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Abstract
Omeprazole (OM) is one of the most prescribed drugs worldwide for the treatment of hyperacidity and gastric reflux. 
However, concerns regarding its safety have emerged recently, and the drug is reported to enhance the risk for anxiety and 
cognitive deficits, particularly in elderly patients. The present study investigated these adverse effects, if any, in adult male 
rats. Associated changes in brain serotonin (5-hydroxytryptamine; 5-HT) and dopamine metabolism and the expression of 
5-HT-1A receptors in the raphe and hippocampus were also determined. The drug was injected i.p. in doses of 10 and 20 mg/
kg for 15 days. Both doses of OM decreased motor activity in an open field and impaired learning and memory in the Morris 
water maze test. Anxiety monitored in an elevated plus maze test was enhanced in rats treated with 20 mg/kg OM only. The 
levels of 5-HT and its metabolite 5-hydroxyindoleacetic acid and of homovanillic acid, a metabolite of dopamine, determined 
by HPLC-EC, were decreased in the brain of OM treated rats. The expression of 5-HT-1A receptor, determined by qRT-PCR, 
was reduced markedly in the hippocampus and moderately in the raphe. Our results provide evidence that OM use can reduce 
raphe hippocampal serotonin neurotransmission to lead to anxiety/depression and cognitive impairment. There is a need for 
increased awareness and prescription guidelines for therapeutic use of OM and possibly also other proton pump inhibitors.

Keywords Omeprazole · Motor activity · Anxiety-like behavior · Learning and memory · Serotonin · Serotonin-1A 
receptors

Introduction

Omeprazole (OM) is one of the most widely prescribed pro-
ton pump inhibitors (PPIs) for treating gastric hyperacidity 
and reflux. It is a member of benzimidazole family and has 
been shown to block H+/K+-ATPase pump in the parietal 
cells of the stomach in the first 4 h after the administra-
tion [1]. In humans, the oral bioavailability of OM is about 
40–50%, and elimination half-life from plasma is less than 
1 h, and within 3–4 h it is entirely cleared from the plasma 
[2]. Its inhibitory action lasts up to approximately 48 to72 h 
[1]. It can cross the blood brain barrier rapidly to produce 
intracellular acidification of microglia by irreversible inhibi-
tion of microglial lysosome H+/K+-ATPase pump, similar 
to its effect on the gastric parietal cells [1, 3].

The safety of PPIs with respect to cognition has been 
questioned in clinical studies. These studies show that 
long-term use of PPIs impairs cognitive functions in elderly 
patients [4–7]. A study conducted in healthy volunteers, 
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observed varying degree of influence on different cognitive 
functions by PPIs: with OM having the highest impact on 
cognitive impairment [8, 9]. In addition, some clinical stud-
ies also show anxiety and depression among PPIs users [10, 
11].

Despite the above reported concerns about the safety 
of OM in clinical studies, the research in animals on these 
adverse effects is, however, lacking. The present study is 
therefore designed to examine the effects of OM on learning 
and memory and on anxiety/depression-like behavior in rats. 
Morris water maze (MWM) test is used to evaluate learn-
ing and memory. Open field (OF) activity and elevated plus 
maze (EPM) test are used to assess potential anxiety-like 
behavior. Because of a role of brain serotonin (5-hydroxy-
tryptamine; 5-HT) and dopamine in anxiety and in learning 
and memory [12–14], the effect of OM on the metabolism of 
5-HT and dopamine in the brain are also determined.

At least 14 different types and subtypes of 5-HT receptors 
have been identified in the brain [15]. The 5-HT-1A receptor, 
the most widely studied subtype is expressed presynaptically 
as autoreceptors on soma and dendrites of the 5-HT neurons 
in the raphe region [16]. Postsynaptically, it is expressed as 
heteroreceptors in brain regions where serotonergic neurons 
innervate [17, 18]. In view of a role of 5-HT-1A autorecep-
tors as well hippocampal heteroreceptors in anxiety/depres-
sion [18–20], and cognition [17, 21, 22], effects of OM on 
5-HT-1A receptor expression are determined in the raphe 
and hippocampus of rats treated with OM.

