceration remain to be eluci-
dated, the common point of these models is that all induce
gastric ulcer as an endpoint. Comparison of the metabolic
profile of these three models should cast light on the mecha-
nism of changes and limitations of indications of biomarker
candidates for NSAIDs-induced gastric injury identified in
the previous studies.®

Metabolomics is a rapidly evolving technology that iden-
tifies metabolites or metabolic pathways that are changed by
the pathogenesis of a disease or injury by comparison with
concentrations of endogenous metabolites between patients
and controls. Several analytical methods have been used
to analyze concentrations of endogenous metabolites,!?71
including CE-MS. This method provides rapid analysis and
efficient resolution with high selectivity and sensitivity, and
is a powerful tool for metabolomics analysis.!” The efficacy of
this approach is demonstrated by the various biomarker iden-
tification studies that have used it.’8-20

Here, to clarify the mechanism of changes and limita-
tions of identified biomarker candidates in NSAIDs-induced
gastric injury, we applied a shotgun metabolomics approach
based on CE-time of flight (TOF)-MS profiles of endog-
enous metabolites to rat models of gastric ulcer induced by
ethanol, stress, and aspirin. We then determined the serum
concentrations of these biomarkers.

Materials and Methods

Study design. Male Sprague-Dawley rats were obtained
from Charles River Japan (Yokohama, Japan) and maintained
under controlled environmental conditions, with free access to
a pellet diet (CRF-1, Oriental Yeast Co., Ltd., Tokyo, Japan)
and filtered tap water (containing 2 £ 1 ppm-free chlorine
adjusted with sodium hypochlorite). After acclimatization for
three days, the animals were used in the study at six weeks old

and weighed 140-180 g.

A total of 20 animals (n = 8 animals for the control group,
n =4 animals per treatment group) were fasted for 24 hours in
wire mesh cages but allowed water ad libitum and assigned to
a control group (0.5% methylcellulose, p.o.) or one of the three
treatment groups: (1) single-dose ethanol (Nacalai Tesque,
Kyoto, Japan) at 5 mL/kg, p.o. (ethanol-induced model),
(2) single-dose 0.5% methylcellulose, p.o. (stress-induced
model), or (3) single-dose aspirin (Nacalai Tesque, Kyoto,
Japan) at 300 mg/kg, p.o. (aspirin-induced model). The ani-
mals assigned to the stress-induced model were kept in a cold
room at 6 °C for five hours after administration.

All experiments were carried out at the Kashima facili-
ties of Astellas Pharma Inc., which have been awarded accred-
itation status by the AAALAC International. This study
was approved by the Animal Ethical Committee of Astellas
Pharma Inc. (Tokyo, Japan).

Sample collection. Rats were anesthetized with isoflurane
and exsanguinated via the abdominal aorta at five hours after
dosing. Serum and stomach were collected in the same way as
in our previous study.® The interior of the stomach was mac-
roscopically assessed, and the dimensions of observed gastric
ulcers were determined from photographs using WinROOF
image analysis software (Mitani Corporation, Tokyo, Japan).
All samples were stored at =70 “C until sample preparation.

Analysis of metabolite concentration. Measurement of
metabolite concentrations in stomach and serum was done in
the same way as described in our previous article.® Stomach
samples were homogenized in methanol containing inter-
nal standards (10 uM each of methionine sulfone [Wako,
Osaka, Japan], p-camphor-10-sulfonic acid [CAS; Wako],
and 2-(n-morpholino)ethanesulfonic acid [MES; Dojindo,
Kumamoto, Japan]), and the supernatant was collected. Serum
samples were added to methanol containing internal standards
and mixed well. Deionized water and chloroform were then
added, and the upper aqueous layer was collected. Following
centrifugal filtration through a Millipore 5-kDa cutoff filter,
the filtrate was lyophilized and dissolved in 50 pL of Milli-Q_
water containing reference compounds (200 pM 3-aminopy-
rrolidine and 200 pM trimesate). Metabolite standards for
identification of metabolites and CE-TOF-MS conditions for
metabolite analysis were as used in our previous study.® All
CE-TOF-MS experiments were performed using an Agilent
1600 CE capillary electrophoresis system (Agilent Technolo-
gies, Waldbronn, Germany), Agilent G3250AA LC/MSD
TOF-MS system (Agilent Technologies, Palo Alto, CA,
USA), Agilent 1100 isocratic HPLC pump, Agilent G1603A
CE-MS adapter kit, and Agilent G1607A CE-electro spray
ionization (ESI)-MS sprayer kit. For anion analysis, the Agi-
lent G7100-60041 platinum needle was replaced with the
original Agilent stainless steel ESI needle.?! System control
and data acquisition were done using the Agilent G2201AA
ChemStation software for CE and Analyst QS software for
TOF-MS. Annotation tables were generated by the same
method used in our previous study.>°
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Statistical analysis. To identify the biomarker candidates,
the unpaired #-test (comparison of means of two samples with
equal variance) was performed for control and individual
groups to find metabolites that showed changes common to all
three models. Metabolite levels between groups were compared
using ANOVA and Dunnett’s test using GraphPad Prism
version 5.03 (GraphPad Software, San Diego, CA, USA).

