
Vol.:(0123456789)1 3

https://doi.org/10.1007/s11011-022-01075-5

ORIGINAL ARTICLE

Taurine, an essential β‑amino acid insulates against ketamine‑induced 
experimental psychosis by enhancement of cholinergic 
neurotransmission, inhibition of oxidative/nitrergic imbalances, 
and suppression of COX‑2/iNOS immunoreactions in mice

Benneth Ben‑Azu1  · Olusegun G. Adebayo2 · Thiophilus Aghogho Jarikre3 · Mega O. Oyovwi4 · 
Kesiena Emmanuel Edje1 · Itivere Adrian Omogbiya1 · Anthony T. Eduviere1 · Emuesiri Goodies Moke1 · 
Bienose S. Chijioke1 · Onyebuchi S. Odili1 · Osemudiame P. Omondiabge1 · Aghogho Oyovbaire1 · Daniel T. Esuku1 · 
Esther O. Ozah1 · Kelvin Japhet1

Received: 8 May 2022 / Accepted: 23 August 2022 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract
Cholinergic, oxidative, nitrergic alterations, and neuroinflammation are some key neuropathological features common in 
schizophrenia disease. They involve complex biological processes that alter normal behavior. The present treatments used in 
the management of the disorder remain ineffective together with some serious side effects as one of their setbacks. Taurine 
is a naturally occurring essential β-amino acid reported to elicit antipsychotic property in first episode psychosis in clinical 
setting, thus require preclinical investigation. Hence, we set out to investigate the effects of taurine in the prevention and 
reversal of ketamine-induced psychotic-like behaviors and the associated putative neurobiological mechanisms underlying 
its effects. Adult male Swiss mice were sheared into three separate cohorts of experiments (n = 7): drug alone, preventive 
and reversal studies. Treatments consisted of saline (10 mL/kg/p.o./day), taurine (50 and 100 mg/kg/p.o./day) and risperi-
done (0.5 mg/kg/p.o./day) with concomitant ketamine (20 mg/kg/i.p./day) injections between days 8–14, or 14 days entirely. 
Behavioral hyperactivity, despair, cognitive impairment, and catalepsy were measured. Brain oxidative/nitrergic imbalance, 
immunoreactivity (COX-2 and iNOS), and cholinergic markers were determined in the striatum, prefrontal-cortex, and hip-
pocampus. Taurine abates ketamine-mediated psychotic-like episodes without cataleptogenic potential. Taurine attenuated 
ketamine-induced decrease in glutathione, superoxide-dismutase and catalase levels in the striatum, prefrontal-cortex and 
hippocampus. Also, taurine prevented and reversed ketamine-mediated elevation of malondialdehyde, nitrite contents, ace-
tylcholinesterase activity, and suppressed COX-2 and iNOS expressions in a brain-region dependent manner. Conclusively, 
taurine insulates against ketamine-mediated psychotic phenotype by normalizing brain central cholinergic neurotransmis-
sions, oxidative, nitrergic and suppression of immunoreactive proteins in mice brains.
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Introduction

Schizophrenia is a very major neurological disease with wide 
range of genetic and epigenetic backgrounds (Wang et al. 
2015). It is characterized by heterogeneous clinical mani-
festations such as hyperactivity, affective flattening, learning 
and memory impairments (Gobira et al. 2013). The disease 
has wide range of pathological features but not limited to 
alterations in central neurochemical functions (Chatterjee 
et al. 2012; Ben-Azu et al. 2018a, b). However, malnutri-
tion, early life adverse events and negative peer group social 
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stimulus have been identified as linkages for the onset of 
schizophrenia (Graham et al. 2015; Shivakumar et al. 2015; 
Yang et al. 2019), possibly by pushing vulnerable persons 
above their behavioral elastic limit into a schizophrenic state 
(Sánchez-Ramón et al. 2021). Although the brain appears as 
a small organ, it is the most metabolically active organ in the 
human body. Consequently, it generates a large amount of 
reactive oxygen and nitrergic species (ROS/RNS), of which 
both product moieties are believed to exacerbate neuronal 
excitotoxicity in different parts of the brain (de Araújo 
et al. 2021; Sánchez-Ramón et al. 2021). This is worsened 
by the oxidative potential of certain neurotransmitters like 
dopamine and glutamate, as well as their redox-sensitive 
receptors, including  D2 dopamine and N-methyl-D-aspartate 
(NMDA) glutamate receptors (Nakao et al. 2021). The  D2 
and NMDA receptors have been recognized to play critical 
roles in the regulation of human behaviors and disease pro-
gression in certain neuropsychiatric conditions (Chatterjee 
et al. 2012; Monte et al. 2013; de Araújo et al. 2021; Nakao 
et al. 2021). This involves activation of microglia sensome, 
which is believed to exacerbate the release of pro-inflamma-
tory cytokines including tumor necrosis factor-alpha (TNF-
α) and interleukin (IL)-6, and expression of inflammatory 
proteins (e.g., cyclooxygenase-2, COX-2) (Yang et al. 2021; 
Zhang et al. 2021).

While polyunsaturated fatty acids (PUFAs) are known to 
play essential role in the functions and structural stability 
of neuronal membranes in the context of signal transduc-
tion mechanisms, synaptic plasticity, and behavioral devel-
opments (Yang et al. 2021), COX-2 on the other hand is 
largely reported to catabolize PUFAs and other metabolites 
that are involved in the regulation of the immune system 
(Zhang et al. 2021). Given the bilateral communication 
between COX-2 and PUFAs, growing evidence suggest a 
crossroad between the neuroinflammatory hypothesis and 
severity of schizophrenia disease (Frydecka et al. 2015), 
as well the mechanisms of action of some antipsychotic 
drugs (Cho et al. 2019; Mirabella et al. 2021; de Araújo 
et al. 2021). Notably, IL-6 is one of the pleiotropic cytokines 
released pathologically through the up-regulation of pros-
taglandin E2 (PGE2)-arachidonic acid pathway by COX-2 
(Yang et al. 2021). It is known as one of the neuroinflam-
matory integrative factor of deterioration of schizophrenic 
disease (Frydecka et al. 2015; Ben-Azu et al. 2019). It also 
causes treatment resistance (Zhang et al. 2005; Potkin et al. 
2020) via continuous disruption of neurotransmitter metabo-
lism (Zalcman et al. 1994; Mirabella et al. 2021) includ-
ing catabolism of tryptophan products (Nakao et al. 2021) 
and loss of synaptic machineries, including disassembling 
of cortical pyramidal neurons (Ben-Azu et al. 2019; Zhang 
et al. 2021). Deserves mentioning that many preclinical 
(Monte et al. 2013; Jeppesen et al. 2020) and clinical (Liu 
et al. 2014; Attari et al. 2017; Hong and Bang 2020) studies 

have hypothesized that anti-inflammatory drugs such as 
minocycline and non-steroidal anti-inflammatory drugs 
such as celecoxib as potential candidates in the treatment 
of schizophrenia patients (Müller et al. 2010). Notably, ris-
peridone, a popular atypical antipsychotic drug and other 
counterparts have been largely reported to inhibit micro-
glia release of pro-inflammatory cytokines such as TNF-α, 
IL-6, with suppression of COX-2, PGE2, and nuclear factor 
kappa-B (NF-kB) (MacDowell et al. 2013; Zhu et al. 2014; 
Ben-Azu et al. 2019; Racki et al. 2021). Additionally, previ-
ous reports showed that the anti-neuroinflammatory effect of 
risperidone alone (Ben-Azu et al. 2019), or in combination 
with minocycline (Zhu et al. 2014) resulted in protection of 
cortical pyramidal neurons and restoration of the negative 
and cognitive symptoms in mice exposed to single- or two-
hit model of schizophrenia.