Material and methods

Animals

Male albino Wistar rats, weighing 200–220 g (8–9 weeks 
of age), were taken from the institutional animal research 
facility. Rats were caged individually, five days before begin-
ning of the actual experiment under standard temperature 
(22 ± 2 °C) with 12 h light and dark cycle for familiariza-
tion with the environment. They were free access to stand-
ard rodent diet and tap water ad libitum till the end of the 
experiment. All behavioral activities were carried out during 
the light phase (10:00–15:00 h). The study was designed 
and conducted in accordance with the National Institute of 
Health (NIH) guidelines for the Care and Use of Laboratory 
Animals and a protocol (ASP No.: 2018-0001) approved by 
the Institutional Committee for Animal Care and Use. To 
avoid time and order effects all experiments were carried 
out in balanced design.

Drug and doses

Commercially available OM  (Risek®, GetzPharma) paren-
teral preparation, purchased locally, was used in this study. 
The drug was dissolved in water-for-injection (WFI) sup-
plied along-with the parenteral preparation. It was injected 
i.p. in doses of 10 and 20 mg/mL/kg. Control animals were 
injected with WFI 1 mL/kg.

In the present study, OM was used in doses of 10 and 
20 mg/kg, the doses which preclinical studies show are 
effective against aspirin or indomethacin-induced gastric 
ulcers in rats [34, 47]. The doses of OM recommended for 
treating gastric ulcers and reflux is 20–80 mg/kg [2]. The 
human equivalent dose for 20 mg/kg rats is 3.78 mg/kg [48].

Experiment 1: Dose‑related effects of OM 
on anxiety/depression and learning/memory

Twenty-four rats were used in this experiment. The rats 
divided into three equal group were assigned as; WFI treated 
(1 mL/kg), low-dose OM treated (10 mg/kg) and high-dose 
OM treated (20 mg/kg) groups. The drug or WFI were 
administered intraperitoneally during 09:00–09:30 h daily 
for 15 days. Body weights and food intakes were monitored 
daily. Activity in OF was monitored on day 1 and day 7; 1 h 
after the respective day treatment. Behavior in EPM was 
also monitored on day 1 and day 7; 2 h after the respec-
tive day treatment. MWM training was conducted on day 
10 at 10:00–12:00 h and learning acquisition was monitored 
on the same day at 14:00–15:00 h. Memory retention was 
assessed next day i.e. day 11, and also on day 14. Perfor-
mance in probe test was monitored on day 15. The animals 
kept back in their cages were decapitated 1 h after the probe 
test. Whole brain were taken out and stored at − 80 °C till 
the determination of brain 5-HT and dopamine metabolism.

Food intake and body weight

Pre-weighed food was given to each animal in its respective 
cage hopper. Cumulative food intake and change in body 
weight during the treatment were monitored. Percentage 
change in body weight was calculated as: {(Body weight on 
day 15/starting day body weight) × 100}.

Open field (OF) activity

A large square area of 76 × 76 cm having 42 cm surrounding 
walls was used as OF. The floor of the OF was divided by 
black lines into 25 squares of equal size (15 cm). Activity 
in the OF was monitored as described earlier [23, 24]. A 
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rat was gently placed in the center of the OF and the total 
number of squares crossed with all four paws were counted 
from 0 to 5 min, starting immediately after the placement.

Activity in an elevated plus maze (EPM)

The EPM, as described before [23, 24], was made up of 
white plastic. It had four arms arising from a central square 
giving shape of plus to the maze. Each arm was 50 cm long 
and 10 cm wide. Two arms were open and had no side walls. 
Other two arms were closed and had 15 cm high side walls. 
The maze was elevated 60 cm from the ground. To monitor 
anxiety-like behavior in the maze, a rat was placed in the 
central square of the maze with its face facing the junction 
of open and closed arm and permitted to explore the entire 
maze for a duration of 5 min. Time spent and number of 
entries in open arm were noted from 0 to 5 min.

Morris water maze (MWM) test

The apparatus and protocol were adopted as mentioned pre-
viously [25, 26]. The maze, made up of white plastic, was 
a circular pool having 90 cm diameter and 60 cm height. It 
was filled up to the height of 30 cm with tap-water, made 
opaque with milk. The maze was divided virtually into four 
equal quadrants (north, south, east and west). A square plat-
form (10 × 10 cm) and 28 cm height was placed in the center 
of the north quadrant. The platform 2 cm below the surface 
of water was not visible. The procedure consisted of two 
phases: the training phase and the test phase.