Results

Gastric ulceration. The severity of gastric ulceration
is presented as ulcerative area for each group (Table 1). All
treated groups showed gastric ulceration. In contrast, no gas-
tric ulceration was noted in control animals.

Metabolomic analysis of stomach tissue extracts.
A total of 576 peaks (Supplementary Table S1) were identified
and quantified with metabolite standards matching the closest
m/z value and normalized migration time for further statistical
comparison and interpretations using the CE-TOF-MS
system. Although additional unnamed analytes were observed,
we discuss only identified metabolites in the present study.

Metabolites that were changed in all models are summa-
rized in Table 2 and those that were changed in each model are
listed in Supplementary Table S2. In all, 57, 39, and 80 metabo-
lites were changed in the ethanol-, stress-, and aspirin-induced
models, respectively. A decrease in the level of hydroxyproline
and increase in those of putrescine and N8-acetylspermidine
were commonly observed in all models. The levels of these
metabolites in stomach are shown in Figure 1, and their selected
CE-TOF-MS ion electropherograms in Figure 2. Levels of

spermine, spermidine, and Nl-acetylspermidine, which are
related metabolites of putrescine and N8-acetylspermidine, are
shown in Figure 3. These polyamines did not increase except
aspirin-induced model. Other biomarker candidates reported
in our previous study’ did not show a similar change in the
ethanol- and stress-induced gastric ulcer models.

Metabolomic analysis of serum. Serum concentrations
of hydroxyproline and putrescine are shown in Figure 4.
Statistical analysis of quantitative differences between groups
showed decreases in the levels of hydroxyproline in all
models. In contrast, changes in the levels of putrescine were
not observed in all models. Further, the serum concentration
of N8-acetylspermidine was not determined because it was
below detection limits.

Discussion
Here, we investigated limitations of indications of previously
reported biomarker candidates of NSAID-induced gastric
injury using a shotgun metabolomics approach based on
CE-TOF-MS profiles of endogenous metabolites in ethanol-,
stress-, and aspirin-induced models of gastric ulcer in rats.®
We identified a decrease in hydroxyproline as a common and
useful biomarker candidate in all three models. Given that
this decrease reflects the induction of gastric ulcer and is
monitorable in serum, monitoring of serum concentrations of
hydroxyproline should prove useful in identifying the induc-
tion of gastric ulcer regardless of cause.

Gastric ulcer is thought to result from an imbalance
between damaging factors within the lumen and protective

Table 1. Severity of gastric ulceration evaluated as area of ulceration.

MODEL CONTROL ETHANOL STRESS ASPIRIN
Test article Vehicle Ethanol Vehicle Aspirin

5 mL/kg 300 mg/kg
Room temperature 19to0 25°C 19to 25 °C 6°C 19t0 25°C
(for 5 hr after dosing)
Number of animals 8 4 4 4
Severity of gastric ulceration ND 12.42+£5.90 2.30+£1.47 1.58 £1.60

(0/8) (4/4) (4/4) (4/4)

Notes: Data are expressed as mean + standard deviation of the area of ulceration (mm?). Values in parentheses are the incidence rate of animals with gastric

ulceration.
Abbreviation: ND, not detected.

Table 2. Metabolites whose levels changed in all models.