Furthermore, dysfunctional mitochondrial characterized 
by distorted oxidative phosphorylation, mitochondrial hypo-
plasia, and altered expression of mitochondria-related genes 
due to nutritional malnutrition, have also been identified as 
pathogenic factor for the progression of schizophrenia (Ben-
Shachar and Laifenfeld 2004; Silva et al. 2019; Aucoin et al. 
2020). There are evidences of irregular cellular metabolism 
and nitrergic-derived pro-oxidant in the prefrontal cortex of 
schizophrenia patients, including increased cellular hypoxia 
and glucose under-utilization (Ben-Shachar and Laifenfeld 
2004; Silva et al. 2019). Notably, nitric oxide (NO) is an 
important pro-oxidant messenger molecule that is involve in 
different physiological and pathological activities involving 
oxidative damage, excitotoxicity, and peroxidation (Shahani 
and Sawa 2011; Sahebnasagh et al. 2022). NO is synthesized 
by three isoforms of nitric oxide synthases (NOS). In the 
brain, one of these isoforms called inducible NOS (iNOS) 
is highly expressed in the sensomes of inflammatory modu-
lators such as microglial cells, infiltrating microphages, 
T-lymphocytes, as well as blood vessels of brain endothe-
lium where it regulate cerebral blood flow (Szabadits et al. 
2011; Sahebnasagh et al. 2022). However, iNOS-induced 
generation of NO is involved in the pathogenesis of schizo-
phrenia (Nasyrova et al. 2015; Ishola et al. 2022). Because 
NO is involved as a second messenger regulator of NMDA, 
it has been reported that NO levels determine the extent of 
dopaminergic, glutamatergic and GABAergic activities in 
the central nervous system (CNS) (Szabadits et al. 2011; 
Chatterjee et al. 2012). Additionally, NO is involved in the 
synthesis, storage and release of neuro-modulators such as 
glutamate, acetylcholine, taurine and glycine (Chatterjee 
et al. 2012; Nasyrova et al. 2015). However, it has been iden-
tified that ROS and RNS are potent endogenous ligands that 
inhibit oxidative intermediates such as glutathione that are 
involved in neuroprotection and neuronal plasticity (Lidow 
2003; Picón-Pagès et  al. 2019). Studies have revealed 
marked disruption of NO in certain brain regions including 
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cerebellum, hypothalamus, prefrontal cortex, hippocampus, 
and striatum of schizophrenia patients (Nasyrova et al. 2015) 
and mice brains (Ishola et al. 2021). Moreover, it has been 
suggested that the relative capacity of iNOS-induced pro-
oxidants mediated depletion of neuroprotectants and disrupt 
neurochemical metabolism depend on the nutritional status 
of the brain (Wu and Prentice 2010; Dipasquale et al. 2013; 
Firth et al. 2018). Interestingly, the antipsychotic effect of 
risperidone is also linked to suppression of iNOS expression 
(Zhu et al. 2014; Ben-Azu et al. 2019).

Clinical (Krystal et al. 1994) and preclinical (Monte et al. 
2013) studies have shown that ketamine-induced experi-
mental schizophrenia is indeed characterize of induction of 
oxidative and nitrergic stresses via up-regulation of iNOS 
expression and NO release, depletion of endogenous anti-
oxidants and derangement of glutamatergic neurotransmis-
sion (Krystal et al. 1994; Monte et al. 2013; Ben-Azu et al. 
2018b). Also, ketamine-induced schizophrenia is linked 
some integrative aspects of neuroinflammation including 
release of inflammatory cytokines and proteins (Ben-Azu 
et al. 2019; de Araújo et al. 2021). On the other hand, antip-
sychotic drug actions are currently suggested to be largely 
dependent on the ability of neuroleptic drugs to reduce the 
activities of these pathways in experimental animals (Ben-
Azu et al. 2018b; Ishola et al. 2021; de Araújo et al. 2021) 
and clinical (Müller et al. 2010; Attari et al. 2017; Hong 
and Bang 2020; Dietrich-Muszalska et al. 2021) settings. 
Prevailing evidence from “nutritional psychiatry indicates 
that dietary strategies seem to be a naturally feasible nutra-
ceutical gift, and cost-effective approach to prevent and 
ameliorate schizophrenia pathology ( Graham et al. 2015; 
Shivakumar et al. 2015; Ben-Azu et al. 2016, 2018a, b, c, d, 
2019; de Araújo et al. 2021; Ishola et al. 2021).

Taurine is an abundant non-proteogenic β-amino acid 
with sulphur compound. Endogenously, it is produced by 
cysteine in high quantity and serves as an important cytopro-
tective and nutritional agent for mental wellbeing particu-
larly in excitable tissues (Wu and Prentice 2010). It is dis-
tributed in large amount in dietary products including animal 
sources (Wu and Prentice 2010). Intracellular concentration 
of taurine ranges between 5–50 mM with a plasma level of 
about 100 µM (Ghandforoush-Sattari et al. 2010). Prevailing 
evidence suggest robust connections between low taurine 
levels, cellular aging and neuropsychiatric diseases (Leon 
et al. 2009; Wu and Prentice 2010; Yang et al. 2019; Jaka-
ria et al. 2019). In fact, epidemiological data revealed that 
individuals with early onset schizophrenia and first episode 
psychosis generally have low-quality diet and nutritional 
deficiency including reduced PUFAs and essential amino 
acids (Dipasquale et al. 2013; Firth et al. 2018). These mal-
nutritions perhaps have been correlated with severity of 
the symptoms, reduced neural integrity and neurocognitive 
impairments in schizophrenia patients (Graham et al. 2015; 

Shivakumar et al. 2015; Rafiee et al. 2022). In this regards, 
some food-derived nutritional supplements in double-blind 
randomized controlled trial have been shown to improved 
schizophrenia symptoms (Berk et al. 2008).

Despite the cytoprotective roles of taurine in the central 
CNS (Wu and Prentice 2010; Jakaria et al. 2019), inves-
tigations of its therapeutic potential in the field of mental 
psychiatry only began in the last decades since its isolation 
in 1800s (Leon et al. 2009; Wu et al. 2009). Intriguingly, 
recent clinical studies revealed that taurine improved posi-
tive symptoms in first episode psychosis (O’Donnell et al. 
2016). Preclinical investigation also showed that taurine 
prevents dizocilpine-evoked schizophrenia-like behavior by 
suppressing shoal dispersion and cortisol response in Zebra 
fishes (Franscescon et al. 2021). Previously, our research 
group also demonstrated the putative neuroprotective effects 
in antipsychotic-induced psychoneuroendocrine changes and 
cataleptic behavior (Oyovwi et al. 2021; Zebrowska-Lupina 
and Porowska 1987). Other relevant studies also showed that 
taurine possesses antidepressant (Wu et al. 2017), antioxi-
dant (Jong et al. 2012), antiapoptotic (Takatani et al. 2004), 
anti-inflammatory (Marcinkiewicz and Kontny 2014) prop-
erties, and is plays key role in the regulation of neurochemi-
cal homeostasis (Bulley and Shen 2010). Notably, taurine is 
regarded as a natural inhibitory neuromodulatory amino acid 
in the CNS based on its ability to modulate NMDA recep-
tors via activation of GABAergic and glycinergic pathways, 
and modulation of glutamatergic neurotransmission (Bul-
ley and Shen 2010; del Olmo et al. 2000). These findings 
therefore provide the motivation for the preclinical study of 
taurine in ketamine-induced experimental psychosis. Here, 
we investigated the effects of taurine on ketamine-induced 
schizophrenia-like phenotypes, cholinergic deficits, oxida-
tive/nitrergic damage and up-regulation of COX-2/iNOS 
pathways different brain regions relevant to the disease.