The training phase consisted of three trials was conducted 
on day 10, 30 min post injection. In every trial, a rat placed 
in one of the quadrants except the north quadrant (having 
hidden platform), was given 2 min to search the hidden plat-
form. Rats succeeded to find the platform, were left on it for 
10 s. Rats not able to find the platform were directed to find 
it with the help of a rod. In the test phase, learning acquisi-
tion was monitored after 2 h of training and memory reten-
tion was assessed on day 11 (next day after training) and day 
14 (four day after training) also. To monitor these, rat was 
placed in the water pool from the quadrant, opposite to the 
platform quadrant, and time taken to locate the submerged 
platform was monitored.

Probe test This test was conducted on day 15 (5  days 
after training), 45  min post injection. During the  probe 
test, escape platform was removed. The rat was placed 
in the water pool from quadrant, opposite to the platform 
quadrant, and permitted to swim for 60 s as reported pre-
viously [24]. The memory in the probe test was assessed 
as; latency time to enter the quadrant which initially had 
a platform, total time passed and number of entries in that 
quadrant. An increase in latency time and a decrease in 

the number of entries and time passed in the quadrant that 
initially had a platform was considered as memory impair-
ment.

Neurochemical analysis

Frozen brain samples were homogenized in an extraction 
medium which was composed of; sodium meta-bisulfite 
(0.1%), cysteine (0.01%), EDTA (0.01%) and perchloric 
acid (0.4 M). The homogenate was centrifuged at 6000 
RPM for 15  min. The supernatant was collected and 
processed for further analysis as reported before [24]. 
A commercially available separation column  (Waters® 
 Spherisorb® S5 5um ODS2 4.6 × 150 mm) was used as 
the stationary phase. The Mobile phase was 0.1 M sodium 
phosphate buffer (pH 2.9), containing methanol (14%), 
sodium octyl sulfate (0.023%) and EDTA (0.005%). Sam-
ple aliquots (20 μL) were injected by auto-sampler/injec-
tor. Separation was achieved at an operating potential of 
0.8 V and a pressure of 2000–3000 psi with a flow rate 
of 1 mL/min. Serotonin, dopamine and their metabolites 
were detected using an electrochemical detector  (Waters®, 
e2465 ECD) while tryptophan was determined by meas-
uring absorbance at 273 nm wavelength on UV detector 
 (Waters®, e2489 UV/Vis) via alliance Waters e2695 sepa-
ration module  (Waters®, Massachusetts, USA).

Experiment 2: Serotonin—1A receptor expression

Twelve rats were used in this experiment. The rats divided 
into two equal group were assigned as; controls (WFI, 
1 mL/kg) and high-dose OM treated (20 mg/kg). Con-
trol and test animals were injected accordingly, daily for 
15 days at 9:00–9:30 h. On day 15, 2 h post treatment, 
animals were decapitated to collect the raphe (dorsal and 
median) region and hippocampus. The samples were fro-
zen immediately in liquid nitrogen and stored at − 80 °C 
for determining the 5-HT-1A receptor expression by 
qRT-PCR.

RNA extraction and reverse transcription

The samples were homogenized in  TRIzol® reagent (Inv-
itrogen, Thermo Fisher Scientific) and total RNA were 
extracted according to the described protocol by the man-
ufacturer. The total RNA concentration was measured 
as reported before [26] using a NanoDrop (2000/2000c, 
Thermo Scientific). All RNA samples were stored at 
− 80 °C freezer without freeze-thawing until the subse-
quent reverse transcription was performed. The cDNA was 
generated as reported before [26], from 1 µg of total RNA 
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of each sample with random primers in Master cycler proS 
(Eppendorf) via Revert Aid First Strand cDNA synthesis 
kit (ThermoFisher Scientific) following manufacturer’s 
instructions. The cDNA was then stored at − 20 °C for 
qRT-PCR.

