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A B S T R A C T

Omeprazole, a proton pump inhibitor (PPI), has widely been used to treat various gastrointestinal (GI) disorders.
Notably, many clinical symptoms of GI disorders have been known to be associated with anxiety. In recent years,
an exponentially increased number of subjects with abnormal ageing, neurological deficits, and psychiatric
problems simultaneously exhibit GI dysfunctions as well as anxiety. Considering the fact, drugs that are used to
treat GI disorders can be speculated to mitigate anxiety-related symptoms, and vice versa. Although, omeprazole
treatment has been reported to result in development of anxiety and neurocognitive decline, ample reports
suggest that omeprazole treatment is beneficial for the positive regulation of neuroplasticity. While underlying
mechanisms of omeprazole-mediated neurological alterations remain obscure, the available scientific data on the
omeprazole induced adverse effects in the brain appear to be inadequate, uncertain, and controversial. Hence, this
study revisited the effect of omeprazole treatment on the degree of anxiety-like behaviours in a cysteamine hy-
drochloride (HCl) induced mouse model of GI disorder using open field test (OFT), light-dark box (LDB) test and
elevated plus maze (EPM). Results revealed that omeprazole treatment mitigates anxiety-related behaviours in the
cysteamine HCl induced animal model of GI disorder. Thus, this study assuredly supports and validates the
anxiolytic properties of omeprazole. However, the adverse effects associated with inappropriate intake of
omeprazole may not completely be excluded. Therefore, this study advocates the future direction in determining
the long-term effects of omeprazole on the brain functions.
1. Introduction

Omeprazole is a potent proton pump inhibitor (PPI) that acts by
specifically impeding the biochemical activity of the Hþ/Kþ-ATPase in
the parietal cells and thereby, reducing the secretion of hydrochloric acid
in the stomach [1, 2]. Considering its ulcer healing capacity in the
stomach and duodenum, omeprazole has widely been implemented as an
effective medication in the management of various gastrointestinal dis-
eases including erosive esophagitis, peptic ulcers and gastrinomas [3, 4].
Besides, omeprazole has also been generally prescribed along with many
antibiotics to treat infectious diseases that are known to have the risk of
gastric acidity [4]. Notably, the combination of metronidazole, clari-
thromycin with omeprazole has been established as a highly beneficial
therapeutic regime to heal ulcerative gastritis caused by Helicobacter
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pylori [5]. Moreover, omeprazole treatment also provides therapeutic
aids against several clinical complications and surgical procedures that
exhibit hemorrhagic episodes in the gastrointestinal tract [6]. Omepra-
zole is also used to treat clinical conditions like non-cardiac chest pain
and dyspepsia regardless of esophageal erosion [7, 8]. Like most phar-
macological agents, the possible side effects associated with the con-
sumption of omeprazole include headache, nausea, vomiting, flatulence,
and diarrhea. However, the clinical episodes of the side effects resulting
from the omeprazole treatment appear to be very trivial and even most of
the common side effects may recuperate with time. Nevertheless, some of
the unstipulated adverse effects, which are caused by prolonged and
improper intake of omeprazole cannot be completely ignored.

Recent reports indicated that long term and inappropriate courses of
omeprazole treatment lead to neurocognitive impairments, depression
ndasamy).
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and anxiety related problems [9, 10, 11, 12]. However, there exists some
experimental proof that the omeprazole treatment can be beneficial in
improving neurological functions [13, 14, 15, 16, 17]. Moreover, the
recent outlooks strongly advocate that the available data claiming the
omeprazole induced neurological defects appear to be highly subtle and
inconclusive at this moment [18, 19, 20, 21]. Therefore, additional
preclinical studies, epidemiological and clinical trials are required in
order to determine and validate the potential relationship between
omeprazole consumption and neurophysiological alterations. Among the
different pharmacological aspects, understanding the effect of omepra-
zole on the regulation of anxiety in GI disorders has currently been an
evolving scientific focus. Therefore, the present study revisited the effect
of omeprazole treatment on the modulation of anxiety-related behav-
iours in a cysteamine HCl induced mouse model of GI disorder using
animal behavioural paradigms such as open field test (OFT), light-dark
box (LDB) test and elevated plus maze (EPM).

