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A decrease in the levels of antioxidant arsenals exacerbate generation of reactive oxygen/nitrogen species,
leading to neurochemical dysfunction, with significant impact on the pathogenesis of psychotic disorders such as
schizophrenia. This study examined the preventive and reversal effects of diosgenin, a phyto-steroidal saponin
with antioxidant functions in mice treated with ketamine which closely replicates schizophrenia-like symptoms
in human and laboratory animals. In the preventive phase, adult mice cohorts were clustered into 5 groups (n =
9). Groups 1 and 2 received saline (10 mL/kg, i.p.), groups 3 and 4 were pretreated with diosgenin (25 and 50
mg/kg), and group 5 received risperidone (0.5 mg/kg) orally for 14 days. Mice in groups 2-5 additionally
received a daily dose of ketamine (20 mg/kg, i.p.) or saline (10 mL/kg/day, ip.). In the reversal phase, mice
received intraperitoneal injection of ketamine or saline for 14 consecutive days prior to diosgenin (25 and 50
mg/kg/p.o./day) and risperidone (0.5 mg/kg/p.o./day) treatment from days 8-14. Mice were assessed for
behavioral changes. Oxidative, nitrergic markers, and cholinergic (acetylcholinesterase activity) transmission
were examined in the striatum, prefrontal-cortex and hippocampus. Diosgenin prevented and reversed hyper-
locomotion, cognitive and social deficits in mice treated with ketamine relative to ketamine groups. The
increased acetylcholinesterase, malondialdehyde and nitrite levels produced by ketamine were reduced by
diosgenin in the striatum, prefrontal-cortex and hippocampus, but did not reverse striatal nitrite level. Diosgenin
increased glutathione, and catalase levels, except for hippocampal catalase activity when compared with keta-
mine controls. Conclusively, these biochemical changes might be related to the behavioral deficits in ketamine-
treated mice, which were prevented and reversed by diosgenin.

1. Introduction

Schizophrenia is a chronic psychiatric and disabling brain disorder
characterized by psychotic symptoms and cognitive and functional
deficit (Ermakov et al., 2021). While the occurrence of this disorder
remains over 1% of the global population, the pathophysiology remains
unclear with diverse associated pathologies (Monte et al., 2013; Ben-Azu
et al.,, 2018a). However, research on heterogeneity of schizophrenia
consists of inflammatory, immune and genetic factors, and other
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causative biological linkages that have gained a significant interest over
the past decade (Ben-Azu et al., 2023a). Interestingly, these factors and
the biological pathways are united by the involvement of oxidative
stress (Monte et al., 2013; Ben-Azu et al., 2018a). In this context, the
vulnerability-stress-biological alteration models are supported with
remarkable growing evidences (Ben-Azu et al., 2018a, 2019, 2022,
2023a, 2019, 2018a; Ermakov et al., 2021; Omeiza et al., 2023). There
are enormous reports of redox imbalance in the etiology of schizo-
phrenia in numerous literatures (Hellemans et al., 2010; Koga et al.,
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2016; Ben-Azu et al., 2023b) and meta-analyses (Fraguas et al., 2017;
Hoen et al., 2013; Wang et al., 2016). Regardless of the heterogeneity of
data involved, the pre-eminence of pro-oxidant processes and antioxi-
dant system deficiency, indicating, the condition of generalized oxida-
tive stress is a strong-point in schizophrenia and has popularly remained
a drug target for the treatment of the disease (Monte et al., 2013;
Ben-Azu et al., 2018a, 2018b, 2019, 2023b). Most importantly, alter-
ations in non-enzymatic antioxidant system such as vitamins C, E,
glutathione, and other biochemical substrates result in brain reduction
of polyunsaturated fatty acids (PUFAs) contents. As such, these models
imply that the predisposition of subjects affected by oxidative stress is
dependent on the genetic makeup, which notably exacerbates inflam-
matory responses and alterations of other biological pathways later in
life notably implicated in the disease progression (Smigielski et al.,
2020).

Schizophrenia is reported to have several etiological roots that are
yet to be fully understood, but not limited to the already reported
neurotransmitter perturbations such as alterations in dopamine, gluta-
mate, serotonin, gamma amino butyric acid (GABA), and acetylcholine
(ACh) neurotransmissions (Chatterjee et al., 2012; Howes et al., 2015;
Omeiza et al., 2023) as well as neuro-immune and neurotrophic protein
derangements in critical brain regions (Zhang et al., 2016; Ben-Azu
et al., 2021, 2019). In addition, clinical and preclinical findings have
shown evidences of neuro-immunological imbalance, notably involving
over-reactivity of microglia and astrocyte sensomes, including the
pathological release of neuronal cytokines and neuro-inflammatory
proteins release in schizophrenia (Ben-Azu et al., 2019; Comer et al.,
2020; Ben-Azu et al., 2023).

Animal model of ketamine (KET) treatment in experimental mice
have been shown to stimulate broad clinical symptoms and observable
features similar to those found in schizophrenic patients (Krystal et al.,
1994). KET is a psychotomimetic that acts on glutamate system by
inhibiting N-methyl-D-aspartate (NMDA) receptors (Beck et al., 2020;
Ben-Azu et al., 2019; Omeiza et al., 2023). Administration of KET in
experimental animals induce both positive (perceptual changes and
delusions) and negative symptoms (blunted affect and emotional/social
withdrawal) as well as cognitive deficits consisting of learning and
memory impairments (Monte et al., 2013; Ben-Azu et al., 2018b;
McCutcheon et al., 2019). It is evidenced in several studies that
KET-induced experimental schizophrenia was associated with
oxido-nitrosative stress cascade, profoundly depleting endogenous
antioxidant system, up-regulating inducible nitric oxide (NO) synthase
(iNOS), release of NO, and integrative upstream release of inflammatory
cytokines and proteins with concomitant disruption of glutamatergic
system (Monte et al., 2013; Ben-Azu et al., 2018c; de Aratjo et al.,
2021). Specifically, Abram et al. moreover established that KET induces
NMDAR hypofunction by refashioning the thalamic hyper-connectivity
similar to that found in schizophrenic patients, across their illness
course, including the clinical high-risk for psychosis period preceding
the onset of psychosis. Thus, proposing that KET model significantly
mimics the onset, progress and/or severity of psychotic symptoms in the
patients (Usman et al., 2019; Abram et al., 2022; Ben-Azu et al., 2019;
Okubo Eneni et al. (2020)). Interestingly, notable findings have shown
that KET-induced experimental schizophrenia were abated by second
generation antipsychotic drugs such as risperidone, aripriparzole and
clozapine (Ben-Azu et al., 2018b; Okubo Eneni et al. (2020); Eneni et al.,
2023).

Therapeutically, the use of antipsychotic drugs is currently consid-
ered as a treatment measure for attenuating schizophrenia-like symp-
toms and associated pathophysiologies in pre-clinical (Monte et al.,
2013; Ben-Azu et al., 2023b; Eneni et al., 2023) and clinical (Patel et al.,
2014; Dietrich-Muszalska et al., 2021; Hong and Bang, 2020) settings.
However, adopting nutritional pharmacotherapy as a treatment option
for schizophrenia condition shows that dietary measure involving
nutraceuticals products remain a cost-effective and a naturally viable
approach to prevent and extenuate schizophrenia and its associated
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pathologies (Ben-Azu et al., 2018, 2019; Oshodi et al., 2021; Ishola et al.,
2021; Ugwu et al., 2022; Emudainohwo et al., 2023).

Notably, diosgenin (DG) is a natural steroidal saponin, bio-
synthesized from cholesterol through isoprenoid pathway in several
medicinal plants (Avula et al., 2014). Previous investigations reported
that it exhibits high biocompatibility with low toxicity profile when
administered acutely or sub-chronically to rodents (Cayen et al., 1979;
Qin et al., 2009). Further studies have shown that DG and its derivatives
possess significant antioxidative, anti-inflammatory, neuroprotective
and anti-apoptotic ability against different brain diseases (Li et al., 2018;
Mahmoudi et al., 2021; Tohda et al., 2013, 2012). Pre-clinically, DG has
demonstrated potent effects in the treatment and management of ner-
vous system diseases such as Parkinson’s and Alzheimer’s diseases (He
etal., 2018; Li et al., 2018; Yang and Tohda, 2018). Also, as a nootropic
agent, DG improves memory performance and mitigates Alzheimer’s
disease pathology associated with cognitive deficit, notably including
oxidative damage in rodents (Mahmoudi et al., 2021; Tohda et al., 2013,
2012; Yang and Tohda, 2018). The above-mentioned restorative prop-
erties exhibited by DG strongly suggest that it is a promising candidate
for the treatment of schizophrenia disease. Hence, this study was
designed to investigate the preventive and reversal effects of DG in
experimental KET model relevant to schizophrenic disorder in mice.

2. Materials and method
2.1. Drugs and reagents

Diosgenin (DG), risperidone (RIS), antioxidant reagents were pur-
chased from Sigma-Aldrich, St. Louis, MO, USA and Burgoyne Burbidges
& Co., Mumbai, India. Ketamine hydrochloride was bought from Rolex
Medica, Germany. Other chemicals bought for this study were of
analytical grades with the highest purities.