Materials and methods

Animal protocols

Six weeks old adult male Swiss albino mice of 24–29 g were 
obtained from the animal facility of the Faculty of Basic 
Medical Sciences, Delta State University (DELSU). Ani-
mals were acclimated to the study environment with stand-
ard night and day circle system. The study experimental pro-
tocol was approved by the DELSU Animal Care and Use 
Research Ethics Committee (REC/FBMS/DELSU/21/94). 
We estimated our sample size by an equation method 
(Charan and Kantharia 2013) which measures “E” as the 
degree of freedom of ANOVA. n = 7 were used for this study 
based on standard deviation, effect size and degree of signifi-
cance of our studies on antipsychotic compounds (Ben-Azu 
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et al. 2018b). Based on this, 7 animals/group were divided 
into 5 assemblages for the major experiments (preventive 
and reversal protocols), we obtained a value of 30. Accord-
ing to this method, 30 is an adequate value with a minimum 
benchmark of 10. Also, with the attrition formula, we con-
firmed that with 5% attrition level our sample size would be 
6.3. Thus, we adopted n = 7.

Drugs, chemicals and treatments

Taurine and risperidone were purchased from Sigma-
Aldrich, St. Louis, USA, and ketamine hydrochloride (KET) 
was bought from the German Rotex Medica company. 
Chemicals and reagents including Tris (hydroxymethyl)-
amino-methane (Tris-buffer), and other regents used in this 
study were also purchased from Sigma Aldrich. The doses 
of taurine (50 and 100 mg/kg, p.o.) (Oyovwi et al. 2021), 
and risperidone (0.5 mg/kg, p.o.) and ketamine (20 mg/kg, 
i.p.) (Monte et al. 2013; Ben-Azu et al. 2018b) were selected 
based on findings from preliminary and previous preclini-
cal and clinical reports. Risperidone was used as a standard 
control drug in this study because of its ability to prevent 
or reverse ketamine-induced oxidative, nitrergic alterations, 
neuroinflammation and schizophrenia-like behavior in mice 
(Monte et al. 2013; Zhu et al. 2014; Ben-Azu et al. 2019).

Experimental approach

The study was designed in three separate cohorts of experi-
ments (drug alone, preventive and reversal) (Scheme 1). 
The preventive and reversal protocols of ketamine-induced 
schizophrenia behavior and pathology was designed based 
on earlier methods Monte et al. 2013(Ben-Azu et al. 2016, 
2018b, c). Thus, the preventive approach was aimed at pre-
venting or delaying onset while the reversal protocol tar-
gets already established schizophrenia conditions. In the 

experiment 1 (drug alone), animals were grouped into 4 
cohort (n = 7). Cohort 1 received saline (10 mL/kg, p.o.), 
cohorts 2 and 3 were administered taurine (50 and 100 mg/
kg) while cohort 4 was treated with risperidone (0.5 mg/kg) 
orally for 14 days. In the experiment 2 (preventive protocol), 
animals were arranged into 5 treatment cohorts (n = 7). Ani-
mals in cohorts 1 and 2 were pretreated with saline (10 mL/
kg, p.o.), cohorts 3 and 4 received taurine (50 and 100 mg/
kg, p.o) while cohort 5 received risperidone (0.5 mg/kg) for 
14 days. From days 8–14, cohorts 2–5 were also engaged 
with ketamine (20 mg/kg,/day i.p.) after taurine treatment. 
In experiment 3 (reversal protocol), animals were also allot-
ted into cohorts (n = 7) with opposite treatment approach to 
experiment 2. All administrations were done with 30 min 
interval between treatments.

Behavioral assessments

On day 15, spontaneous motor activity (SMA), hyperloco-
motion were accessed using the open-field test (OFT) box 
(28 × 28 × 25 cm) labelled with 16 (7 × 7 cm) squares, and 
the locomotive behavioral test was based on the number 
of line crossing for 5 min, as we have previously done 
by expert observers ( Monte et al. 2013; Ben-Azu et al. 
2018b, 2019). The Y-maze test (YMT) was used to score 
the spatial memory of the mice based on previous stud-
ies ( Monte et  al. 2013; Ben-Azu et  al. 2018b, 2019). 
The YMT is a 3-symetrical armed (A, B, C) instrument 
demarcated at 120°, with behavioral adjudgment that is 
based on the patterns of arms visitation for 5 min. The 
cognitive score were presented as % correct alternation 
(Monte et al. 2013). Also, ketamine-induced behavioral 
despair was assessed based on previous report using forced 
swim test (FST) (Ben-Azu et al. 2018b). In the pre-test 
session, we acclimatized the animals to the experimental 
set-up containing water at 25 °C to a depth of 30 cm for a 

Scheme 1  Graphical descrip-
tion of experimental design
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period of 5 min, dried and taken back to their home cages 
as previously described (Ben-Azu et al. 2018a, d). After 
24 h mice were returned to the transparent Plexiglas cylin-
der with the same swimming condition and made to swim 
for 6 min. However, 1 min was ignored while immobility 
period (passive floats) was measured for 5 min (Ben-Azu 
et al. 2018a, d).

The study also accessed the effect of taurine on extrapy-
ramidal potential which is a common feature of antipsy-
chotic drugs especially the first typical agents. Catalepto-
genic potential was done with wood block (Height = 6 cm; 
Width = 4 cm; Length = 16 cm) catalepsy test as described 
based on decent latency (catalepsy time) (Ben-Azu et al. 
2018a, d).

Estimation of brain biochemicals (oxidative, 
nitrergic stress and cholinergic biomarkers) 
in the striatum, prefrontal cortex and hippocampus 
of mice brains

All oxidative and biochemical data were assayed as 
described in our previous study ( Monte et al. 2013; Ben-
Azu et al. 2018a). After euthanasia of mice, relevant brain 
areas (striatum, prefrontal cortex and hippocampus) were 
quickly isolated, centrifuged with buffer phosphate solu-
tion (PBS) (10% w/v, 0.1 M, pH 7.4). For GSH, supernatant 
was reacted with trichloric and nitrobenzoic acid reagents 
and the reacting mixture was read spectrophotometrically 
(INESA 752 N Model) at 412 nm based on previous method 
(Monte et  al. 2013). The method combining Tris-KCL 
(0.15 M), TCA (0.5 mL) and TBA (0.75%) was adopted 
to assay for malondialdehyde (MDA) levels and thereafter 
the product was expressed as nanomole/mg protein of MDA 
(Monte et al. 2013). The superoxide dismutase (SOD) and 
catalase (CAT) activities were estimated based on super-
oxide inhibition of adrenaline and hydrogen period by an 
enzyme source, respectively (Ben-Azu et al., 2018a). Nitrite 
content (Monte et al. 2013) and acetylcholinesterase activity 
(Ben-Azu et al. 2018a) were assayed using Griess solution 
and acetyl-thiocholine iodide as active reagent together with 
nitrobenzene mixture, respectively.