Quantitative real‑time polymerase chain reaction (qRT‑PCR)

Specific primers of 5-HT-1A and beta-actin were used as 
reported previously [26]. These were purchased locally from 
Penicon Pharmaceuticals (Table 1). Real-time PCR assay 
was performed in AriaMx G8830A (Agilent Technolo-
gies, USA) with Maxima SYBR Green/ROX qPCR Mas-
ter Mix 2X (Thermo Scientific) according to the manufac-
turer’s guidelines. The thermocycling program was used as 
described earlier [26] with denaturation at 95 °C for 10 min, 
followed by 40 cycles at 95 °C for 15 s, annealing at 60 °C 
for 30 s and extension at 72 °C for 30 s. Data were acquired 
and analyzed using an AriaMx Agilent HRM software. 
5-HT-1A receptor mRNA was co-amplified with the beta-
actin mRNA which was used as an internal loading control. 
The 5-HT-1A receptor mRNA levels were normalized with 
beta-actin mRNA.

Statistical analysis

Results are presented as means ± SD. Statistical analysis was 
done by IBM SPSS Statistics version 21. One-way ANOVA 
was used to analyse the data on food intake, change in body 
weight, and also on tryptophan, serotonin and dopamine 
and their metabolites. Two-way ANOVA, repeated meas-
ures design (RMD) was used to analyse the data on OF 
and EPM activities and also on learning/memory in the 
MWM test. Data on probe test were analyzed by one-way 
ANOVA. The post-hoc comparisons were done by Tukey’s 
test. Data on 5-HT-1A receptor expression were analyzed by 

Mann–Whitney U test. p values < 0.05 were considered as 
statistically significant.

Results

OM effects on body weight and food intake

Figure 1 shows the effects of daily OM treatment for 15 days 
in doses of 10 and 20 mg/kg on cumulative food intake and 
body weight change. Data analyzed by one-way ANOVA 
revealed the drug effects were not significant for body weight 
F(2,21) = 2.813, p > 0.05 and food intake F(2,21) = 0.543, 
p > 0.05.

OM effects on open field activity

Figure 2 shows the results of daily OM administration in 
doses of 10 and 20 mg/kg on motor activity in OF moni-
tored on day 1 and day 7. Data on OF activity was ana-
lyzed by 2-way ANOVA (RMD) showed significant effect 
of the drug F(2,21) = 17.746, p < 0.01, repeated measures 
(days) F(2,42) = 113.69, p < 0.01 and a significant interac-
tion F(4,42) = 3.191, p < 0.05 between the drug and days. 
Post-hoc tests revealed that the OM administration on day 
1 produced no effect on motor activity. Following repeated 
administration, activity decreased on day 7. The decrease 
was greater in high dose (20 mg/kg) compared to low dose 
(10 mg/kg) OM treated rats. Taken together, the results show 
that OM decreases motor/exploratory activity on repeated 
administration in a dose-dependent manner.

OM effects on elevated plus maze activity

Figure 3 shows the results of daily OM administration in 
doses of 10 and 20 mg/kg on EPM activity monitored as 
time spent and number of entries in open arm on day 1 and 
day 7.

Time spent in open arm

Figure 3a shows data on time spent in open arm were ana-
lyzed by 2-way ANOVA (RMD) showed a significant effect 
of the drug F(2,21) = 34.768, p < 0.01, repeated measures 
(days) F(2,42) = 280.807, p < 0.01 and a significant interac-
tion F(4,42) = 3.895, p < 0.01 between the drug and days. 
Post-hoc tests revealed that both single and repeated OM 
administration in high (20 mg/kg) dose, decreased time spent 
in open arm. Decreases were not significant for low dose at 
single or repeated administration. Habituation effect was 
also observed in water as well OM treated rats on repeated 
administration

Table 1  Primer sequences with annealing temperatures and amplicon 
size

Gene Primers Annealing tem-
perature (°C)

Ampli-
con size 
(bp)

Beta-actin F: 5′-ACC CAC 
ACT GTG CCC 
ATC TA

R: 5′-CGG AAC 
CGC TCA 
TTGCC 

58.5
57.1

285

5-HT-1A F: 5′-CCC CCC 
AAG AAG AGC 
CTG AA

R: 5′-GGC AGC 
CAG CAG AGG 
ATG AA

59.4
60.1

335
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Entries in open arm

Figure 3b shows data-analyzed by 2-way ANOVA (RMD) on 
the number of entries in open arm showed a significant effect 

of the drug F(2,21) = 46.798, p < 0.01, repeated measures 
(days) F(2,42) = 176.451, p < 0.01 and a significant inter-
action (F = 4.908 df = 4,42 p < 0.01) between the drug and 
days. Post-hoc tests revealed that both single and repeated 