2.2. Experimental animal

Male Swiss albino mice (20-25 g) were from the Laboratory Animal
Centre of the College of Medicine, Delta State University, Abraka and
kept in the University central animal house (23 + 2 oC; 12-hr light/12-
hr dark cycle, 40-70% relative humidity) with unlimited access to food
and water. All treatment and experimental protocol were approved by
Delta State University Animal Care and Use Research Ethics Committee
of the Faculty of Basic Medical Sciences (REC/FBMS/DELSU/23/185) in
compliance International Regulatory Agencies such as National in-
stitutes of Health Guide for Care and Use of Laboratory Animals (Pub-
lication No. 85-23, revised 1985).

2.3. Dose selection

The study was assigned into two separate cohorts to evaluate the
preventive and reversal effects of DG on KET-induced schizophrenia
behavior and oxidative alterations as previously described (Ben-Azu
et al., 2022; Monte et al., 2013). The doses of KET (20 mg/kg) (Ben-Azu
et al., 2023, 2022), DG (25 and 50 mg/kg) (Leng et al., 2020; Sathya
et al., 2020), and RIS (0.5 mg/kg) were selected according to findings
from preliminary and previous reports. Saline (0.9%) was used to
constitute DG and RIS, prior to oral (p.o.) gavage administration and
were administered at a volume of 10 mL/kg of individual animal
weights; whereas KET was diluted in 0.9% saline and given intraperi-
toneally (ip.) as established from previous protocols (Ben-Azu et al.,
2023; Ben et al., 2022; Chatterjee et al., 2012).

2.4. Treatment protocols
In the preventive cohort, the animals were organized into 5 treat-

ment groups (n = 9). The animals assigned into groups 1 and 2 received
saline (10 mL/kg, p.o.) pre-treatments, groups 3 and 4 were given DG
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Scheme 1. Treatment protocol.

(25 and 50 mg/kg, p.o) while animals in group 5 was given RIS (0.5 mg/
kg, p.o.) daily for 14 days. Thereafter, from day 8 to 14, the animals in
groups 2-5 were daily injected with KET (20 mg/kg, i.p.) 30 min after
oral administration of the vehicle and DG respectively. In the reversal
cohort, the animals were also organized into 5 treatment groups (n = 9).
Groups 1 received saline (10 mL/kg, p.o.) while groups 2-5 were daily
injected with ketamine (20 mg/kg, i.p.) for 14 days. From days 8 to 14,
the animals in group 2 additionally had saline (10 mL/kg, p.o.), groups 3
and 4 were administered DG (25 and 50 mg/kg, p.o) while group 5
received RIS (0.5 mg/kg, p.o.) once daily 30 min after KET injection.
Behavioral phenotypes of schizophrenia such as explorative activity in
open field test (OFT), social interaction test (SIT), and spatial working
memory with Y-maze test was carried out. To avoid KET interference
effect on gait and posture, OFT and SIT assessments were done on days
13 and 14 respectively, while Y-maze test (YMT) was done on day 15
twenty-four hour after treatments by animal behavioral experts who
were blinded to the experimental groups (Scheme 1).

2.5. Behavioral tests and weight measurement

Explorative activity and locomotor behavior were evaluated in the
animals using the OFT for 5 min according to earlier described protocol
(Monte et al., 2013). Briefly, the apparatus which is a wooden box
(28 x28x25 cm) contains 16 equal squares (7 x7 c¢m) lines with a front
view glass wall. In the apparatus, we placed animals in the left-hand
corner of the box and explorative activity consisting of number of
lines crossing of each mouse was recorded for 5 min with a stop watch.

For the SIT assessment, 10 min investigation time was allotted for
each animal as described earlier by Monte et al. ( 2013) and others
(Ben-Azu et al., 2018a) using a plexiglass box separated into three
chambers (60 x40 cm) namely A (social chamber), B (middle chamber)
and C (non-social chamber), connected by a small door (6 x6 cm) on
two sides of the middle chamber. In this test, chambers A and C con-
tained iron nested restraining cages while chamber B (middle chamber)
was without a restraining cage but was used to introduce mouse into the
chambers. Briefly, experimental mouse was presented through chamber
B for a 5min exploration and familiarization period in all
three-chambers. Thereafter, the mouse was removed, and a novel
same-sex attractant mouse was placed inside the restraining cage in
chamber A while the restrain cage chamber C was without. Immediately,
the experimental mouse was returned through chamber B for
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exploration between chambers A-C for another 5 min. At the end, per-
centage (%) social preference was calculated for each animal following
the period spent visiting chambers A and C using the formula: (%
exploration time in the social chamber) - (% exploration time in the
opposite chamber).

The YMT was used to investigate the spatial working memory in the
experimental mice. This was judged based on the pattern and number of
arms visitations for 5 min in a 3-armed (A, B and C) Y-maze apparatus
(33 x11x12 cm) separated proportionally at 120 °C. Correct alterna-
tion was defined as sequential entries into arms A to C (ABC, BCA, CAB
etc) while cognitive impairment behavior was defined by wrong alter-
nations such as BAB, CCA, BBA etc. At the end, cognitive function was
scored as % correct alternation according to previous studies ( Monte
etal., 2013; Ben-Azu et al., 2022a). Body weights were also measured as
previously described on the days 8 and 15 (Ben-Azu et al., 2023b).

2.6. Tissue preparation for biochemical analysis

The experiment was terminated on day 15 after the completion of
behavioral test. The mice were anaesthetized with KET hydrochloride
followed by cervical dislocation. The brain was excised and the hippo-
campus, striatum and pre-frontal cortex were dissected on cold ice tray.
The dissected brain regions were immediately homogenized in a cold
phosphate buffer (10% w/v, 0.1 M, pH 7.4) and then centrifuged for
10 min/10,000 rpm at 4 °C to obtain the supernatants. Finally, the su-
pernatants were stored (—20 °C) until biochemical assessments.

2.6.1. Estimation of protein content

The level of protein in the striatum, prefrontal cortex, and hippo-
campus samples were determined with the previously described proto-
col by GORNALL et al. (1949). Distil water (0.9 mL), striatum, prefrontal
cortex, and hippocampus (0.1 mL) and biuret reagent (3 mL) were
thoroughly mixed together and left to incubate at 25 °C for 30 min.
Finally, the absorbance was read at 540 nm using an UV/Vis Spectro-
photometer (INESA 750 N, China). The standard (1 mg/mL bovine
serum albumin) was then calculated within 0.01-0.1 mg/mL range
(GORNALL et al. (1949)).

2.6.2. Estimation of lipid peroxidation
The lipid peroxidation activity in the striatum, prefrontal cortex, and
hippocampus were measured by estimating the content of
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Fig. 1. Diosgenin (DG) abates ketamine-induced hyperlocomotion in the preventive (a) and reversal (b) treatment protocols. Bars represent the mean + S.E.M of 9
animals / group. #p < 0.05, ##p < 0.01 vs saline group and *p < 0.05, * *p < 0.01, ** *p < 0.001 vs KET group KET = Ketamine, RIS = Risperidone.

malonylaldehyde (MDA) as described by Emudainohwo et al. (2023)
and Nagababu et al. (1994). 100 pL aliquots of the different brain re-
gions were mixed with 900 pL Tris-KCI buffer prior to addition of 500 pL
of 30% TCA. 500 pL of 0.75% thiobarbituric acid (TBA) was then added
to the mixture and heated in water bath for 45 min at 80 °C. Thereafter,
the heated mixture was immediately cooled and centrifuged for 5 min at
3000 rpm. the absorbance level set at 532 nm (UV/Vis Spectropho-
tometer (INESA 750 N, China)). The formed MDA was calculated by
molar extinction coefficient of 1.56 x 105/M/cm and expressed as nmol
MDA mg-1 protein (Emudainohwo et al., 2023; Nagababu and Laksh-
maiah, 1994).

2.6.3. Estimation of nitrite level

The striatal, prefrontal cortical, and hippocampal nitrite concentra-
tions were estimated using the Griess reagent, which shows the amount
of nitric oxide generation. 100 pL of greiss reagent (1:1 solution of 1%
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sulfanilamide in 5% phosphoric acid and 0.1% of N-1- naphthyl ethyl-
enediamine dihydrochloride) was thoroughly mixed and added to
100 pL of the supernatant and then the absorbance was read at 540 nm
wavelength with the UV/Vis-spectrophotometer (752 N INESIA, China).
The striatum, prefrontal cortical, and hippocampal nitrite levels were
calculated from the standard curve generated from sodium nitrite
(0-100 pM) (Green et al., 1982).