Immunohistochemical studies

Following anesthesia, perfusion of mice was done by trans-
cardiac method with PBS together with 10% buffered for-
maldehyde. Brain samples were replaced after 24 h with 25% 
sucrose solution. Brain areas of interest [striatum, prefrontal 
cortex and hippocampus, (cornus ammonis 1 CA1)] were 
paraffin processed and embedded in blocks. The expressions 
of cyclooxygenase-2 (COX-2) and inducible nitric oxide 
synthase (iNOS) was processed as previously described 
using their immunohistochemistry antibodies respectively 
(Ben-Azu et al. 2019). Immunopositive cell expressions 
were examined with image J software (NIH, Bethesda, MD, 
USA) after obtainment of images with a computer-linked 
Olympus microscope to a German Leica IC50 Digital Cam-
era (Edelstein et al. 2014).

Statistical analysis

Following test for normality distribution with Shapiro–Wilk 
test, we expressed data as Mean ± S.E.M. (standard error of 
mean) of n = 7 per group. Graphs of behavioral data were 
presented as scattered plot for clear demonstration of behav-
ioral distribution following one-way ANOVA and Bonfer-
roni post-hoc test. Two-way ANOVA was used to analyze 
all biochemical densitometry of immunoreaction data for 
the different brain regions and graphs are presented in bar 
charts with GraphPad version 5 Software (Inc. La Jolla, CA 
92,037 USA) using p < 0.05 as statistically significant level.

Results

Effects of taurine on motor function, cognition, 
and behavioral despair‑like behavior in naïve mice

The effects of taurine on OFT, YMT and FST are shown in 
Fig. 1a–c. Treatment with taurine (50 and 100 mg/kg) did 
not produce any significant change in SMA when compared 
to saline. But administration of risperidone (0.5 mg/kg) 
significantly (p < 0.05) reduced SMA when compared with 
the saline group (Fig. 1a). Taurine (50 and 100 mg/kg) did 

Fig. 1  Effects of taurine on 
behavioral activities: locomo-
tion in the OFT (a) spatial 
working memory in the YMT 
(b) and behavioral despair in 
the FST (c). Plots represent 
mean ± SEM (n = 7). #P < 0.05, 
##P < 0.01 versus saline group. 
RIS = Risperidone
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not alter cognitive function in the YMT (Fig. 1b) nor cause 
any obvious changes in the immobility time (Fig. 1c) when 
compared to saline groups.

Taurine prevents and reverses on ketamine‑induced 
hyperlocomotion, spatial memory impairment 
and behavioral despair

Figure 2a–e showed that intraperitoneal injection of keta-
mine (20  mg/kg) significantly (p < 0.05) increased the 
number of line crossings in the OFT, reduced memory 
function in the YMT and caused behavioral despair in the 
preventive and reversal protocols when compared with 
saline-treated groups. In the OFT, 50 mg/kg (p < 0.05) and 
100 mg/kg (p < 0.01) of taurine and risperidone (0.5 mg/kg, 
p.o.) (p < 0.001) significantly prevented ketamine-induced 
hyperlocomotion (Fig. 2a). But, in the reversal protocol, 
only taurine (100 mg/kg, p.o.) and risperidone significantly 
reversed ketamine-mediated hyperlocomotion (Fig. 2b). For 

the YMT, taurine (50 and 100 mg/kg) and risperidone signif-
icantly prevented (Fig. 2c) and reversed (Fig. 2d) the spatial 
memory impairment induced by ketamine when compared 
with ketamine treated groups (Fig. 2d). Furthermore, taurine 
(50 and 100 mg/kg) significantly prevented (Fig. 2e) and 
reversed (Fig. 2e) ketamine-induced behavioral despair in 
the FST when compared with KET-treated group.

Effects of taurine on cataleptogenic behavior 
in naïve and ketamine treated mice

The effects of taurine on cataleptogenic potential as esti-
mated by period of inactivity is shown in Fig. 3a–c. Treat-
ments with both doses of taurine, and risperidone did not 
prolong the decent latency on the wood block when com-
pared with saline (Fig. 3a), or preventive (Fig. 3b) and 
reversal (Fig. 3c) of ketamine groups, suggesting absence 
of cataleptogenic potential.

Fig. 2  Effects of taurine on 
ketamine-induced hyperloco-
motion (a, b), spatial memory 
impairment (c, d) and behavio-
ral despair (e, f) in the preven-
tive and reversal treatments. 
Plots represent mean ± SEM 
(n = 7). #P < 0.05, ##P < 0.01 
versus saline group; *P < 0.05, 
**P < 0.01, ***P < 0.001 
versus ketamine (KET) group. 
RIS = Risperidone
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Taurine increases superoxide dismutase 
and catalase activities in naïve 
and ketamine‑treated mice brains

The effects of taurine on ketamine-induced deactivation 
of SOD and CAT activities in the striatum, prefrontal 
cortex and hippocampus of naïve and ketamine treated 
mice in the preventive and reversal treatments are repre-
sented Fig. 4a–f. In the drug treatment alone, taurine (50 
and 100 mg/kg, p.o.) significantly (p < 0.001) increased 
SOD activities in the striatum and prefrontal cortex when 
compared with saline group. Risperidone failed to alter 
SOD level in the cortex, but it increased it the striatum 
(Fig. 4a). Taurine (50 and 100 mg/kg, p.o.) but not risp-
eridone significantly (p < 0.001) enhanced CAT activity in 
the striatum when compared with saline group. Also, in 
the prefrontal cortex taurine (100 mg/kg) significantly up-
regulated CAT levels in the prefrontal cortex (p < 0.001) 
and hippocampus (p < 0.01) when compared with saline 
groups (Fig. 4b).

Bonferroni analysis revealed that ketamine reduced 
SOD level in the preventive and reversal treatments in the 
striatum and prefrontal cortex when compared with saline 
controls (Fig. 4c, e). Ketamine reduced CAT activity only 
in the reversal treatment. Also, ketamine reduced CAT 
activity in the striatum, prefrontal cortex but not in the 

hippocampus in the preventive. Ketamine reduced CAT 
activity in the three brain regions in the reversal study 
when compared with saline controls (Fig. 4d, f).

In the preventive treatment, taurine (50 and 100 mg/
kg) significantly increased the SOD (Fig. 4c) and CAT 
(Fig. 4d) activities in the striatum and prefrontal cortex 
when compared with ketamine treatment. Risperidone sig-
nificantly increased SOD and CAT activities prefrontal 
cortex, but not in the striatum (Fig. 4c, d). In the hip-
pocampus, taurine (50 and 100 mg/kg) and risperidone 
significantly increased SOD activity when compared 
with ketamine treated mice in the preventive treatment 
(Fig. 4c). Taurine (100 mg/kg) increased CAT activity in 
the hippocampus when compared with ketamine group 
(Fig. 4d).

In the reversal treatment, only risperidone increased SOD 
activity in the striatum when compared with ketamine-
treated mice. In the prefrontal cortex, taurine (100 mg/kg) 
and risperidone also significantly reversed the effect of keta-
mine on SOD activity. Both taurine (50 and 100 mg/kg) and 
risperidone enhanced SOD activity when compared with 
ketamine-treated group (Fig. 4e). As regards CAT activity 
in the reversal experiment, taurine (50 and 100 mg/kg) and 
risperidone significantly increased CAT activities in the stri-
atum, prefrontal cortex and hippocampus when compared 
with ketamine groups (Fig. 4f).