2. Materials and methods

2.1. Experimental animals and treatment

Four to five months old experimental adult BALB/c mice (N ¼ 24)
were randomly divided into four groups namely, (1) control (C) group (N
¼ 6), (2) cysteamine HCl (CystM) group (N ¼ 6), (3) omeprazole (OMP)
group (N ¼ 6) and (4) cysteamine HCl with omeprazole (CystM þ OMP)
group (N¼ 6). The animals were maintained in the standard condition at
a temperature of about 22–24 �C in 12 hours of light and dark alternative
cycles in the animal house, Bharathidasan University. Mice were pro-
vided with standard rodent feed and water of free access. The experi-
mental animals in group 2 and 4 received intraperitoneal injection of 60
mg of cysteamine HCl per Kg body weight for 3 alternative days. Five
days later animals in groups 3 and 4 were given 20 mg of omeprazole per
Kg body weight through drinking water. The animals in the control group
were given normal drinking water. After two weeks of omeprazole
Figure 1. Omeprazole improves exploration and reduced anxiety behaviours in cyste
image of an animal from the (A) control (C), (B) cysteamine HCl (CystM). (C) omep
groups.. The red square indicates the outer zone and the dark green square indicates t
crossed (E) and, time spent in the outer zone (F) and inner zone (G) by the experim
cysteamine HCl with omeprazole (CystM þ OMP) treated groups.
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treatment, experimental mice in all groups were subjected to behavioural
tests such as OFT, LDB and EPM for assessing the level of anxiety as
described earlier [22]. All the animal experiments were conducted upon
the approval of the Institutional Animal Ethics Committee (IAEC) (Ref
NO. BDU/IAEC/P11/2019), Bharathidasan University under the regu-
lation of the Committee for the Purpose of Control and Supervision of
Experiments on Animals (CPCSEA), India.

2.2. Open field test (OFT)

OFT was executed to assess the effect of omeprazole on the general
activity, exploration cum preference-based anxiety-like behaviours in the
experimental animals. The OFT arena (120 cm � 120 cm) consists of 16
quadrants 30 cm each was digitally divided into the outer zone (red
color) and inner zone (dark green) using the SMART 3.0 module, a video
tracking software assisted with the computer (Pan lab, Harvard appa-
ratus, Spain) (Figure 1). After habituation in the animal behavioral room,
each mouse was taken from the home cage and carefully released into the
center of the arena and allowed to explore freely for 5 minutes. The
overall uninterrupted activities of animal were monitored and recorded
using the SMART 3.0 video tracking software. Three trials of each 5
minutes were carried out for 3 consecutive days. The number of grids
crossed, the time spent in the outer zone and inner zone by the mouse
were assessed using SMART 3.0 tracking software. At the end of the test
period, the animal was gently removed from the open arena and returned
to its home cage. The open field apparatus was wiped with 70% ethanol
and allowed to evaporate completely prior to every trial [22].

2.3. Light-dark box (LDB) test

The LDB test was applied to measure the unconditioned anxiety-
responsive behaviour in experimental animals. The LDB apparatus con-
sists of two compartments, one is the dark compartment and the other is
the light compartment wherein digitally two rectangular zones were
amine HCl treated animals in the open field arena. Representative video tracking
razole (OMP) and (D) cysteamine HCl with omeprazole (CystMþOMP) treated
he inner zone of the test arena. The bar graph data indicates the number of grids
ental mice of the control (C), cysteamine HCl (CystM), omeprazole (OMP) and
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created using SMART 3.0 video tracking software. As the light
compartment was marked with a red rectangle, the blue rectangle was
designated to the dark compartment (Figure 2). Each animal was placed
in the light compartment and allowed to move freely between the two
compartments for 5 minutes. Three trials of each 5 minutes were carried
out for 3 consecutive days. The time spent by each animal in the light
compartment and the dark compartment was recorded and estimated by
SMART 3.0 video tracking software. After each trial, the mouse was
gently removed from the apparatus and replaced into their home cage
and at the end, both the compartments were cleaned with 70% ethanol
[22].

2.4. Elevated plus maze (EPM)

The elevated plus maze (EPM) test was used to evaluate the acro-
phobia-related anxiety-like behaviours in experimental animals. The
apparatus consists of 4 arms connected in the middle in which 2 arms
were closed by 30 cm high sidewalls and 2 open arms were left open
without sidewalls. The whole four arms setup was 90 cm elevated from
the ground level. Using the SMART 3.0 video tracking software, all four
arms were digitally marked with different colors. Apparently, two closed
arms were marked with blue and brown, and two open arms were
marked in red and violet (Figure 3). Each animal was placed in the center
of the apparatus and was allowed to explore the arms for a period of 5
minutes. Once the trial was completed, the animal was returned to the
home cage. The arms and central area of EPMwere cleaned with alcohol.
Three trials of each 5 minutes were carried out for 3 consecutive days.
Thus, movements and the time spent by the animal in each of the arms
were recorded and calculated using the SMART 3.0 video tracking soft-
ware [22].