2.6.4. Estimation of reduced glutathione level

The reduced glutathione (GSH) contents in the striatum, prefrontal
cortex, and hippocampus were analyzed as according to Jollow et al.
(1974) 100 pL aliquot of the striatum, prefrontal cortex, and hippo-
campus were added to 400 pL of 20% TCA and then centrifuged for
10 min at 4 °C set at 10,000 rpm. 2 mL of 0.6 M DTNB was added to the
reacting mixture and then underwent 10 min incubation at room tem-
perature. Finally, the absorbance was read at a wavelength of 412 nm

I
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Fig. 2. Effect of diosgenin (DG) on ketamine (KET)-induced spatial working memory impairment and social interaction deficit in the preventive (a,c) and reversal (b,
d) treatment protocols. Bars represent the mean + S.E.M of 9 animals / group. #p < 0.05, ##p < 0.01, ###p < 0.001 vs saline group and *p < 0.05, * *p < 0.01,

* **p < 0.001 vs KET group. RIS = Risperidone.
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Fig. 3. Diosgenin (DG) reduces malondialdehyde (MDA) concentrations in the striatum, prefrontal cortex and hippocampus of mice in the preventive and reversal
treatments with ketamine (KET). Bars represent the mean + S.E.M of 7 animals / group. *p < 0.05, *#p < 0.01, *#*#p < 0.001 compared to saline group and
*p < 0.05, * *p < 0.01, * **p < 0.001 compared to KET group RIS = Risperidone.

(UV/Vis Spectrophotometer (INESA 750 N, China)) and expressed as
umol mg— 1 protein (Jollow et al., 1974).

2.6.5. Estimation of catalase Level

The activity and content of catalase was measured in the striatum,
prefrontal cortical, and hippocampal brain regions by adopting the
colorimetric assay method based on formation of yellow complex with
ammonium molybdate and H20; as the enzyme substrate according to
Goth et al. (1991). The absorbance level was set at 405 nm and read with
a UV/Vis Spectrophotometer (INESA 750 N, China). The unit of the
enzyme activity was expressed as kU/ mg protein (Goth, 1991).

2.6.6. Estimation of acetylcholinesterase Level

The amount of acetyl-cholinesterase was estimated as follows:
0.4 mL of aliquots of the striatum, prefrontal cortex and hippocampal
supernatants was added to 2.6 mL of phosphate buffer (0.1 M, pH 7.4)
and then mixed with 5,5-dithio-bis (2-nitrobenzoic acid) (DTNB)
(0.1 mL). Thereafter, acetylthiocholine iodide (0.1 mL) was added
together to the reacting mixture and then read under UV/Vis Spectro-
photometer (INESA 750 N, China) at wavelength of 412 nm at 10 min
with the absorbance changes taken every 2 min interval and recorded.
Acetylcholinesterase activity was read when the change in colour pro-
duced increases from the thiocholine after reaction with DTNB. Absor-
bance change per minute was determined and expressed as pmol/min/
mg protein (Ben-Azu et al., 2022b).

2.7. Statistical analysis

The data (behavioral and biochemical data) were analyzed using
one-way analysis variance (ANOVA) and expressed as Mean + S.E.M
followed by post-hoc test (Bonferroni) for multiple comparisons where
appropriate, using Graph Pad Prism software, Inc., Lajolla, USA, version
5.0. A level of p < 0.05 was considered as statistically significant for all
tests.

3. Results

3.1. Diosgenin treatment prevents and reverses ketamine-induced
hyperlocomotion in mice

The preventive and reversal effects of DG on KET-induced hyper-
locomotion are presented in Fig. la-b. The results showed that KET
(20 mg/kg) injection significantly (p < 0.05) heightened the number of
line crossings in the preventive and reversal cohorts relative to the

90

saline-treated group, which indicates marked hyperlocomotor effect.
However, DG (50 mg/kg, p < 0.05) in the preventive cohort signifi-
cantly prevented KET-induced hyperlocomotion (Fig. 1a) while in the
reversal cohort, DG (50 mg/kg, p < 0.05) significantly reversed the KET-
induced hyperlocomotion behavior when compared with KET control
groups (Fig. 1a). In similar effect, RIS (0.5 mg/kg) treatment in the
preventive (p < 0.01) and the reversal (p < 0.001) cohort significantly
reduced the hyperlocomotion behavior instituted by the KET (20 mg/
kg,) induction relative to the KET control groups (Fig. 1a-b).

3.2. Diosgenin treatment prevents and reverses ketamine-induced spatial
memory and social interaction deficit in mice

The effects of DG on KET-induced spatial working memory deficit
and social preference are based on alternation behavior in the YMT and
% social preference in the SIT in the preventive and reversal treatments
(Fig. 2a-d). From the results obtained, KET (20 mg/kg) in both treat-
ment cohorts significantly (p < 0.001) decreased percentage correct
alternation behavior in the YMT compared to the saline-treated group.
Meanwhile, exposure to DG (50 mg/kg, p < 0.05) treatment in the
preventive cohort significantly abated the spatial working memory
impairment caused by the KET induction when compared with KET
control group (Fig. 2a). The treatment with both DG (25 mg/kg,
p <0.01) and DG (50 mg/kg, p < 0.001) significantly reversed the
spatial working memory impairment caused by the KET induction when
compared with KET control group (Fig. 2b). In the same pattern, RIS
(0.5 mg/kg, p < 0.05) treatment in the preventive and the reversal co-
horts significantly prevented and reversed the spatial working memory
impairment caused by the KET (20 mg/kg) induction when compared to
the KET control groups (Fig. 2a-b). Furthermore, treatment with DG
(50 mg/kg) and RIS (0.5 mg/kg) in the preventive cohorts significantly
(p < 0.001) increased the percentage social preference score when
compared to the KET control group (Fig. 2c). But in the reversal cohorts,
only RIS (0.5 mg/kg) treatment increased significantly (p < 0.05) the
percentage of social preference score when compared to the KET control
group (Fig. 2d).

3.3. Diosgenin treatment extenuates ketamine-induced lipid peroxidation
activity in mice brain

As shown in Fig. 3a-b, KET treatment significantly (p < 0.05)
increased lipid peroxidation as indicated by increase in MDA levels in
the striatum, prefrontal cortex and hippocampus region in both pre-
ventive and reversal cohorts when compared to the saline-treated group
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(Fig. 3a-b). However, treatment DG (50 mg/kg) decreased the levels
MDA in the striatum (p < 0.001), prefrontal cortex (p < 0.01) and hip-
pocampus (p < 0.05) significantly in the preventive cohort relative to
the KET control group (Fig. 3a). RIS (0.5 mg/kg) treatment significantly
(p < 0.001) prevented the increase in MDA content in the striatum and
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the prefrontal cortex but not in the hippocampus relative to the KET
control group (Fig. 3a). Moreover, treatment with DG (25 and 50 mg/
kg) decreased the levels MDA in the striatum (p < 0.001) and the pre-
frontal cortex (p < 0.01, p < 0.001), while treatment with DG (25 mg/
kg) decreased the levels of MDA in the hippocampus (p < 0.05)
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significantly in the reversal cohort relative to the KET control group
(Fig. 3b). Similarly, RIS (0.5 mg/kg) treatment significantly (p < 0.001)
prevented the increase in MDA content in the striatum as well in the
prefrontal cortex (p < 0.05) and hippocampus (p < 0.05) relative to the
KET control group (Fig. 3b).

3.4. Diosgenin treatment reduces ketamine-induced nitrosative activity in
mice brain

As indicated in Fig. 4a-b, KET treatment significantly (p < 0.05) in-
crease nitrosative activity as shown by an increase in nitrite levels in the
striatum, prefrontal cortex, and hippocampus regions in both preventive
and reversal cohorts relative to the saline-treated group (Fig. 4a-b).
However, treatment DG (50 mg/kg) reduced the levels nitrite in the
striatum (p < 0.05), prefrontal cortex (p < 0.05) and hippocampus
(p < 0.05) significantly in the preventive cohort relative to the KET
control group (Fig. 4a). The RIS (0.5 mg/kg) treatment significantly
(p < 0.5) prevented the increase in nitrosative activities in the striatum
and the prefrontal cortex but not in the hippocampus in comparison to
the KET control group (Fig. 4a). In addition, the treatment with DG (25
and 50 mg/kg) decreased the levels nitrite in the prefrontal cortex
(p < 0.05), while the treatment with DG (50 mg/kg) alone decreased the
levels of nitrite in the hippocampus (p < 0.05) significantly in the
reversal cohort relative to the KET control group (Fig. 4b). Similarly, RIS
(0.5 mg/kg) treatment significantly (p < 0.01) prevented the increase in
nitrite content in all the three brain regions relative to the KET control
group (Fig. 4b).