Fig. 3  Effect of taurine on 
cataleptogenic potential in naïve 
(a) and ketamine treated mice in 
the preventive (b) and reversal 
(c) treatments. Plots represent 
mean ± SEM (n = 7). RIS = Ris-
peridone
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Effects of taurine on glutathione 
and malondialdehyde concentrations in naïve 
and ketamine‑treated mice brains

The effects of taurine on ketamine-induced changes on GSH 
and MDA concentrations in the striatum, prefrontal cortex 
and hippocampus of naïve and ketamine treated mice in the 

preventive and reversal treatments are shown Fig. 5a–f. In 
the drug treatment alone, two-way ANOVA revealed that 
taurine (50 and 100 mg/kg, p.o.) profoundly enhanced GSH 
levels in the striatal-cortical regions when compared with 
saline group. In the hippocampus, only taurine (50 mg/kg, 
p.o.) increased GSH level (Fig. 5a). As indicated by two-
way ANOVA, there were concomitant reduction of MDA in 

Fig. 4  Effects of taurine on superoxide dismutase (SOD) and cata-
lase (CAT) activities in naïve (a, b) and ketamine treatments in 
the preventive (c, d) and reversal (e, f) protocols. Bars represent 

mean ± SEM (n = 7). #P < 0.05, ##P < 0.01, ###P < 0.001 versus 
saline group; *P < 0.05, **P < 0.01, **P < 0.001 versus ketamine 
(KET) group. RIS = Risperidone
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the striatum and prefrontal cortex by 100 and 50 mg/kg of 
taurine respectively (Fig. 5b). No changes were found with 
risperidone in the three brain regions (Fig. 5a, b).

In the pre- and reversal treatments ketamine (20 mg/kg, 
i.p.) notably decreased GSH concentration in the three brain 
areas in both treatment protocols (Fig. 5c, e). In comparison 
with ketamine in the preventive treatment, taurine (100 mg/
kg, p.o.) and risperidone profoundly increased the GSH con-
centrations in the striatum and prefrontal cortex (Fig. 5c). 

However, treatment with the lower dose of taurine (50 mg/
kg, p.o.) differentially increased GSH level in the striatum 
(p < 0.05) and prefrontal cortex (p < 0.01) respectively 
(Fig. 5c). In the hippocampus, only 100 mg/kg (p < 0.05) 
of taurine increased GSH levels (Fig. 5c). For the reversal 
effects in comparison with ketamine alone (Fig. 5d), tau-
rine (50 and 100 mg/kg, p.o.) and risperidone significantly 
increased the GSH concentrations in the striatum. In the 
prefrontal cortex, only 100 mg/kg of taurine and risperidone 

Fig. 5  Effects of taurine on glutathione (GSH) and malondialdehyde 
(MDA) concentrations in naïve (a, b) and treatments in the preven-
tive (c, d) and reversal (e, f) protocols. Bars represent mean ± SEM 

(n = 7). #P < 0.05, ##P < 0.01, ###P < 0.001 versus saline group; 
*P < 0.05, **P < 0.01, **P < 0.001 versus ketamine (KET) group. 
RIS = Risperidone

2815Metabolic Brain Disease (2022) 37:2807–2826



1 3

considerably increased the GSH concentrations. In the hip-
pocampus, there was a dose-dependent elevation of GSH by 
50 mg/kg (p < 0.01) and 100 mg/kg (p < 0.001) of taurine as 
well as risperidone relative to KET control (Fig. 5e).

Furthermore, ketamine also increased MDA levels in 
both protocols when compared with saline groups, in the 
striatum, prefrontal cortex and hippocampus (Fig. 5d, f). 
However, taurine (50 and 100 mg/kg) significantly reduced 
MDA levels in the striatum and prefrontal cortex when com-
pared with ketamine-treated in the preventive treatment, akin 
to the effect of risperidone (Fig. 5d). In the hippocampus, 
only 50 mg/kg of taurine (p < 0.05) as well as risperidone 
(p < 0.001) reduced MDA levels when compared with keta-
mine control group (Fig. 5e). For the reversal study (Fig. 5f), 
however, taurine (50 and 100 mg/kg) and risperidone signifi-
cantly (p < 0.001) both reduced MDA levels in the striatum 
and prefrontal cortex, although no effect was seen with the 
lower dose of taurine (50 mg/kg) in the striatum. In the hip-
pocampus, taurine (50 and 100 mg/kg, p.o.) and risperidone, 
both significantly depleted MDA concentrations (Fig. 5f).

Effects of taurine on nitrite and acetylcholinesterase 
levels in naïve and ketamine‑treated mice brains

As presented in Fig.  6a–b, no marked changes found 
between saline groups and treatments with both taurine (50 
and 100 mg/kg) and risperidone in the striatum and prefron-
tal cortex (Fig. 6a). But 50 mg/kg of taurine increased nitrite 
levels in the hippocampus relative to saline (Fig. 6a). Nev-
ertheless, both doses of taurine significantly reduced AChE 
activity only in the prefrontal cortex when compared with 
saline group (Fig. 6b).

In the preventive treatment (Fig.  6c, d), ketamine 
increased nitrite levels in the striatum, prefrontal cortex 
(Fig.  6c). Taurine (50 and 100 mg/kg) and risperidone 
attenuated the increase in nitrite levels in the striatal-cortical 
regions compared with ketamine-treated mice (Fig. 6c). But 
only 100 mg/kg of taurine was found to reduce nitrite lev-
els in the hippocampus (Fig. 6c). In the reversal study, post 
hoc examination showed there were discrete effects in the 
striatum, prefrontal cortex and hippocampus by ketamine, 
as evidenced by significant increase in nitrite levels in the 
three brain compartments by ketamine (Fig. 6e). Taurine (50 
and 100 mg/kg) profoundly reduced the nitrite concentra-
tions in the striatum and prefrontal cortex in a similar man-
ner to risperidone when compared with ketamine group. In 
the hippocampus, both taurine (100 mg/kg) (p < 0.05) and 
risperidone (p < 0.01) also decreased nitrite level (Fig. 6e).

Furthermore, as regards AChE activity in the preventive 
study, ketamine increased AChE activity in the prefrontal 
cortex, hippocampus but not striatum, which were however 
eventually mitigated by taurine (50 and 100 mg/kg) in a 
brain region-dependent manner (Fig. 6d). In the reversal 

study, ketamine also increased AChE activity in the stria-
tum, prefrontal cortex and hippocampus in comparison with 
saline (Fig. 6f). Notably, these changes were reversed by tau-
rine (50 and 100 mg/kg) in the prefrontal cortex (p < 0.001) 
and hippocampus (p < 0.01) (Fig. 6f). In the striatum, taurine 
(50 and 100 mg/kg) did not elicit any significant changes. 
Only risperidone was able to reverse ketamine-induced 
decrease in cholinergic transmission (Fig. 6f).