2.5. Statistical analysis

Results have been represented as Mean � SD and the number of grids
crossed in OFT and time spent in different zones by animals during OFT,
LDB and EPM tests were assessed by one-way ANOVA followed by Tukey
3

post-hoc comparison test. All the statistical analyses were carried out by
Graph Pad Prism. The significant level was assumed at P < 0.05 unless
otherwise indicated.

3. Results

3.1. Omeprazole treatment improved locomotion and reduced anxiety in
cysteamine HCl treated animals in the open field test (OFT)

Results obtained from OFT revealed that the number of grids crossed
by cysteamine HCl treated mice was drastically reduced when compared
to mice in the control, omeprazole, cysteamine HCl with omeprazole
groups. The number of grids crossed by omeprazole treated group was
significantly increased when compared to that of mice in the control,
cysteamine HCl and cysteamine HCl with omeprazole treated groups.
Notably, the number of grids crossed by mice in the cysteamine HCl with
omeprazole group was also notably increased than that of mice treated
only with cysteamine HCl (C¼ 86� 26; CystM¼ 43� 16; OMP¼ 119�
27; CystM þ OMP ¼ 81 � 33) (Figure 1). This result suggests that
omeprazole treatment abolishes the cysteamine HCl induced locomotive
and exploratory behavioural deficits in the experimental animals.

Considering the time spent in the outer zone of the open field arena by
the experimental animals as a key measure of induced anxiety, the ani-
mals with reduced anxiety tend to explore more often the inner zone.
During the open field experiment, mice in the cysteamine HCl treated
group showed a tendency to stay mainly in the outer zone when
compared to mice in the control, omeprazole, cysteamine HCl with
omeprazole treated groups (C ¼ 266 � 9; CystM ¼ 289 � 8; OMP ¼ 244
� 21; CystM þ OMP ¼ 264 � 25). As a result, the time spent in the inner
zone by cysteamine HCl treated animals was considerably reduced when
compared to mice in the control, omeprazole, cysteamine HCl with
omeprazole treated groups. Notably, the time taken to explore the inner
zone by mice in omeprazole treated group was significantly increased
when compared to mice in control, cysteamine HCl and cysteamine HCl
with omeprazole treated groups. Moreover, the time spent in the inner
zone by cysteamine HCl with omeprazole treated mice was significantly
Figure 2. Omeprazole reduces preference-based
anxiety behaviours in cysteamine HCl treated
animals in the light-dark box test. Representative
video tracking image of an animal from the (A)
control (C), (B) cysteamine HCl (CystM), (C)
omeprazole (OMP) and (D) cysteamine HCl with
omeprazole (CystMþOMP) treated groups in
light-dark box test. The red rectangle indicates
the light compartment and the blue rectangle
represents the dark compartment. The bar graph
data represents time spent in the light compart-
ment (E) and the dark compartment (F) by the
experimental mice in the control (C), cysteamine
HCl (CystM), omeprazole (OMP) and cysteamine
HCl with omeprazole (CystM þ OMP) treated
groups.



Figure 3. Omeprazole treatment exhibit anxiolytic
behaviors in cysteamine HCl treated mice in the
elevated plus maze. Representative video tracking
image of an animal from the (A) control (C), (B)
cysteamine HCl (CystM), (C) omeprazole (OMP) and
(D) cysteamine HCl with omeprazole (CystMþ OMP)
treated groups during the elevated plus maze test. The
open arms have been indicated by vertical red and
violet rectangles and the closed arms have been
indicated by horizontal blue and brown rectangles.
The bar graph data represents time spent in open arms
(E) and closed arms (F) by the animals in the control
(C), cysteamine HCl (CystM), omeprazole (OMP) and
cysteamine HCl with omeprazole (CystM þ OMP)
treated groups.
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increased than mice treated only with cysteamine HCl (C ¼ 34 � 9;
CystM ¼ 11 � 9; OMP ¼ 56 � 21; CystM þ OMP ¼ 36 � 25) (Figure 1).
Hence, the results revealed from OFT indicate that the omeprazole
treatment diminishes the cysteamine HCl induced anxiety-like behaviors
in experimental animals.