3.5. Diosgenin treatment improves the endogenous antioxidant enzyme
activity in the ketamine-induced mice brain

As presented in Fig. 5a-d, injection with KET (20 mg/kg) signifi-
cantly (p < 0.001) decreased the activity of endogenous enzymes as
indicated by decreased levels of GSH and CAT in the striatum, prefrontal
cortex, and hippocampus regions of the mice brains when compared to
the saline-treated groups in both cohorts. KET induced changes in GSH
concentration in the striatum (p < 0.001), prefrontal cortex (p < 0.001)
and hippocampus (p < 0.05) of mice brains in the preventive cohort
(Fig. 5a). Treatment with DG (25 and 50 mg/kg) profoundly increased
the levels GSH in the striatum (p < 0.01, p < 0.001), while treatment
with DG (50 mg/kg) alone increased the levels GSH in the prefrontal
cortex (p < 0.001) and hippocampus (p < 0.05) significantly relative to
the KET control group (Fig. 5a). Further, in the reversal cohort, KET
induced changes in GSH concentration in the striatum (p < 0.01),
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prefrontal cortex (p < 0.001) and hippocampus (p < 0.05) of mice
brains (Fig. 5b), but treatment with DG (25 and 50 mg/kg) elevated the
levels GSH in the striatum (p < 0.05) significantly relative to the KET
control group (Fig. 5b). Also, treatment with DG (50 mg/kg) increased
the levels GSH in the prefrontal cortex and hippocampus significantly
relative to the KET control groups (Fig. 5b). In the preventive cohort, RIS
(0.5 mg/kg) treatment increased GSH content in the striatum and the
prefrontal cortex while no significant effect was observed in the hip-
pocampus relative to the KET control group (Fig. 5a). In similar effect,
the treatment with RIS (0.5 mg/kg) in the reversal cohort consistently
elevated the concentrations of GSH in the striatum prefrontal cortex and
the hippocampus respectively when compared to the KET control group
(Fig. 5b).

More so, KET injection incited significant changes in the activity of
CAT in the striatum (p < 0.01) and prefrontal cortex (p < 0.05) alone of
the mice brains relative to the saline-treated groups in the preventive
cohort (Fig. 5¢). Interestingly, treatment with DG (25 and 50 mg/kg,
p < 0.001) and RIS (0.5 mg/kg, p < 0.001) profoundly increased the
levels CAT in the striatum and the prefrontal cortex when compared to
the KET control group (Fig. 5¢). However, in the reversal cohort, KET
injection completely caused significant reduction in the content of CAT
in all the brain sections: striatum (p < 0.001), prefrontal cortex
(p < 0.001) and hippocampus (p < 0.05) relative to the saline-treated
(Fig. 5d). But the treatment with DG (25 mg/kg, p < 0.05) in the stria-
tum and treatment with DG (50 mg/kg, p < 0.05) in both prefrontal
cortex and the hippocampus elevated the content of CAT when
compared to the KET control group (Fig. 5d). In addition, RIS (0.5 mg/
kg) treatment significantly increased the content of CAT in the striatum
(p < 0.05), prefrontal cortex (p <0.01), and the hippocampus
(p < 0.05) when compared to the KET control group (Fig. 5d).

3.6. Diosgenin treatment reduces acetylcholinesterase activity in
ketamine-induced mice brain

As presented in Fig. 5a-b, KET treatment significantly (p < 0.05)
increases acetylcholinesterase (AChE) activity, suggesting reduced ACh
concentration in the striatum, prefrontal cortex, and hippocampus re-
gions in both preventive and reversal cohorts relative to the saline-
treated group (Fig. 6a-b). The treatment with DG (25 and 50 mg/kg)
reduced AChE activity in the striatum (p < 0.01, p < 0.001), prefrontal
cortex (p < 0.01, p < 0.001) and hippocampus (p < 0.001) significantly
in the preventive cohort relative to the KET control group (Fig. 6a). The
RIS (0.5 mg/kg) treatment significantly (p < 0.5) prevented the increase
in AChE in the striatum and the hippocampus but not in the prefrontal
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cortex when compared to the KET control groups (Fig. 6a). Also, the
treatment with DG (25 and 50 mg/kg) as well as RIS (0.5 mg/kg)
significantly (p < 0.05, p < 0.01, p < 0.001) decreased the levels of
AChE enzyme activity in all the three brain regions in the reversal cohort
relative to the KET control group (Fig. 6b).

3.7. Effects of diosgenin treatment on body weight gain in the ketamine-
induced mice

Fig. 7a-b showed that KET treatment did not affect the change in
body weight (p > 0.05) in both preventive and reversal cohorts when
compared to the saline-treated group (Fig. 7a-b). However, both doses of
DG treatment were unable to cause any change in body weight in the
preventive cohort relative to the KET control group (Fig. 7a). The RIS
(0.5 mg/kg) significantly (p < 0.5) enhanced body weight gain after 15
days of treatment when compared to the KET control group (Fig. 7a).
Further, in the reversal cohort relative to the KET control group, the
treatment with DG (25 and 50 mg/kg) did not cause any change in body
weight but RIS (0.5 mg/kg) significantly improved body weight gain
after 8 (p < 0.01) and 15 (p < 0.001) days of treatment (Fig. 7b).

4. Discussion

The findings of this study confirm that DG treatment in KET-induced
experimental psychosis reduces hyperlocomotion, social interaction
withdrawal and spatial working memory impairment via regulation of
antioxidant system in the experimental mice brains in addition to
normalization nitrosative and cholinergic neurotransmission.
Schizophrenia-associated behavioral and cognitive shutdown have been
previously established and reported, as demonstrated by hyper-
locomotion and neuropsychiatric phenotypes with poor performance
especially in KET-induced psychotic animals in the OFT, SIT and Y-maze
(Monte et al., 2013; Ben-Azu et al., 2019; de Aratijo et al., 2021), which
are also consistent with the behavioral data obtained in this study.

DG is largely and currently gaining significant attention due to its
huge pharmacological potentials, in addition to its intriguing simple
means of action, validating and broadly increasing the knowledge ac-
quired through its conventional use. Different mechanistic and pre-
clinical investigations have been done on DG to better understand its
benefits and significance against manifold illnesses (Chen et al., 2015;
Huang et al., 2017). Interestingly, the overall findings from multiple
studies proposed that DG could be adopted as a novel multi-target-based
pharmacotherapeutic or chemopreventive drug for the treatment of
variety of chronic diseases such as metabolic and neurological disorders
(Mahmoudi et al., 2021). Of note, DG was reported to show high level of
biocompatibility with low toxicity. For instance, acute oral treatment
with DG showed no signs of acute toxicity (Qin et al., 2009). Also,
experimental sub-chronic toxicity administrated further showed no
significant changes in biochemical parameters (Cayen et al., 1979),
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which therefore, confirms the safety of oral administration of DG.

Green et al. reported that cognitive shutdown and behavioral
changes in schizophrenic condition involve a broad array of social
cognitive domains (Green et al., 2019; Smith et al., 2000). He demon-
strated that it is the core feature of schizophrenia, and one with veritable
implications for possible treatment and prognosis. From the findings
obtained in this study, KET injection significantly elicited shift in normal
behavioral functions as evidenced with hyperlocomotion linked to the
positive symptoms of psychosis and reduced social behavior and
impairment to spatial memory as evident by reduction in sociability and
disorient spontaneous alternation behavior which is also linked to the
negative symptoms of psychosis. NMDAR hypofunction have been
investigated as one of the leading culprits in the pathogenesis of
schizophrenia. Recently, Abram et al. reported that KET, an NMDAR
antagonist triggers transient schizophrenia-like behaviors via alteration
of the thalamic connectivity when given at sub-anesthetic doses to
healthy volunteers (Abram et al., 2022). Thus, affirming that NMDAR
hypofunction induces the thalamic hyper-connectivity, notably occur-
ring via the blockage of NMDA receptors, particularly co-localized in the
GABAergic inhibitory system remarkably involved in the regulation of
dopamine and glutamate release in the striatal brain areas (Abram et al.,
2022). This pathological mechanism has been adjudged as one of the
major contributory processes that induces and exacerbates severity of
some positive symptoms such as hallucination and hyperlocomotion
seen in psychotic patient (Abram et al., 2022). Investigations have also
shown that blockade of the D, receptors present on the striatal pathways
as well as 5-HTp¢-release of serotonin induce large proportion of the
positive and negative symptoms, thus necessitating the search for drugs
with Dy-5-HTss ¢ antagonism capacities in the treatment of the disease
(Coyle, 2006; Chatterjee et al., 2012; Ben-Azu et al., 2021). Other in-
vestigations have also shown that KET injection in experimental psy-
chosis markedly alter the suppresses neurotrophic factor such as brain
derived neurotrophic factor (BDNF) and causes neuropathologic release
of cytokine, notably leading loss synaptic plasticity in the limbic and
cortical brains regions such as striatum, prefrontal cortex and the hip-
pocampus implicated in the pathogenesis., These consequently affect the
cognitive function and neurobehavior of the animals (Ben-Azu et al.,
2023, 2019, 2018; Ben et al., 2022). Further, Sobota et al. reported that
KET effects increases amygdala activity, strongly leading to decrease
social interaction and increase anxiety-like behavior in mice (Sobota
et al., 2015). Although large number of reports have shown that no
specific region of the brain can singly answer the extent of symptoms
and damage noticed in schizophrenia, coordination abnormalities across
regions of the brain likely produce diverse cognitive and behavioral
impairments (Barch, 2014; Li et al., 2019; Van Den Heuvel and Fornito,
2014). Consistent to previous studies, our observations revealed that
schizophrenia-like behaviors were produced in animals after continuous
KET injection (Oshodi et al., 2021).