Taurine reduces ketamine‑induced expression 
of COX‑2 in the cortical regions of mice brains

As shown in Fig.  7a–d, ketamine caused a significant 
increase in COX-2 expression in the prefrontal cortex in the 
preventive study, but no changes were seen in the hippocam-
pus and striatum in relation to saline cohorts (Fig. 7a). In the 
reversal study, ketamine increased COX-2 expression in the 
prefrontal cortex and hippocampus, suggesting inflammation 
of cortical brain areas (Fig. 7b). Taurine (100 mg/kg) and 
risperidone prevented ketamine-mediated elevated expres-
sion of COX-2 in the prefrontal cortex (Fig. 7c). Likewise, 
taurine (100 mg/kg) and risperidone suppressed COX-2 
activities in the reversal study (Fig. 7d).

Taurine decreases ketamine‑induced expression 
of iNOS in mice brains

Two-way ANOVA showed that ketamine increased iNOS 
expressions in the three brain sub-fields examined in both 
protocols (Fig. 8a–b) in relation to saline cohorts. In the pre-
ventive study, taurine (100 mg/kg) and risperidone (0.5 mg/
kg) inhibited ketamine-induced immunopositive cell expres-
sions of iNOS in the striatum and prefrontal cortex, but only 
risperidone reduced the iNOS level of expression in the hip-
pocampus (Fig. 8c). Unlike taurine (100 mg/kg), risperidone 
suppressed the iNOS in the striatum and prefrontal cortex. 
In the hippocampus, taurine (100 mg/kg) but not risperidone 
reduced iNOS expressions comparatively to ketamine groups 
respectively in the reversal treatment (Fig. 8d).

Discussion

Here, we show that taurine, an essential β-amino acid pre-
vents, and reverses ketamine induced experimental psycho-
sis based suppression of schizophrenia-like behavior and 
inhibition of brain metabolic changes including reduction 
of oxidative/nitrergic stress levels, increased cholinergic 
neurotransmission and suppression of COX-2 and iNOS 
expression.

During development, taurine plays important roles as 
one of the most important amino acids in all aspects of 
behavioral development and neuronal physiology including 
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control and refinement of neuronal wiring, glial cell devel-
opment, neurogenesis, membrane stability, osmoregulation 
and neuroprotection (Hussy et al. 2000; Bulley and Shen 
2010; Schaffer et al. 2014; Li et al. 2017). Taurine is trans-
ported from the periphery into neurons of CNS including 
the blood brain barrier (BBB) by taurine transporter (TAUT) 
and it is abundantly expressed in the cerebellum, cortex and 

hippocampus (Ohtsuki 2004). Of note, taurine is involve in 
enhancement of emotion memory and learning in rodents 
(Li et al. 2017) and contribute to the protection of large 
population of excitable tissues cells from excitatory amino 
acid-induced excitotoxicity, especially the brain (Rahmeier 
et al. 2016). Given the relevant of taurine, it is not surpris-
ing that conditions resulting from taurine depletion during 

Fig. 6  Effects of taurine on nitrite and acetylcholinesterase (AChE) 
levels in naïve (a, b) and ketamine treatments in the preventive (c, 
d) and reversal (e, f) protocols. Bars represent mean ± SEM (n = 7). 

#P < 0.05, ##P < 0.01, ###P < 0.001 versus saline group; *P < 0.05, 
**P < 0.01, **P < 0.001 versus ketamine (KET) group. RIS = Risperi-
done
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development or adulthood mental stress create a possibility 
for a second hit which in turn leads to spectrum of psychiat-
ric disorders such as schizophrenia (O’Donnell et al. 2016). 
Moreover, compiling preclinical evidence suggests that low 
brain levels of taurine in the striatum, temporal cortex and 
parietal cortex could be associated with behavioral changes 
relevant to schizophrenia behavior, which suggests a strong 
connection between taurine and molecular psychiatry (Yang 
et al. 2019). Interestingly, a clinical study by O'Donnell 
et al. (2016) show that taurine improved symptomology 

and cognition in schizophrenia patients based on DMS-IV 
first-episode psychotic disorder. Thus, hypofunctionality of 
taurine transmitter could be de facto new target for develop-
ment of antipsychotic therapy.

In this study, biochemical and behavioral strategies were 
employed to study the ameliorative effect of taurine on ket-
amine-mediated experimental psychosis in adult mice. Psy-
chotic mice showed excessive behavioral hyperactivity as 
evidenced by enhanced locomotion, which is regularly linked 
to the positive symptoms (Ishola et al. 2021). Also, the mice 

Fig. 7  Illustrative photomicrographs of the effect of taurine on ket-
amine-induced immunohistochemical changes and expressions of 
COX-2 immunopositive cells in the striatum, prefrontal cortex and 
hippocampus of mice brains in the preventive (a) and reversal (b) 
treatments. Saline = SAL (10  mL/kg), Ketamine = KET (20  mg/kg), 
Taurine = TAU (100 mg/kg), Risperidone = RIS (0.05 mg/kg). Higher 
intensity indicates high COX-2 immunopositive cell expression while 

lower intensity indicates low CPX-2 immunopositive cell expres-
sion. Taurine reduces ketamine-induced expression of COX-2 in 
mice brains in the preventive (c) and reversal (d) protocols. Bars rep-
resent mean ± SEM (n = 7). #P < 0.05 versus saline group; *P < 0.05, 
**P < 0.01, **P < 0.001 versus ketamine (KET) group. RIS = Risperi-
done

Fig. 7  (continued)
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exhibit increased behavior in the FST based on increased 
duration of immobility in the apparatus, as well as cogni-
tive impairment in the YMT as represented by disorganized 
spontaneous alternation behavior. These observations showed 
that schizophrenia-like behaviors were successfully produced 
in the mice following repeated intraperitoneal injections of 
ketamine, which is consistent with previous investigations 
(Monte et al. 2013; Ben-Azu et al. 2018a, b, c; de Araújo 
et al. 2021; Ishola et al. 2021; Oshodi et al. 2021).

Ketamine induced experimental psychosis has been con-
sistently linked to hypofunctionality of the downstream 

NMDA receptors located on GABAergic inhibitory interneu-
rons, a primary mechanism that is responsible for the sub-
cortical neuronal excitation particularly in the striatal-limbic 
areas because of increased glutamate and dopamine release 
(Ben-Azu et al. 2018b). On the other hand, NMDA receptor 
blockade in the tegmental areas plays an important role in 
the negative and cognitive symptoms due to reduced dopa-
mine release in the prefrontal cortex (Neill et al. 2010). As in 
mice, brain NMDA receptor blockade in human subjects by 
ketamine show symptoms of endogenous psychosis evident 
by behavioral hyperactivity, altered perception, disrupted 

Fig. 8  Illustrative photomicrographs of the effect of taurine on ket-
amine-induced immunohistochemical changes and expressions of 
iNOS immunopositive cells in the striatum, prefrontal cortex and 
hippocampus of mice brains in the preventive (a) and reversal (b) 
treatments. Saline = SAL (10  mL/kg), Ketamine = KET (20  mg/kg), 
Taurine = TAU (100 mg/kg), Risperidone = RIS (0.05 mg/kg). Higher 
intensity indicates high COX-2 immunopositive cell expression while 

lower intensity indicates low CPX-2 immunopositive cell expres-
sion. Taurine reduces ketamine-induced expression of iNOS in mice 
brains in the preventive (c) and reversal (d) protocols. Bars represent 
mean ± SEM (n = 7). #P < 0.05, ##P < 0.01, ###P < 0.001 versus saline 
group; *P < 0.05, **P < 0.01, **P < 0.001 versus ketamine (KET) 
group. RIS = Risperidone

Fig. 8  (continued)
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verbal fluency and cognitive disabilities (Krystal et al. 1994). 
Most interestingly, postmortem biochemical and structural 
brain analyses of schizophrenia patients show altered gluta-
mate, dopamine and GABA homeostasis as well as, reduced 
frontal cortex NMDA receptor subunits, disarray and loss 
of hippocampal or cortical neurons orientation, depleted 
synaptic markers and entorhinal cortex dysplasia (Harrison 
2000). These findings have been proven in ketamine model 
of schizophrenia and thus confirms the face, etiological and 
constructive validity of ketamine in experimental schizo-
phrenia pathology (Ben-Azu et al. 2018a, b, c; de Araújo 
et al. 2021; Oshodi et al. 2021).