3.2. Omeprazole treatment reduced unconditioned anxiety-like behavior in
cysteamine HCl treated animals in the light-dark box (LDB) test

The results obtained from LDB test indicated that the time spent in the
light compartment by the mice treated only with omeprazole was
significantly increased than that of mice in the control, cysteamine HCl
and cysteamine HCl with omeprazole treated groups (C¼ 99� 22; CystM
¼ 47 � 26; OMP ¼ 123 � 17; CystM þ OMP ¼ 89 � 20). Notably, the
time spent in the light compartment by the cysteamine HCl treated ani-
mals was significantly reduced as they preferred to stay in the dark
compartment when compared to mice in control, omeprazole and
cysteamine HCl with omeprazole treated groups. The time spent in the
dark compartment by the mice treated only with omeprazole was
considerably reduced in comparison with the cysteamine HCl and
cysteamine HCl with omeprazole treated groups. Notably, mice in the
cysteamine HCl with omeprazole treated group also spent more time in
the light compartment than the dark compartment when compare to that
of cysteamine HCl treated group (C¼ 201� 22; CystM¼ 253� 26; OMP
¼ 177 � 17; CystM þ OMP ¼ 211 � 20) (Figure 2). Considering the
4

results observed from the LDB test, it has become apparent that omep-
razole treatment decreases cysteamine HCl induced anxiety-like symp-
toms in experimental animals.

3.3. Omeprazole treatment reduces acrophobia-related anxiety behaviors
in cysteamine HCl treated animals upon the elevated plus maze (EPM) test

In EPM test, mice with reduced anxiety have been known to spend
more time in exploring the open arms, whereas the animals with more
anxiety will tend to stay in the closed arms. During the test, the mice in
the cysteamine HCl treated group preferred to stay more time in the
closed arms of EPM compared to that of mice in control, omeprazole
and cysteamine HCl with omeprazole treated groups (C ¼ 285 � 8;
CystM ¼ 298 � 2; OMP ¼ 277 � 9; CystM þ OMP ¼ 289 � 2). Hence,
the time spent by cysteamine HCl treated mice in the open arms was
significantly reduced. Notably, the time spent in the open arms by mice
treated only with omeprazole was significantly increased when
compared to cysteamine HCl and cysteamine HCl with omeprazole
treated groups. Also, the time spent in the open arms by cysteamine
HCl with omeprazole treated mice was significantly increased than the
mice treated only with cysteamine HCl (C ¼ 15 � 8; CystM ¼ 2 � 2;
OMP ¼ 23 � 9; CystM þ OMP ¼ 11 � 2) (Figure 3). Hence, the results
obtained from EPM validates that the omeprazole treatment exhibits
anxiolytic properties against the cysteamine HCl mediated anxiety in
the experimental animals.
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4. Discussion

The present study demonstrates that omeprazole treatment reduces
anxiety-related behaviours in an experimental mouse model of GI dis-
order. Anxiety disorders are the foremost prevalent psychiatric disorders
among the general population [23]. Ample scientific reports indicated
that the clinical characteristics of anxiety and GI dysfunctions coexist to a
more significant extent [24, 25]. To note, the pestilent symptoms of both
anxiety and GI disorders have been mutually known to predispose and
exacerbate the pathogenic signatures between them but the definitely
combined etiology of these diseases remains obscure due to their
co-morbid nature [24, 26, 27]. However, the experimental data on the
shared biology and underlying synergistic pathomechanisms responsible
for anxiety and GI disorders are highly limited. Indeed, it can be specu-
lated that treatment options available for any one of the aforesaid disease
conditions can be reciprocally beneficial to other. Nevertheless, in recent
years, there has been a rising concern about the adverse effects of PPIs as
some reports indicated that PPIs treatment has been associated with the
alteration of the neuroplasticity and development of anxiety [9, 10, 11,
12].

Earlier, a case study indicated that a young girl who received omepra-
zole treatment along with some anticholinergic and serotonergic medica-
tions displayed alteration of the mental state [28]. Recently, Ali SB and his
co-workers reported that the intraperitoneal administration of omeprazole
in experimental rats induces anxiety, sedentary behavior, and neuro-
cognitive impairments due to lowered levels of serotonin and decreased
expression of the serotonin 1A receptor in the brain [9]. Interference of
omeprazole with the biochemical pathways of serotonin and acetylcholine
has been linked to the development of neurological defects and behavioral
abnormalities [9, 29]. However, recent perspectives and meta-analyses
advocate that the establishment of the association between the omepra-
zole and anxiety from the limited sources of data is inadequate and is of
mere speculation [18, 19, 20, 21]. The available preclinical studies claim
that the effect of omeprazole on the alteration of anxiety level needs to be
reiterated and reproduced with appropriate experimental models.
Furthermore, the detrimental effects of PPIs associated with anxiety in
human situations need to be revisited in large scale assessment.Meanwhile,
ample scientific records are also found for omeprazole mediating positive
effects against neurological illness and neuroinflammation [13, 14, 15, 16,
17]. Chanchal SK et al. reported that two-weeks oral administration of
omeprazole significantly reduced the expression of neuroinflammatory
cytokines and oxidative stress in a chronic constriction injury induced rat
model of neuropathic pain [13].Omeprazole has also been reported to have
antioxidant properties in different organs [30]. €Ozay R et al. demonstrated
that omeprazole treatment has induced the antioxidant activities and
reduced the apoptotic signals in the brains of the experimental ratmodels of
traumatic brain injury [15].