In this study, we observed that preventive and reversal treatment of
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DG attenuated psychotic and behavioral deficits phenotypes mediated
by the KET injection, including decrease hyperlocomotor activity, in-
crease social interaction preference as well as improving the memory
functions, thereby suggesting the antipsychotic potential of DG in
experimental mice. Interestingly, our findings are similar to the effects
of DG in previously related studies including anxiolytic effect and
enhancement of spatial working memory functions in in rodents (Mah-
moudi et al., 2021). Meanwhile, as reported in this study, it is important
to note that repeated DG treatment in both cohorts elicited reduction in
hyperactivity in the OFT as seen with limited number of line crossings
either following the 7- or 14-days treatment in the reversal and pre-
ventive studies. In similar manner, the spatial working memory func-
tions were also improved following the treatment with DG in the animals
after 7 or 14 days of the reversal and preventive treatments. But in close
proximity with previous investigations, our finding corroborated and
affirms the therapeutic potential of DG to prevent behavioral despair in
experimental models mimicking neurological disorders (Cai et al., 2020;
Cui et al., 2023; Som et al., 2022). Examination of KET’s effect in the
preventive or reversal cohorts, we found that DG profoundly prevented
sociability following 14 days treatment by improving the interaction
time in the animals but failed to reverse KET-induced social withdrawal
when compared with KET groups. Taken together, these findings could
possibly suggest the ability of DG to both prevent the negative symptoms
of schizophrenia for cases of families with genetic background but not
for already ongoing schizophrenia episodes.

It is believed that the centre for neurobehavioral shift in psychosis is
based on the changed in neurotransmitters activities or release such as
dopamine, serotonin, glutamate, ACh, adrenaline, aspartate, glycine,
and GABA imbalance (Chatterjee et al., 2012; Ben-Azu et al., 2018c;
Oshodi et al., 2021; Ishola et al., 2021). The severity of schizophrenia
depends largely on the level of neurochemical imbalances affecting the
neural circuitry observed in several forms of schizophrenia (Chatterjee
et al., 2012; McCutcheon et al., 2019). Irregularities in the cholinergic
system notably based on ACh concentration in the cortex has been re-
ported to be responsible for cognitive symptoms of the disease (Omeiza
et al., 2023). Though, nicotinic agonist and muscarinic antagonist are
currently the putative antipsychotic and cognitive enhancing treatment
in schizophrenia (Abram et al., 2022; Dietrich-Muszalska et al., 2021).
More so, the M; receptor is one of the most abundant cholinergic
muscarinic receptors abundantly found in the forebrain and the hippo-
campus and is a major contributor to the cognitive function in
non-schizophrenia brain. However, M; cholinergic receptor activation
leads to the potentiation of excitatory current via the NMDA receptors
and contributes the cognitive functions and neural circuits in schizo-
phrenic patient (Howes et al., 2015). In this study, we observed that KET
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symptoms

Social
. Memory
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ments
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treatment increased AChE enzyme flux in the prefrontal cortex and
hippocampus of mice relative normal control. As a result, we suggest
that KET may be reducing ACh concentration and subsequently atten-
uating cholinergic transmission and suppressing the nicotinic and M;
receptor activities in the brain regions of the animals as indicated in
their behaviors. However, treatment with DG reverses this effect by
reducing AChE enzyme activity, evidently suggesting increased cholin-
ergic system in the prefrontal cortex and hippocampus of the animals.
Thus, the reduced AChE enzyme activity observed in this study might be
associated with cognitive function, locomotion and sociability of the
mice particularly in the preventive study. Also, important to mention
that in this study DG was found to significantly reduce AChE enzyme
activity both in the prefrontal cortex and hippocampus, unlike risperi-
done that failed to decrease AChE level in the prefrontal cortex relative
to KET group. Besides, reduced AChE level was particularly linked
improve neuroprotective functions of cholinergic-antiinflammatory role
of ACh, which is in turn regulated by AChE enzyme activity (Pollak
et al., 2005; Pavlov et al., 2009). By advantage, this experimental
assertion gives a proof of concept that cholinergic system enhancing
mechanisms either via AChE enzyme reduction as seen by DG or
cholinergic receptor agonism from other studies could be responsible for
the central neuroprotective and neurorestorative functions of ACh
(Halder and Lal, 2021).

To elucidate more on the overwhelming evidences of redox imbal-
ance in schizophrenia, the involvement of oxidative stress in dereg-
ulating neuronal lipid and altering mitochondrial metabolites instituting
a shift in neurochemical homeostasis and changed receptor activity
cannot be ignored as it is regarded as one of the front-liners of the dis-
ease (Murray et al., 2021; Upthegrove and Khandaker, 2020). Perhaps,
the reported dysfunction in NMDA receptor was indeed associated with
changes in oxidative pathway as a result of multiple mechanisms,
notably involving Ca®"-mediated redox reactions (Mouri et al., 2007).
Undeniably, an imbalance in Ca> haemostasis is believed to provoke
and exaggerate neuronal oxidative stress inducing endoplasmic reticu-
lum stress and neuronal membrane dysregulation (Mouri et al., 2007).
Also, intracellular Ca®* store is known to regulate the release of neu-
rochemicals in the synaptic terminals, thus regulating
neurotransmitter-dependent behavior and plasticity (Ermakov et al.,
2021). Nevertheless, in schizophrenia, synaptic transmission and plas-
ticity disruptions appear mostly because of alteration of NMDAR which
plays an import role in redox which is also controlled by Ca®>* homeo-
stasis (Oguro-Ando et al., 2021).

Given these linkages, it is believed that conditions or stressors that
led to depletion of GSH content and alterations of endogenous enzy-
matic antioxidants such as SOD and CAT cause neuropsychiatric

injection of
| KET (20mg/kg; i.p) |

PUFAs
peroxidation

Scheme 2. Experimental hypothesis.
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disorders linked with oxidative injury (Ben et al., 2022). In agreement
with previous investigations (Monte et al., 2013; Ben-Azu et al., 2016,
2018a, 2018b, 2018d), KET injection significantly inhibited the pro-
duction of GSH together with CAT enzyme, and increased MDA and
nitrite concentrations in the cortical and limbic structures such as
striatum, prefrontal cortex, and hippocampus respectively, suggesting a
state of neuronal oxidative stress. In addition, report from post-mortem
investigations in the cerebrospinal fluid, cortices, and caudate putamen
of schizophrenia patients showed that low GSH content are mostly
present (Do et al., 2000; Gawryluk et al., 2011), which further con-
tributes to the severity of the disease (Nakao et al., 2021; Vallée, 2022).
Interestingly, enhanced GSH and CAT functionality with decreased ac-
tivity of lipid peroxidation and nitrite were observed in the preventive
and reversal treatments with DG, suggesting its modulatory effect on the
antioxidant system. Although we also observed that KET injection did
elicit any marked changes in the hippocampal CAT level in the pre-
ventive cohort, DG treatment did not produce any significant effect
following KET induction in the animals. It is believed that a very high
level of reactive oxygen species (ROS) or reactive nitrogen species (RNS)
in physiological concentration involving cell-signalling activities
accompanied by electron transfer reactions favours oxidative stress (Do
et al., 2000; Gawryluk et al., 2011). The imbalance between production
of free radicals ROS/RNS and antioxidant defence system may result in
cellular or molecular damage as observed in this study. Perhaps, the
ROS/RNS released may cause membranal lipids because of damaged
tissue evidenced by an increased MDA concentration in the brain.
Basically, some of the damaged brain tissues might further escalate the
activation of inflammation and immune processes (Comer et al., 2020).
Thus, oxidative stress reported in this study may further be an inducer as
well as product of inflammation.

It is important to also mention that the alterations GSH and nitrite
levels in the hippocampus due to KET treatment were abated by DG in
the prevention study, further reinforcing the neuroprotective potential
of DG unlike risperidone. It is pertinent to suggest that since the treat-
ment effects of DG in both cohorts behaves in similar manner as the RIS
treatment in some of the biochemical indices in this study, DG admin-
istration could present potential anti-psychotic-like effect in psychotic
disorders. Generally, DG treatment was found to demonstrate thera-
peutically beneficial biochemical effects in both protocols via enhancing
the antioxidant defence system and reducing the brain concentration of
MDA by buffering antioxidant arsenals (Scheme 2) in the specific brain
regions. Although the neuro-protective and -reversal effects of DG eli-
cited in this study were of different duration of treatments ranging be-
tween 7 and 14 days respectively, DG significantly demonstrated effects
in both treatment protocols. In the context of comparison with risperi-
done, DG elicits significant biochemical effects, notably explaining and
substantiating its ability to prevent and reversal schizophrenia-like
features in experimental mice exposed to KET. Importantly, the treat-
ment of both 7 and 14 protocols were shown to devoid of obesogenic
potential evidenced by increased body weights unlike risperidone which
is the standard drug used in this study.

Conclusively, DG administration prevents and reverses
schizophrenia-related behavior in mice submitted to KET, notably by
inhibiting lipid peroxidation and nitrosative activity and enhancing
antioxidant and cholinergic systems in the mice brains.