Fig. 1  Dose-related effects of OM on a percentage change in body weight and b cumulative food intake. Values are means ± SD (n = 8). Data 
analyzed by one-way ANOVA showed no significant difference between the groups

Fig. 2  Dose-related effects of OM on motor/exploratory activity in 
OF. Values are means ± SD (n = 8). Significant differences using Tuk-
ey’s test: *p < 0.05, **p < 0.01 from respective day values of water 

treated group, +p < 0.01 from day 1 values of similar treated group, 
following 2-way ANOVA (RMD)
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OM administration in high (20 mg/kg) dose decreased num-
ber of entries in open arm. Decreases were not significant for 
low dose at single or repeated administration. Habituation 
effect was also observed in water as well OM treated rats on 
repeated administration

Taken together, it shows that OM produces anxiogenic 
effects at higher dose (20 mg/kg) which are greater on 
repeated administration.

OM effects on learning and memory in the MWM 
test

Figure 4a shows the results of daily OM administration in 
doses of 10 and 20 mg/kg on learning and memory in the 
MWM test, assessed on day 10 (2 h after training), day 11 
(next day after training) and day 14 (four day after train-
ing). Data analyzed by 2-way ANOVA (RMD) showed a 

Fig. 3  Dose-related effects of OM on a time spent and b number of 
entries in open arm. Values are means ± SD (n = 8). Significant dif-
ferences using Tukey’s test: *p < 0.05, **p < 0.01 from respective day 

values of water treated group and +p < 0.01 from day 1 values of simi-
lar treated group, following 2-way ANOVA (RMD)
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significant effect of drug F(2,21) = 75.233, p < 0.01, repeated 
measures F(2,42) = 6.874, p < 0.01 and a significant inter-
action F(4,42) = 12.332, p < 0.05 between the drug and 
repeated measures. The post-hoc test revealed that both 
low (10 mg/kg) and high (20 mg/kg) dose of OM impaired 
learning acquisition (examined after 2 h of training) in 

treating rats comparably. Impairment in memory retention 
was greater in low-dose than high-dose OM treated rats, 
observed on the next day and four days after training. Low 
dose (10 mg/kg) OM treated rats took more time to find the 
hidden platform than high dose (20 mg/kg) OM treated rats, 
showing greater impairment occurred with low dose (10 mg/

Fig. 4  a Dose-related effects of OM on learning and memory, 
assessed in the MWM test. Values are means ± SD (n = 8). Significant 
differences using Tukey’s test: *p < 0.01 from respective water treated 
group and +p < 0.05, ++p < 0.01 from learning acquisition (2  h after 
training) of similar treated group, following 2-way ANOVA (RMD). 
b Dose-related effects of OM on spatial memory assessed in the 

probe test as; latency time to reach the quadrant which initially had 
a platform, total time passed and number of entries in that quadrant. 
Values are means ± SD (n = 8). Significant differences using Tukey’s 
test: *p < 0.05, **p < 0.01 from respective water treated group, fol-
lowed by one-way ANOVA
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kg) of OM. Taken together, it shows that OM impairs learn-
ing and memory on repeated administration.

OM effects on spatial memory in the probe test

Figure 4b shows the results of daily OM administration 
in doses of 10 and 20 mg/kg on spatial memory assessed 
in the probe test on day 15 (five day after training). The 
performance was evaluated as, latency time to reach the 
quadrant which initially had a platform, total time passed 
in that quadrant and number of entries in that quadrant. 
Data analyzed by one-way ANOVA, showed a significant 
drug effect on latency time F(2,21) = 91.284, p < 0.01, time 
spent F(2,21) = 12.907, p < 0.01 and number of entries 
F(2,21) = 9.053, p < 0.01. Post-hoc comparison revealed 
that low dose (10 mg/kg) of OM increased latency time 
with decreased time spent and number of entries. High dose 
(20 mg/kg) OM treated rats also showed increased latency 
time with decreased time passed in the platform quadrant. 
Data on number of entries were not significant for high dose 
(20 mg/kg) of OM. Taken together, it shows that OM impairs 
spatial memory on repeated administration.