In this study, we found that preventive and reversal 
treatments with taurine prevented and reversed ketamine-
mediated psychotic phenotype including reduction in the 
hyperlocomotor activity, reduced behavioral despair and 
cognitive plasticity, indicating an obvious antipsychotic 
potential of taurine against psychotic behavior. These 
findings are synonymous to the effects of taurine in other 
related investigations where it was found to demonstrate 
conditional anxiolytic (Francisco and Guedes 2015), cog-
nitive improvement (Zhang et al. 2016) and antidepressant 
(Wu et al. 2017) effects in rodents. It is of interest to report 
that consecutive administration of taurine for 14 days did 
not produce any significant effects as regards behavioral 
despair and cognitive enhancement but elicits significant 
tendency of reduced hyperactivity in the OFT. Previous 
reports have shown that taurine supplementation produces 
no significant behavioral changes in naïve animals espe-
cially on measures of depression and anxiety (Whirley and 
Einat 2008; Wu et al. 2017) but Whirley and Einat (2008) 
reported that taurine produces transient decrease in activity, 
which are indeed in agreement with our findings. Addition-
ally, the test for catalepsy using wood block, which is a 
behavioral paradigm used for evaluation of extrapyrami-
dal side effects (EPSs) (Gobira et al. 2013), revealed that 
repeated administration of taurine alone is devoid of cata-
lepsy effect. One major problem associated with long-term 
use of antipsychotic drugs is the induction of EPS due to  D2 
dopaminergic receptor blockade (Kapur et al. 2000). In this 
study, we also observed that the therapeutic effect of taurine 
in both the preventive and reversal treatments was not asso-
ciated with cataleptogenic behavior unlike risperidone that 
showed heightened tendency of catalepsy in the mice. This 
effect could be obvious when higher doses and prolonged 
duration are applied (Moe et al. 2017). Contrastingly, it is 
interesting to state that taurine has been reported to rather 
attenuate cataleptic effect of first-generation antipsychotic-
induced catalepsy in rodents. Together, this findings suggest 
the anti-catalepsy potential of taurine (Zebrowska-Lupina 
and Porowska 1987).

Oxidative stress has been identified to cause dysregula-
tion of neuronal lipids and mitochondrial metabolic shifts, 

thereby causing alterations in neurochemical homeosta-
sis through altered receptor activities (Upthegrove and 
Khandaker 2020; Nakao et al. 2021). Of note, NMDA recep-
tor dysfunction is cross-linked with alterations in oxidative 
pathway via multiple mechanisms of  Ca2+-regulated sign-
aling including  Ca2+/calmodulin-dependent protein kinase 
II  (Ca2+/CaMKII) (Mouri et al. 2007). Notably, CaMKII is 
important in the regulation of glutamate, GABA and glycine 
neurotransmissions (Bulley and Shen 2010). Interestingly, 
taurine regulates glutamate mediated  Ca2+ permeability or 
excitation by GABA-mediated hyperpolarization via intra-
cellular second messenger system (Bulley and Shen 2010). 
Previous studies have been reported that ketamine induces 
changes in glutamate-GABA-CaMKII pathways (Laza-
revic et al. 2021). It is hypothesized that ketamine-induced 
down-regulation of  Ca2+/CaMKII pathway could be medi-
ated via inhibition of intracellular uptake of taurine in the 
CNS (Satsu et al. 2004; Yao and Wu 2001), thereby causing 
delayed neuromodulatory responses to neuronal changes (Li 
et al. 2002; Satsu et al. 2004). Furthermore, it is sensible to 
state that taurine depletion might also play an important role 
in the up-regulation of the superoxide precursor enzyme, 
NDPH oxidase-2 (Nox-2), and superoxide formation via 
calcium-dependent depolarization and NMDA receptor 
hypofunction-derived oxidative stress (Bulley and Shen 
2010). Moreover, since  Ca2+ is the main regulator of taurine-
sensitive ensembles, elevated levels of Nox-2-mediated ROS 
generation and mitochondrial membrane collapse (El Idrissi 
2008) could cause enduring loss of cortical GABAergic and 
glutamate phenotypes including parvalbumin interneurons, 
inactivation of excitatory amino acid and cysteine transport-
ers, thereby leading to low levels of glutathione in the brain 
and altered cognitive executive behavioral functions (Beh-
rens et al. 2007; Valtcheva and Venance 2019).

Given this linkages, it is not surprising that conditions 
or agents that resulted in taurine and glutathione depletion 
would lead to spectrum of neuropsychiatric disorders asso-
ciated with oxidative damage (Yang et al. 2019). In line 
with previous studies (Monte et al. 2013; Ben-Azu et al. 
2018b), ketamine was found to reduce glutathione levels 
together with superoxide dismutase and catalase activities 
with increased malondialdehyde and nitrite concentrations 
in the striatum, prefrontal cortex and hippocampus respec-
tively, suggesting a state of neuronal oxidative stress. As 
with mice, postmortem reports show that low levels of 
glutathione are commonly found in the cerebrospinal fluid 
(Do et al. 2000), caudate region (Yao and Wu 2001) and 
prefrontal cortex (Gawryluk et al. 2011) of schizophrenia 
patients, which are believed to contribute to the severity 
of the disease (Nakao et al. 2021). Interestingly, enhanced 
glutathione functionality has been reported in the brains of 
first-episode psychotic patients specifically in the tempo-
ral lobes, suggesting compensational antioxidant activity 
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possibly due to oxidative stress (Nakao et al. 2021). Most 
notably, vast majority of clinical findings have shown 
that schizophrenia patients are enriched with increased 
neuronal nitric oxide synthase (nNOS) immunoreactiv-
ity accompanied with nitric oxide overload in the dentate 
nucleus and purkinje cells (Bernstein et al. 2001; Zhang 
et al. 2012). In fact, altered striatal glutamatergic system 
could be a resultant effect of nitrergic alterations (Chat-
terjee et al. 2012; Ben-Azu et al. 2018b). Although we 
found that seven days injections of ketamine did not cause 
any significant change in the nitrite hippocampal region, in 
line with the finding of de Araújo et al., (de Araújo et al. 
2021) it is explainable that prolonged pathological state 
could be responsible for the nitrergic imbalance in the hip-
pocampus compared to control as observed in the reversal 
protocol consisting of fourteen days ketamine injections.