CRediT authorship contribution statement

Benneth Ben-Azu, Olusegun G. Adebayo, Benjamin Oritsemue-
lebi, God’swill E. Uyere, Micheal T. Emuakpeje, Lenatababari
Kumanwee: Conceptualization. Benneth Ben-Azu, Benjamin Oritse-
muelebi, Emmanuel O. Chidebe, God’swill E. Uyere, Micheal T.
Emuakpeje, Lenatababari Kumanwee: Data curation. Olusegun G.
Adebayo: Writing — original draft preparation. Benneth Ben-Azu,
Olusegun G. Adebayo, Chukwuebuka B. Nwogueze, Aliance
Romain Fokoua: Writing — review & editing. Benneth Ben-Azu,

95

IBRO Neuroscience Reports 16 (2024) 86-97

Benjamin Oritsemuelebi, Emmanuel O. Chidebe, Olusegun G.
Adebayo, Chukwuebuka B. Nwogueze: Supervision. Benneth Ben-
Azu, Olusegun G. Adebayo, God’swill E. Uyere, Micheal T.
Emuakpeje, Lenatababari Kumanwee: Funding acquisition. All au-
thors have read and agreed to the publishing of the manuscript.

Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Declaration of Competing Interest
Authors declare that they have no conflict of interest.
Acknowledgements

The Authors are grateful to the technical staff of the Department of
Pharmacology, Faculty of Basic Medical Sciences, Delta State University
for their technical assistance during the study.

Compliance with Ethical Standard

All experiments were approved and performed under the guidelines
of Faculty of Basic Medical Sciences, Delta State University Animals
Ethic Committee (REC/FBMS/DELSU/23/185) and the National In-
stitutes of Health Guide for Care and Use of Laboratory Animals (Pub-
lication number: 85-23, revised 1985).

References

Abram, S.V., Roach, B.J., Fryer, S.L., Calhoun, V.D., Preda, A., van Erp, T.G.M.,
Bustillo, J.R., Lim, K.O., Loewy, R.L., Stuart, B.K., Krystal, J.H., Ford, J.M.,
Mathalon, D.H., 2022. Validation of ketamine as a pharmacological model of
thalamic dysconnectivity across the illness course of schizophrenia. Mol. Psychiatry
27. https://doi.org/10.1038/s41380-022-01502-0.

Avula, B., Wang, Y.H., Ali, Z., Smillie, T.J., Khan, L.A., 2014. Chemical fingerprint
analysis and quantitative determination of steroidal compounds from Dioscorea
villosa, Dioscorea species and dietary supplements using UHPLC-ELSD. Biomed.
Chromatogr. 28 https://doi.org/10.1002/bmec.3019.

Barch, D.M., 2014. Cerebellar-thalamic connectivity in schizophrenia. Schizophr. Bull.
40 https://doi.org/10.1093/schbul/sbu076.

Beck, K., Hindley, G., Borgan, F., Ginestet, C., McCutcheon, R., Brugger, S., Driesen, N.,
Ranganathan, M., D’Souza, D.C., Taylor, M., Krystal, J.H., Howes, O.D., 2020.
Association of Ketamine with Psychiatric Symptoms and Implications for Its
Therapeutic Use and for Understanding Schizophrenia: A Systematic Review and
Meta-analysis. JAMA Netw. Open. https://doi.org/10.1001/
jamanetworkopen.2020.4693.

Ben-Azu, B., Del Re, E.C., VanderZwaag, J., Carrier, M., Keshavan, M., Khakpour, M.,
Tremblay, M.E., 2023a. Emerging epigenetic dynamics in gut-microglia brain axis:
experimental and clinical implications for accelerated brain aging in schizophrenia.
Front. Cell. Neurosci. 17, 1139357. https://doi.org/10.3389/fncel.2023.113935.

Ben-Azu, B., Uruaka, C.I., Ajayi, A.M., Jarikre, T.A., Nwangwa, K.E., Chilaka, K.C.,
Chijioke, B.S., Omonyeme, M.G., Ozege, C.B., Ofili, E.C., Warekoromor, E.B.,
Edigbue, N.L., Esiekpe, U.V., Akaenyi, D.E., Agu, G.O., 2023b. Reversal and
Preventive Pleiotropic Mechanisms Involved in the Antipsychotic-Like Effect of
Taurine, an Essential f-Amino Acid in Ketamine-Induced Experimental
Schizophrenia in Mice. Neurochem. Res. 48 https://doi.org/10.1007/s11064-022-
03808-5.

Ben-Azu, B., Adebayo, O.G., Jarikre, T.A., Oyovwi, M.O., Edje, K.E., Omogbiya, LA.,
Eduviere, A.T., Moke, E.G., Chijioke, B.S., Odili, O.S., Omondiabge, O.P.,
Oyovbaire, A., Esuku, D.T., Ozah, E.O., Japhet, K., 2022a. Taurine, an essential
p-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. Metab. Brain
Dis. 37 https://doi.org/10.1007/s11011-022-01075-5.

Ben-Azu, B., Adebayo, O.G., Wopara, 1., Aduema, W., Onyeleonu, I., Umoren, E.B.,
Kolawole, T.A., Ebo, O.T., Akpotu, A.E., Ajibo, D.N., Onuoha, O.G., 2022b. Lead
acetate induces hippocampal pyramidal neuron degeneration in mice via up-
regulation of executioner caspase-3, oxido-inflammatory stress expression and
decreased BDNF and cholinergic activity: Reversal effects of Gingko biloba
supplement. J. Trace Elem. Med. Biol. 71 https://doi.org/10.1016/j.
jtemb.2021.126919.

Ben-Azu, B., Aderibigbe, A.O., Ajayi, A.M., et al., 2021. Evaluation of the role of
monoaminergic and nonmonoaminergic systems in the psychotropic effects of morin
in mice: an interaction study with receptor blockers. Nutrire 46, 8.


https://doi.org/10.1038/s41380-022-01502-0
https://doi.org/10.1002/bmc.3019
https://doi.org/10.1093/schbul/sbu076
https://doi.org/10.1001/jamanetworkopen.2020.4693
https://doi.org/10.1001/jamanetworkopen.2020.4693
https://doi.org/10.3389/fncel.2023.113935
https://doi.org/10.1007/s11064-022-03808-5
https://doi.org/10.1007/s11064-022-03808-5
https://doi.org/10.1007/s11011-022-01075-5
https://doi.org/10.1016/j.jtemb.2021.126919
https://doi.org/10.1016/j.jtemb.2021.126919
http://refhub.elsevier.com/S2667-2421(23)02296-0/sbref9
http://refhub.elsevier.com/S2667-2421(23)02296-0/sbref9
http://refhub.elsevier.com/S2667-2421(23)02296-0/sbref9

B. Ben-Azu et al.

Ben-Azu, B., Aderibigbe, A.O., Ajayi, A.M., Eneni, A.E.O., Omogbiya, I.A., Owoeye, O.,
Umukoro, S., Iwalewa, E.O., 2019. Morin decreases cortical pyramidal neuron
degeneration via inhibition of neuroinflammation in mouse model of schizophrenia.
Int. Immunopharmacol. 70, 338-353. https://doi.org/10.1016/j.
intimp.2019.02.052.

Ben-Azu, B., Aderibigbe, A.O., Omogbiya, I.A., Ajayi, A.M., Owoeye, O., Olonode, E.T.,
Iwalewa, E.O., 2018a. Probable mechanisms involved in the antipsychotic-like
activity of morin in mice. Biomed. Pharmacother. 105 https://doi.org/10.1016/j.
biopha.2018.06.057.

Ben-Azu, B., Aderibigbe, A.O., Ajayi, A.M., Eneni, A.O., Umukoro, S., Iwalewa, E.O.,
2018b. Involvement of GABAergic, BDNF and Nox-2 mechanisms in the prevention
and reversal of ketamine-induced schizophrenia-like behavior by morin in mice.
Brain Res. Bull. 139, 292-306. https://doi.org/10.1016/j.brainresbull.2018.03.006.

Ben-Azu, B., Aderibigbe, A.O., Eneni, A.O., Ajayi, A.M., Umukoro, S., Iwalewa, E.O.,
2018c. Morin Attenuates Neurochemical Changes and Increased Oxidative/Nitrergic
Stress in Brains of Mice Exposed to Ketamine: Prevention and Reversal of
Schizophrenia-Like Symptoms. Neurochem. Res. 43 (9), 1745-1755. https://doi.
org/10.1007/s11064-018-2590-z.

Ben-Azu, B., Omogbiya, I.A., Aderibigbe, A.O., Umukoro, S., Ajayi, A.M., Iwalewa, E.O.,
2018d. Doxycycline prevents and reverses schizophrenic-like behaviors induced by
ketamine in mice via modulation of oxidative, nitrergic and cholinergic pathways.
Brain Res. Bull. 139, 114-124, https://doi.org/10.1016/j.brainresbull.2018.02.007.