OM effects on brain serotonin and dopamine 
metabolism

Figure 5 shows the effects of OM treatment for 15 days in 
doses of 10 and 20 mg/kg on tryptophan, 5-HT, 5-HIAA, 
dopamine, DOPAC (3, 4-Dihydroxyphenylacetic acid) and 
HVA in the whole brain. Data-analyzed by one-way ANOVA 
showed significant effect of the drug (df = 2.21) on, 5-HT 
(F = 15.127, p < 0.01), 5-HIAA (F = 5.917, p < 0.01) and 
HVA (F = 70.729, p < 0.01) levels. However, no significant 
effect was found on tryptophan (F = 1.623, p > 0.05), dopa-
mine (F = 3.125, p > 0.05) and DOPAC (F = 1.402, p > 0.05) 
levels. Post-hoc tests revealed that both low (10 mg/kg) and 
high (20 mg/kg) doses of OM reduced 5-HT and 5-HIAA 
levels in treating rats comparably. Both doses of OM 
decreased HVA level too, and this decrease was greater with 
high dose (20 mg/kg) of OM. There was no significant effect 
on brain tryptophan, dopamine and DOPAC concentrations. 
In general, OM decreased dopamine and serotonin metabo-
lism and greater effect was produced on serotonin metabo-
lism as both levels (5-HT and 5-HIAA) were reduced. How-
ever, a large decrease in HVA level also occurred.

OM effects on 5‑HT‑1A receptor expression 
in the raphe and hippocampus

Figure 6 shows the effects of daily OM administration at a 
dose of 20 mg/kg for 15 days on 5-HT-1A receptor expres-
sion in the raphe region and hippocampus. Mann–Whitney 
U test showed a significant decrease (p < 0.01) in 5-HT-1A 

receptor expression in the hippocampus of OM-treated ani-
mals. Similar decreases of 5-HT-1A receptor expression in 
the raphe also reached significance (p = 0.05).

Discussion

The aim of this study was three fold. Firstly, we were inter-
ested in knowing whether repeated administration of OM 
produces anxiety and impairs memory. Secondarily, we 
wanted to know the associated changes in brain serotonin 
and dopamine metabolism. Thirdly, to determine the 5-HT-
1A receptor expression in the raphe and hippocampus after 
repeated treatment with OM. Our results support clinical 
investigations [11, 27] and suggest a greater risk of anxiety 
and dementia in PPIs users. In addition, our results show 
that long-term use of OM can decrease brain serotonin and 
dopamine metabolism to produce these effects. A decrease 
in the expression of 5-HT-1A receptors in the raphe and hip-
pocampus, supports the notion that a decrease in 5-HT1A 
heteroreceptor mediated serotonin neurotransmission via 
hippocampus is involved in these effects of OM.

To assess anxiety-like behavior [28–31], we monitored 
exploratory activity in an OF and time passed for open arm 
exploration in an EPM test. A marked decrease in OF explo-
ration, observed in the present study in OM treated rats, 
supports the notion that the drug is anxiogenic. The EPM 
test also affirms our findings from the OF test as total time 
passed and the number of entries in open arm decreased in 
OM treated rats.

Clinical studies link anxiety producing effect of PPIs with 
increased level of gastrin in the blood [10, 32] which can 
stimulate cholecystokinin type B receptors (CCKB), in the 
brain to lead to anxiety and hypoactivity [10, 33]. The pre-
sent study shows that the OM-induced decreases of 5-HT, 
dopamine, and decreases of 5-HT1-A receptor expression 
are involved in these behavioral deficits.

Several studies show an association between PPIs use 
and cognitive impairment or dementia [4–8]. In the present 
study, we conducted MWM test to assess potential cognitive 
impairment in OM treated rats. It is a widely used model 
for evaluating learning and memory in laboratory animals 
[26, 35]. We monitored learning and memory in terms of 
time, the trained animal took to find the hidden platform in 
the MWM task, and found that OM treated rats took more 
time to locate the hidden platform compared to water treated 
animals. The finding suggested impaired learning acquisi-
tion and memory retention. The results of the probe test also 
showed memory impairment as OM treated animals took 
more time to reach the platform quadrant and also passed 
less time in that quadrant. Moreover, entries in that compart-
ment were also reduced. Overall, the present study shows 
impaired learning and memory in rats treated with OM.
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A role of tryptophan and serotonin in learning/memory 
is well documented [12, 36]. Animal studies show that 
tryptophan administration increases brain tryptophan 
and serotonin and improves cognitive performance [37, 
38]. Conversely, decreases of brain 5-HT metabolism are 
linked with memory deficits [39]. In this study, the 5-HT 
depleting effects of OM together with reduced 5-HT-
1A receptor expression in the hippocampus implies that 

reduced serotonin neurotransmission via hippocampus 
plays an important role in memory impairing effects of 
OM. In addition, a large decrease in the HVA level, sup-
port a role of dopamine in the memory impairing effects 
of OM. A clinical study shows an association between 
low plasma HVA levels and greater errors in cognitive 
tasks [14], but similar studies on 5-HT and its metabolite 
5-HIAA are lacking.