Cysteamine HCl being a potent duodenal ulcerogenic agent, drasti-
cally increases the gastric acid and reduces alkaline phosphatase activity
in mucosal cells that leads to induction of oxidative stress and in-
flammations mediating to the production of reactive oxygen species
(ROS), which could be correlated to the development of anxiety in the
experimental model of GI disorder [31, 32, 33]. Therefore, pharmaco-
logical neutralization of the oxidative stress and inflammations could be
a formidable treatment strategy against anxiety. To note, the oral
administration of omeprazole in healthy volunteers showed a reduction
in the production of ROS from the activated circulating neutrophils [34,
35]. A colorimetric based study to determine the free radical scavenging
activities of different PPIs indicated that omeprazole possess potent
antioxidant activities [36]. Therefore, it can be speculated that omep-
razole treatment might be involved in the reduction of cysteamine HCl
mediated production of ROS. Recently, Yesudhas et al reported that the
pharmacologically increased levels of antioxidant activities provides
neuroprotection in the hippocampus and mitigates the innate anx-
iety-related behaviours in ageing experimental animals [22]. While
omeprazole has been identified to cross the blood brain barrier (BBB), its
5

anxiolytic effects observed in the present study could be due to induced
antioxidant and neuroprotective properties in the brain [14, 16].

Serotonin plays an important role in controlling a variety of
physiological functions like gut motility, mood, sleep and the brain
development [37, 38]. Primarily, many anxiolytic drugs have been
known to reduce the clinical severity of anxiety as they act as sero-
tonin reuptake inhibitors [39]. Betari N and colleagues demonstrated
that administration of omeprazole to experimental mice for 4 days
significantly increased serotonin concentrations, both in the brain and
serum, and reduced anxiety [40]. Besides, the administration of
fluoxetine, a selective serotonin reuptake inhibitor type antidepres-
sant, has been reported to reduce the central and peripheral levels of
pro-inflammatory cytokines including IL-1β in a rat model of chronic
mild stress (CMS) [41]. Interestingly, other antidepressants such as
agomelatine and vortioxetine have been reported to promote the
expression of the brain derived neurotropic factors (BDNF) in the
hippocampus of experimental rats under chronic unpredictable mild
stress (CUMS) condition. Considering the facts, it can be delineated
that the anxiolytic effect of omeprazole may be due to its inhibitory
actions on the levels of pro-inflammatory cytokines levels and sup-
portive role in increased levels of neurotrophic factors including BDNF
[42, 43]. Moreover, this study indicates that the omeprazole treatment
reduces the innate level of anxiety in experimental mice during the
exposure to the behavioural tasks regardless of cysteamine HCl
treatment. Taken together, on one hand the anxiolytic effect of
omeprazole might be related to the inhibition of neuroinflammatory
molecules in the circulation and in the brain and on the other hand, it
may play a supporting role in boosting the expression of neurotrophic
factors and serotonin level in the brain. Therefore, future studies
directed towards the underlying anxiolytic mechanisms of omeprazole
at psycho-neuro-immunological aspects have become important.
Further, establishment of the potential scientific link between PPIs
and anxiety with large scale measurement in human situations and the
interaction of omeprazole with other drugs during the combinational
therapies appear to be an unmet need. The adverse effects of inap-
propriate intake of omeprazole may not be excluded and hence this
study provokes the mandate importance of the future studies in
determining the long-term effects of omeprazole at varying dosages
along with other drugs.

5. Conclusion

Omeprazole has been a widely used important drug for the treatment
of GI disorders. In contrast to few reports that highlighted anxiogenic
events of omeprazole, the present study bestows the anxiolytic properties
of omeprazole in control and a cysteamine HCl induced mouse model of
GI disorder. Though the adverse effects of omeprazole might be due to
the prolonged period, overdosage and the interaction with other medical
parameters, a conclusion to its anxiogenic or anxiolytic properties
require careful scientific attention. The underlying neurobiological al-
terations responsible for the behavioral outcome resulting from the
omeprazole treatment needs to be reproduced and verified in different
animal models of anxiety and GI disease. Therefore, the present study
necessitates the future direction to reveal the effects of omeprazole on the
abnormal cellular, biochemical and molecular biological aspect of
anxiety.
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