Ben-Azu, B., Omogbiya, L.A., Aderibigbe, A.O., Umukoro, S., Ajayi, A.M., Eneni, A.O.,
Iwalewa, E.O., 2016. Doxycycline ameliorates schizophrenia-like behaviors in
experimental models in mice by targeting underlying oxidative stress. J. Behav.
Brain Sci. 6, 539-562.

Cai, B., Zhang, Y., Wang, Z., Xu, D., Jia, Y., Guan, Y., Liao, A., Liu, G., Chun, C.J., Li, J.,
Fischer, R., 2020. Therapeutic Potential of Diosgenin and Its Major Derivatives
against Neurological Diseases: Recent Advances. Oxid. Med. Cell. Longev. https://
doi.org/10.1155/2020/3153082.

Cayen, M.N., Ferdinandi, E.S., Greselin, E., Dvornik, D., 1979. Studies on the disposition
of diosgenin in rats, dogs, monkeys and man. Atherosclerosis 33. https://doi.org/
10.1016/0021-9150(79)90199-0.

Chatterjee, M., Verma, R., Ganguly, S., Palit, G., 2012. Neurochemical and molecular
characterization of ketamine-induced experimental psychosis model in mice.
Neuropharmacology 63. https://doi.org/10.1016/j.neuropharm.2012.05.041.

Chen, Y., Tang, Y.M., Yu, S.L., Han, Y.W., Kou, J.P., Liu, B.L., Yu, B.Y., 2015. Advances in
the pharmacological activities and mechanisms of diosgenin. Chin. J. Nat. Med. 13
https://doi.org/10.1016/51875-5364(15)30053-4.

Comer, A.L., Carrier, M., Tremblay, M.E., Cruz-Martin, A., 2020. The Inflamed Brain in
Schizophrenia: The Convergence of Genetic and Environmental Risk Factors That
Lead to Uncontrolled Neuroinflammation. Front. Cell. Neurosci. https://doi.org/
10.3389/fncel.2020.00274.

Coyle, J.T., 2006. Glutamate and schizophrenia: beyond the dopamine hypothesis. Cell.
Mol. Neurobiol. https://doi.org/10.1007/s10571-006-9062-8.

Cui, J.J., Huang, Z.Y., Xie, Y.H., Wu, J.Bin, Xu, G.H., Li, C.F., Zhang, M.M,, Yi, L.T., 2023.
Gut microbiota mediated inflammation, neuroendocrine and neurotrophic functions
involved in the antidepressant-like effects of diosgenin in chronic restraint stress.
J. Affect. Disord. 321 https://doi.org/10.1016/].jad.2022.10.045.

de Aratjo, F.Y.R., Chaves Filho, A.J.M., Nunes, A.M., de Oliveira, G.V., Gomes, P.X.L.,
Vasconcelos, G.S., Carletti, J., de Moraes, M.O., de Moraes, M.E., Vasconcelos, S.M.
M., de Sousa, F.C.F., de Lucena, D.F., Macedo, D.S., 2021. Involvement of anti-
inflammatory, antioxidant, and BDNF up-regulating properties in the antipsychotic-
like effect of the essential oil of Alpinia zerumbet in mice: a comparative study with
olanzapine. Metab. Brain Dis. 36 https://doi.org/10.1007/s11011-021-00821-5.

Dietrich-Muszalska, A., Kolodziejczyk-Czepas, J., Nowak, P., 2021. Comparative study of
the effects of atypical antipsychotic drugs on plasma and urine biomarkers of
oxidative stress in schizophrenic patients. Neuropsychiatr. Dis. Treat. 17 https://doi.
org/10.2147/NDT.S283395.

Do, K.Q., Trabesinger, A.H., Kirsten-Kriiger, M., Lauer, C.J., Dydak, U., Hell, D.,
Holsboer, F., Boesiger, P., Cuénod, M., 2000. Schizophrenia: Glutathione deficit in
cerebrospinal fluid and prefrontal cortex in vivo. Eur. J. Neurosci. 12 https://doi.
0rg/10.1046/j.1460-9568.2000.00229.x.

Emudainohwo, J.O.T., Ben-Azu, B., Adebayo, O.G., Aduema, W., Uruaka, C., Ajayi, A.M.,
Okpakpor, E.E., Ozolua, R.I., 2023. Normalization of HPA Axis, Cholinergic
Neurotransmission, and Inhibiting Brain Oxidative and Inflammatory Dynamics Are
Associated with The Adaptogenic-like Effect of Rutin Against Psychosocial Defeat
Stress. J. Mol. Neurosci. 73 https://doi.org/10.1007/512031-022-02084-w.

Eneni, A.O., Ben-Azu, B., Ajayi, A.M., Aderibibge, A.O., 2023. Lipopolysaccharide
Exacerbates Ketamine-Induced Psychotic-Like Behavior, Oxidative Stress, and
Neuroinflammation in Mice: Ameliorative Effect of Diosmin. J. Mol. Neurosci.: MN
73 (2-3), 129-142. https://doi.org/10.1007/512031-022-02077-9.

Ermakov, E.A., Dmitrieva, E.M., Parshukova, D.A., Kazantseva, D.V., Vasilieva, A.R.,
Smirnova, L.P., 2021. Oxidative stress-related mechanisms in schizophrenia
pathogenesis and new treatment perspectives. Oxid. Med. Cell. Longev. https://doi.
org/10.1155/2021/8881770.

Fraguas, D., Diaz-Caneja, C.M., Rodriguez-Quiroga, A., Arango, C., 2017. Oxidative
Stress and Inflammation in Early Onset First Episode Psychosis: A Systematic Review
and Meta-Analysis. Int. J. Neuropsychopharmacol. https://doi.org/10.1093/ijnp/
pyx015.

Gawryluk, J.W., Wang, J.F., Andreazza, A.C., Shao, L., Young, L.T., 2011. Decreased
levels of glutathione, the major brain antioxidant, in post-mortem prefrontal cortex
from patients with psychiatric disorders. Int. J. Neuropsychopharmacol. 14 https://
doi.org/10.1017/S1461145710000805.

96

IBRO Neuroscience Reports 16 (2024) 86-97

GORNALL, A.G., BARDAWILL, C.J., DAVID, M.M., 1949. Determination of serum
proteins by means of the biuret reaction. J. Biol. Chem. 177, 751-766. https://doi.
org/10.1016/s0021-9258(18)57021-6.

G6th, L., 1991. A simple method for determination of serum catalase activity and
revision of reference range. Clin. Chim. Acta 196, 143-151. https://doi.org/
10.1016/0009-8981(91)90067-M.

Green, L.C., Wagner, D.A., Glogowski, J., Skipper, P.L., Wishnok, J.S., Tannenbaum, S.R.,
1982. Analysis of nitrate, nitrite, and [15N]nitrate in biological fluids. Anal.
Biochem. 126 https://doi.org/10.1016/0003-2697(82)90118-X.

Green, M.F., Horan, W.P., Lee, J., 2019. Nonsocial and social cognition in schizophrenia:
current evidence and future directions. World Psychiatry. https://doi.org/10.1002/
wps.20624.

Halder, N., Lal, G., 2021. Cholinergic System and Its Therapeutic Importance in
Inflammation and Autoimmunity. Front. Inmunol. 12, 660342 https://doi.org/
10.3389/fimmu.2021.660342.

He, L., Jiang, Y., Liu, K., Gomez-Murcia, V., Ma, X., Torrecillas, A., Chen, Q., Zhu, X.,
Lesnefsky, E., Gomez-Fernandez, J.C., Xu, B., Zhang, S., 2018. Insights into the
Impact of a Membrane-Anchoring Moiety on the Biological Activities of Bivalent
Compounds As Potential Neuroprotectants for Alzheimer’s Disease. J. Med. Chem.
61 https://doi.org/10.1021/acs.jmedchem.7b01284.

Hellemans, K.G.C., Sliwowska, J.H., Verma, P., Weinberg, J., 2010. Prenatal alcohol
exposure: Fetal programming and later life vulnerability to stress, depression and
anxiety disorders. Neurosci. Biobehav. Rev. https://doi.org/10.1016/j.
neubiorev.2009.06.004.

Hoen, W.P., Lijmer, J.G., Duran, M., Wanders, R.J.A., Van Beveren, N.J.M., De Haan, L.,
2013. Red blood cell polyunsaturated fatty acids measured in red blood cells and
schizophrenia: A meta-analysis. Psychiatry Res. https://doi.org/10.1016/j.
psychres.2012.09.041.

Hong, J., Bang, M., 2020. Anti-inflammatory Strategies for Schizophrenia: A review of
evidence for therapeutic applications and drug repurposing. Clin. Psychopharmacol.
Neurosci. https://doi.org/10.9758/CPN.2020.18.1.10.

Howes, O., McCutcheon, R., Stone, J., 2015. Glutamate and dopamine in schizophrenia:
An update for the 21st century. J. Psychopharmacol. https://doi.org/10.1177/
0269881114563634.

Huang, B.Z., Xin, G., Ma, L.M., Wei, Z.L., Shen, Y., Zhang, R., Zheng, H.J., Zhang, X.H.,
Niu, H., Huang, W., 2017. Synthesis, characterization, and biological studies of
diosgenyl analogs. J. Asian Nat. Prod. Res. 19 https://doi.org/10.1080/
10286020.2016.1202240.