It is known that chronic NMDA receptor activation 
triggers  Ca2+ influx thereby leading elevated of levels 
of NO and excessive presynaptic glutamate release via 
a  Ca2+-regulated nNOS pathway (Chatterjee et al. 2012; 
O’Dell et al. 1991). Though, iNOS-mediated production of 
NO is  Ca2+-independent, microglia (the resident immune 
cells of the brain) release of NO possesses neuro-toxic 
effects which indirectly relies on the concentration of 
cyclic adenosine monophosphate (cAMP) and directly 
on iNOS expression (Nasyrova et al. 2015). Postmortem 
brain investigations have revealed increased levels of NO 
in the brains of schizophrenia patients, thus supporting the 
association between increased activity of iNOS and schiz-
ophrenia (Nasyrova et al. 2015). Moreover, exacerbated 
endogenous nitrergic tone in the striatum has been hypoth-
esized to be partly responsible for the increase dopamine 
release in the midbrain (West and Grace 2000). This mech-
anism is thus responsible for ketamine-induced increased 
dopamine release, glutamate-mediated excitotoxicity and 
psychotic-like behavior (Chatterjee et al. 2012; Monte 
et al. 2013; Ben-Azu et al. 2018b; Oshodi et al. 2021). 
Most notably, neuronal blockade with NO antagonist is 
known to causes a prolongation of cortical inhibition of 
dopamine release and modulation of glutamatergic afferent 
drive (West and Grace 2000), further suggesting that inhi-
bition of NO release is an antipsychotic-related mechanism 
(Monte et al. 2013; Ben-Azu et al. 2018b). The findings 
that the preventive and reversal treatments with taurine 
attenuated ketamine-induced oxidative (increased antiox-
idant markers/low pro-oxidant) and nitrergic (decreased 
iNOS expressions/NO levels) stress suggest a neuropro-
tective property possibly through nutritional amino acid 
and cysteine-dependent replenishment of glutathione (Wu 
et al. 2009), normalization of glutamate neurotransmis-
sion, as well as inhibition of iNOS-induced neuroinflam-
mation through “brain amino acid sensing mechanism” 
(Bulley and Shen 2010; Tsurugizawa et al. 2014).

Indeed, glutathione is a tripeptide antioxidant molecule 
comprising of cysteine, glycine and glutamate (Herrmann 
et al. 2012; Wei et al. 2020; Aoyama 2021). Endogenously, 
taurine is produced by cysteine in high quantity especially 
excitable tissue like the brain and serves an important cyto-
protective role as a nutritional agent in maintaining mental 
homeostasis (Wu and Prentice 2010). To date, enhance-
ment of glutathione-regulated activity and normalization 
of glutamate neurotransmission are related to some of the 
key mechanisms associated with second generation antipsy-
chotic drugs including risperidone, a standard drug used in 
the treatment of schizophrenia (Herrmann et al. 2012; Monte 
et al. 2013). In the light of this, investigations show that 
taurine efficiently reduces intracellular  Ca2+ overload and 
glutamate-induced depolarization, apoptosis and neuroin-
flammation by modulating cAMP pathways,  Ca2+ channels, 
NMDA receptors and enhancement of antiapoptotic factors 
through chaplain-dependent machineries. Thus, these find-
ings suggest that taurine elicits its neuroprotective functions 
through a multipronged mechanisms (El Idrissi 2008; Wu 
et al. 2009; Jakaria et al. 2019; Rafiee et al. 2022). Moreover, 
other studies also showed that that taurine protects against 
oxidative stress in different organs in rodent and human dis-
ease conditions (Zhang et al. 2014; Niu et al. 2018; Maleki 
et al. 2020).

It is also worthy of note that ability of taurine to sup-
press ketamine-induced up-regulation of COX-2 expres-
sion denotes anti-neuroinflammatory mechanism. COX-2, 
which is an important aspect of membrane hypothesis of 
schizophrenia plays a prominent role in neuroinflammation-
induced disruption of membrane phospholipids and receptor 
transduction mechanism. Also, COX-2-induced increased 
IL-6 and phospholipase  A2 activities particularly contrib-
utes to the hypodopaminergic and hypofunctionality of the 
prefrontal cortex, breakdown of PUFAs, which play critical 
roles in the initiation of schizophrenia behavior. However, 
selective inhibition of COX-2 is linked to improvement in 
schizophrenia symptoms via reduction of PGE synthesis, 
microglia-mediated release of pro-inflammatory cytokines, 
NO and iNOS expression (Zhang and Zhao 2014). There-
fore, the suppression of ketamine-induced COX-2 immuno-
reactivity in certain regions of mice brains by taurine might 
be partially mediated through inhibition of COX-2 expres-
sion and this mechanism might be relevant in the anti-psy-
chotic effect in first episode psychotic patients (O’Donnell 
et al. 2016).

Furthermore, ketamine-induced experimental psycho-
sis is long established and linked to increased activity of 
AChE, a metabolizing enzyme that regulates synaptic 
pool of acetylcholine (Chatterjee et al. 2012). Acetylcho-
line is a well-known neurotransmitter responsible for the 
control of cognitive and social functions (Contestabile 
2011). Earlier studies have shown that ketamine-induced 
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schizophrenia-related memory dysfunction is commonly 
associated with increased brain AChE activity (Ben-Azu 
et al. 2018a, b, 2019; Chatterjee et al. 2012). Moreover, 
ketamine-induced schizophrenia-like behavior is also 
believed to be mediated via blockade of 7-alpha nicotinic 
acetylcholine receptors (α-7nAChR), a regulator of cho-
linergic-neuroimmune pathway (Borovikova et al. 2000; 
Jiang et al. 2021). In this study, we also showed that ket-
amine-induced behavioral alterations were accompanied 
with reduced cholinergic neurotransmission as evidenced 
by elevated levels of AChE activity in the three brain 
regions respectively, although with more severe increase 
in the striatum in the reversal treatment and its consist-
ent with previous findings (Ben-Azu et al. 2018b). Since 
acetylcholine is involve in the regulation of glutamatergic 
activity, this disease model could possibly be the result-
ant effect of a more prolonged blockade of α-7nAChR by 
ketamine (Coates and Flood 2001) thereby leading dereg-
ulation cholinergic activity (Chatterjee et al. 2012) and 
loss of the anti-neuroinflammatory neuroprotective effect 
of acetylcholine in this brain (Jiang et al. 2021). In this 
study, the preventive and reversal treatments with taurine 
was found to also attenuate ketamine-induced increased 
cortical and subcortical AChE activities. This finding also 
indicates one of the mechanisms responsible for taurine’s 
ability to mitigate ketamine-induced cognitive impairment 
in mice. Interestingly, other report has also shown that tau-
rine prevents ethanol-induced increment in AChE activity 
and oxidative damage zebrafish brain as part of its mecha-
nism of neuronal protection (Rosemberg et al. 2010).

To the best of our knowledge after a rigorous literature 
search, this is first pre-clinical study with mice that pro-
vides scientific evidence for the potential benefit of tau-
rine as a safe naturally occurring treatment for psychosis. 
While this paper represents a first important effort to prove 
the clinical effects of taurine in first episode psychosis 
(O’Donnell et al. 2016) without determining endogenous 
taurine levels, our goal is to continue this research. So, 
further pre-clinical investigation will continue as a stable 
project to provide molecular evidence including effects on 
neurochemical transmissions, other neuroimmune activi-
ties and neurotrophic factors in experimental psychosis. 
At this stage, we thus achieved that taurine prevents keta-
mine-induced schizophrenia-like behavior, an effect that is 
devoid of cataleptogenic potential. Notably, some possible 
underlying mechanisms might involve the enhancement 
of cholinergic neurotransmission, inhibition of oxidative 
and nitrergic imbalances, and suppression of COX-2/iNOS 
immunopositive cells in mice brains.
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