METABOLITE MODEL
ETHANOL

Hydroxyproline Decrease (P < 0.01)

STRESS
Decrease (P < 0.05)

ASPIRIN
Decrease (P < 0.01)

N8-Acetylspermidine Increase (P < 0.05)

Increase (P < 0.05) Increase (P < 0.01)

Putrescine Increase (P < 0.01) Increase (P < 0.01) Increase (P < 0.01)
Creatinine Decrease (P < 0.05) Decrease (P < 0.05) Increase (P < 0.01)
Xanthine Decrease (P < 0.05) Increase (P < 0.01) Decrease (P < 0.01)

Notes: Values in parentheses are statistically significant differences (t-test between model and control). All metabolites that changed in each model are listed in

Supplementary Table S2.
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Figure 1. Levels of hydroxyproline, putrescine, and N8-acetylspermidine in stomach.
Notes: Data are reported as means + standard deviation of four or eight animals per group. Asterisks indicate statistically significant differences:

**P < 0.01, *P < 0.05.

mechanisms in the gastric mucosa, but the mechanism of
gastric ulcer formation is not precisely known. Ethanol- and
stress-induced gastric ulcer models are often used as non-
NSAID experimental models of gastric ulcer.” While details

of the mechanism of gastric ulceration remain to be elucidated,

the common point of these models is that they all induce gastric
ulcer as an endpoint. Comparison of the metabolic profiles of
different experimental models of gastric ulcer should therefore
be useful in grasping the mechanism of change and limitations
of indications of biomarkers identified in the previous study.’
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Figure 2. Selected CE-TOF-MS ion electropherograms for metabolites in stomach.
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Figure 3. Levels of spermine, spermidine, and N1-acetylspermidine in stomach.
Notes: Data are reported as means + standard deviation of four or eight animals per group. Asterisks indicate statistically significant differences:

**P < 0.01, *P < 0.05.

In the present study, a decrease in the level of hydroxyproline
was commonly observed in all models. In the previous study,’
we considered that similar changes induced by NSAIDs are
indicative of decreased collagen levels in the stomach, because
hydroxyproline is a modified amino acid specifically found in
collagen and increased collagenase activity and decreased col-
lagen levels in stomach tissue afflicted with NSAID-induced
ulcers have been reported in the previous study.?? Given that
increased collagenase activity and decreased collagen levels in
stomach tissue were also observed in many experimental gas-
tric ulcer models,?3"2° we considered that the decrease in the
hydroxyproline level in all models was also indicative of the
decrease in the amount of collagen in stomach tissue. Given
the findings that the number of collagen fibers also decreases
with the gastric ulcer induced by Helicobacter pylori (H. pylori)

26 a major cause of human gastric ulcer, we also spec-

infection
ulate that a decrease in hydroxyproline levels will also be seen
with H. pylori infection-induced gastric ulcer.

Increases in the level of putrescine and N8-acetylspermi-
dine were also commonly observed in all models. Putrescine
is the precursor of spermidine and spermine. They and their
acetylated derivatives (N1- and N8-acetylspermidine) are

considered to be universally distributed in living cells and

have been postulated to play important roles in the control
of cellular growth.?”” Elevated spermine, spermidine, and
N1- and N8-acetylspermidine production has been reported
at inflammatory sites.?®?° As shown in Figure 3, levels of
spermine and spermidine were not increased in the ethanol- or
stress-induced models, and N1-acetylspermidine was detected
only in the aspirin-induced model. Given that an increase in
putrescine and N8-acetylspermidine was also clearly observed
in the aspirin-induced model and that all these metabolites
changed in the same manner, these changes are thought to
correlate with each other and to arise from the same cause,
gastric inflammation.

Although the decrease in hydroxyproline was also
observed in serum in all three models, an increase in
putrescine in serum was not observed in all models. Further,
the serum concentration of N8-acetylspermidine could not be
determined because it was below detection limits in all three
models. This indicates that although hydroxyproline can be a
serum biomarker for gastric ulcer, putrescine and N8-acetyl-
spermidine cannot be used or are not sensitive in serum.

In conclusion, this study aimed to clarify the mecha-
nism of change and limitation of indications of biomarker
candidates for NSAID-induced gastric injury reported in our
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Figure 4. Levels of hydroxyproline, putrescine, and N8-acetylspermidine in serum.
Notes: Data are reported as means + standard deviation of four or eight animals per group. Asterisks indicate statistically significant differences:

**P < 0.01, *P < 0.05.
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previous study® by comparing metabolic profiles of stomach
and serum obtained from ethanol-, stress-, and aspirin-
induced gastric ulcer models, which induced gastric ulcer by
different mechanisms. This approach revealed a decrease in
levels of hydroxyproline and increase in levels of putrescine
and N8-acetylspermidine in stomach extracts in all experi-
mental gastric ulcer models. Apart from hydroxyproline,
however, none of the other biomarker candidates previously
identified in the aspirin-induced model changed in the same
manner in the ethanol- and stress-induced models. Moreover,
hydroxyproline was the only candidate to show a decrease in
serum in all the three models. We therefore conclude that the
serum level of hydroxyproline reflects the induction of gastric
injury regardless of the cause of the injury.
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