Fig. 5  Dose-related effects of OM on brain tryptophan, 5-HT, 
5-HIAA, dopamine, DOPAC and HVA levels. Values are means ± SD 
(n = 8). Significant differences using Tukey’s test: *p < 0.05, 

**p < 0.01 from water treated group, and +p < 0.01 from low dose 
(10 mg/kg) of OM treated group, following one-way ANOVA
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Because of the large decrease in brain serotonin in OM 
treated animals, the concentration of tryptophan, an essen-
tial amino acid and the sole precursor of 5-HT, was also 
determined. As tryptophan levels were not altered, the find-
ings tend to suggest that the 5-HT depleting effect of OM is 
potentially due to decrease in the activity of the rate limiting 
enzyme, tryptophan hydroxylase [40–42].

Previous studies show that long-term use of PPIs pro-
duces vitamin B12 deficiency [43, 44], which may be linked 
with the decreases of serotonin and dopamine metabolism 
observed in the present study. A deficiency of B12 can 
impair the metabolism of biogenic amines [45]. In the cur-
rent study, a decrease in the brain levels of 5-HT, 5-HIAA, 
and HVA may be due to the ability of OM to affect the 
vitamin B12 status. In future studies, it will be interesting 
to determine the potential use of vitamin B12 supplemen-
tation for restoring 5-HT levels and associated anxiety or 
depression.

To further understand the role of 5-HT in OM-induced 
anxiety and memory deficits, effects of OM on 5-HT-1A 
receptor expression were determined. Antidepressant 
drugs downregulate 5-HT-1A autoreceptors function to 
enhance the availability of 5-HT in terminal regions [46]. 
While stress-induced behavioral depression is associated 
with an upregulation of 5-HT-1A autoreceptors function 
[16, 18]. Here, in the present study, we were expecting 
an increase in the expression of 5-HT-1A autoreceptors. 
Surprisingly, we found a moderate but significant decrease 
in the expression of these receptors, suggesting that the 

decreases of 5-HT and 5-HIAA in the brain of OM treated 
animals are not due to greater activity of 5-HT-1A auto-
receptors mediated feedback control. We suggest that the 
decreases occur as an adaptive mechanism to overcome 
OM-induced decreases of 5-HT metabolism. A decrease 
in 5-HT-1A receptor expression in the hippocampus is 
relevant that the decrease in 5-HT-1A receptor depend-
ent neurotransmission [18] via hippocampus is involved in 
anxiety-like behavior and memory deficits of OM treated 
rats. The present study shows an important role of 5-HT-
1A receptors in OM-induced anxiety/depression. Studies 
on the role of other 5-HT receptors, other than 5-HT1A 
[49, 50], serotonin transporter [51, 52], and signaling mol-
ecules [53–55] can improve our understanding of OM-
induced behavioral deficits.

Overall, the present study shows that long-term use of 
OM can produce anxiety, reduce motor activity and impair 
cognition. Although factors, such as excessive secretion 
of gastrin and low vitamin B12 status may contribute 
to these behavioral deficits, the present findings tend to 
suggest that the decrease of 5-HT neurotransmission via 
5-HT-1A receptors in the hippocampus is involved in these 
behavioral effects of OM. It suggests a need for increased 
awareness and prescription guidelines for therapeutic use 
of OM and possibly also other PPIs. Co-use of drugs or 
supplements for increasing serotonin neurotransmission 
can potentially improve the therapeutic use of these com-
monly used drugs.

Fig. 6  Effects of 20 mg/kg OM on 5-HT-1A receptor expression in the raphe and hippocampus by qRT-PCR. Values are means ± SD (n = 6). 
Significant differences using Mann–Whitney U test: *p = 0.05, **p < 0.01 from water-treated group
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