Ishola, 1.0., Ben-Azu, B., Adebayo, O.A., Ajayi, A.M., Omorodion, IL.L., Edje, K.E.,
Adeyemi, O.0., 2021. Prevention and reversal of ketamine-induced experimental
psychosis in mice by the neuroactive flavonoid, hesperidin: The role of oxidative and
cholinergic mechanisms. Brain Res. Bull. 177, 239-251. https://doi.org/10.1016/j.
brainresbull.2021.10.007.

Jollow, D., Mitchell, J.R., Zampaglione, N., Gillette, J.R., 1974. Bromobenzene-induced
liver necrosis. Protective role of glutathione and evidence for 3,4-bromobenzene
oxide as the hepatotoxic metabolite. Pharmacology 11. https://doi.org/10.1159/
000136485.

Koga, M., Serritella, A.V., Sawa, A., Sedlak, T.W., 2016. Implications for reactive oxygen
species in schizophrenia pathogenesis. Schizophr. Res. https://doi.org/10.1016/j.
schres.2015.06.022.

Krystal, J.H., Karper, L.P., Seibyl, J.P., Freeman, G.K., Delaney, R., Bremner, J.D.,
Heninger, G.R., Bowers Jr, M.B., Charney, D.S., 1994. Subanesthetic effects of the
noncompetitive NMDA antagonist, ketamine, in humans. Psychotomimetic,
perceptual, cognitive, and neuroendocrine responses. Arch. Gen. Psychiatry 51 (3),
199-214. https://doi.org/10.1001/archpsyc.1994.03950030035004.

Leng, J., Li, X., Tian, H., Liu, C., Guo, Y., Zhang, S., Chu, Y., Li, J., Wang, Y., Zhang, L.,
2020. Neuroprotective effect of diosgenin in a mouse model of diabetic peripheral
neuropathy involves the nrf2/ho-1 pathway. BMC Complement. Med. Ther. 20
https://doi.org/10.1186/512906-020-02930-7.

Li, B., Xu, P., Wu, S., Jiang, Z., Huang, Z., Li, Q., Chen, D., 2018. Diosgenin attenuates
lipopolysaccharide-induced Parkinson’s disease by inhibiting the TLR/NF-kB
pathway. J. Alzheimer’s Dis. 64 https://doi.org/10.3233/JAD-180330.

Li, S., Hu, N., Zhang, W., Tao, B., Dai, J., Gong, Y., Tan, Y., Cai, D., Lui, S., 2019.
Dysconnectivity of multiple brain networks in schizophrenia: A meta-analysis of
resting-state functional connectivity. Front. Psychiatry. https://doi.org/10.3389/
fpsyt.2019.00482.

Mahmoudi, N., Kiasalari, Z., Rahmani, T., Sanaierad, A., Afshin-Majd, S., Naderi, G.,
Baluchnejadmojarad, T., Roghani, M., 2021. Diosgenin Attenuates Cognitive
Impairment in Streptozotocin-Induced Diabetic Rats: Underlying Mechanisms.
Neuropsychobiology 80. https://doi.org/10.1159/000507398.

McCutcheon, R.A., Abi-Dargham, A., Howes, O.D., 2019. Schizophrenia, Dopamine and
the Striatum: From Biology to Symptoms. Trends Neurosci. https://doi.org/
10.1016/j.tins.2018.12.004.

Monte, A.S., De Souza, G.C., McIntyre, R.S., Soczynska, J.K., Dos Santos, J.V.,
Cordeiro, R.C., Ribeiro, B.M.M., De Lucena, D.F., Vasconcelos, S.M.M., De Sousa, F.
C.F., Carvalho, A.F., Macédo, D.S., 2013. Prevention and reversal of ketamine-
induced schizophrenia related behavior by minocycline in mice: Possible
involvement of antioxidant and nitrergic pathways. J. Psychopharmacol. 27 https://
doi.org/10.1177/0269881113503506.

Mouri, A., Noda, Y., Noda, A., Nakamura, T., Tokura, T., Yura, Y., Nitta, A.,
Furukawa, H., Nabeshima, T., 2007. Involvement of a dysfunctional dopamine-D1/
N-methyl-D-aspartate-NR1 and Ca2+/calmodulin-dependent protein kinase II
pathway in the impairment of latent learning in a model of schizophrenia induced by
phencyclidine. Mol. Pharmacol. 71 https://doi.org/10.1124/mol.106.032961.


https://doi.org/10.1016/j.intimp.2019.02.052
https://doi.org/10.1016/j.intimp.2019.02.052
https://doi.org/10.1016/j.biopha.2018.06.057
https://doi.org/10.1016/j.biopha.2018.06.057
https://doi.org/10.1016/j.brainresbull.2018.03.006
https://doi.org/10.1007/s11064-018-2590-z
https://doi.org/10.1007/s11064-018-2590-z
https://doi.org/10.1016/j.brainresbull.2018.02.007
http://refhub.elsevier.com/S2667-2421(23)02296-0/sbref15
http://refhub.elsevier.com/S2667-2421(23)02296-0/sbref15
http://refhub.elsevier.com/S2667-2421(23)02296-0/sbref15
http://refhub.elsevier.com/S2667-2421(23)02296-0/sbref15
https://doi.org/10.1155/2020/3153082
https://doi.org/10.1155/2020/3153082
https://doi.org/10.1016/0021-9150(79)90199-0
https://doi.org/10.1016/0021-9150(79)90199-0
https://doi.org/10.1016/j.neuropharm.2012.05.041
https://doi.org/10.1016/S1875-5364(15)30053-4
https://doi.org/10.3389/fncel.2020.00274
https://doi.org/10.3389/fncel.2020.00274
https://doi.org/10.1007/s10571-006-9062-8
https://doi.org/10.1016/j.jad.2022.10.045
https://doi.org/10.1007/s11011-021-00821-5
https://doi.org/10.2147/NDT.S283395
https://doi.org/10.2147/NDT.S283395
https://doi.org/10.1046/j.1460-9568.2000.00229.x
https://doi.org/10.1046/j.1460-9568.2000.00229.x
https://doi.org/10.1007/s12031-022-02084-w
https://doi.org/10.1007/s12031-022-02077-9
https://doi.org/10.1155/2021/8881770
https://doi.org/10.1155/2021/8881770
https://doi.org/10.1093/ijnp/pyx015
https://doi.org/10.1093/ijnp/pyx015
https://doi.org/10.1017/S1461145710000805
https://doi.org/10.1017/S1461145710000805
https://doi.org/10.1016/s0021-9258(18)57021-6
https://doi.org/10.1016/s0021-9258(18)57021-6
https://doi.org/10.1016/0009-8981(91)90067-M
https://doi.org/10.1016/0009-8981(91)90067-M
https://doi.org/10.1016/0003-2697(82)90118-X
https://doi.org/10.1002/wps.20624
https://doi.org/10.1002/wps.20624
https://doi.org/10.3389/fimmu.2021.660342
https://doi.org/10.3389/fimmu.2021.660342
https://doi.org/10.1021/acs.jmedchem.7b01284
https://doi.org/10.1016/j.neubiorev.2009.06.004
https://doi.org/10.1016/j.neubiorev.2009.06.004
https://doi.org/10.1016/j.psychres.2012.09.041
https://doi.org/10.1016/j.psychres.2012.09.041
https://doi.org/10.9758/CPN.2020.18.1.10
https://doi.org/10.1177/0269881114563634
https://doi.org/10.1177/0269881114563634
https://doi.org/10.1080/10286020.2016.1202240
https://doi.org/10.1080/10286020.2016.1202240
https://doi.org/10.1016/j.brainresbull.2021.10.007
https://doi.org/10.1016/j.brainresbull.2021.10.007
https://doi.org/10.1159/000136485
https://doi.org/10.1159/000136485
https://doi.org/10.1016/j.schres.2015.06.022
https://doi.org/10.1016/j.schres.2015.06.022
https://doi.org/10.1001/archpsyc.1994.03950030035004
https://doi.org/10.1186/s12906-020-02930-7
https://doi.org/10.3233/JAD-180330
https://doi.org/10.3389/fpsyt.2019.00482
https://doi.org/10.3389/fpsyt.2019.00482
https://doi.org/10.1159/000507398
https://doi.org/10.1016/j.tins.2018.12.004
https://doi.org/10.1016/j.tins.2018.12.004
https://doi.org/10.1177/0269881113503506
https://doi.org/10.1177/0269881113503506
https://doi.org/10.1124/mol.106.032961

B. Ben-Azu et al.

Murray, A.J., Rogers, J.C., Katshu, M.Z.U.H., Liddle, P.F., Upthegrove, R., 2021.
Oxidative Stress and the Pathophysiology and Symptom Profile of Schizophrenia
Spectrum Disorders. Front. Psychiatry. https://doi.org/10.3389/fpsyt.2021.703452.

Nagababu, E., Lakshmaiah, N., 1994. Inhibition of microsomal lipid peroxidation and
monooxygenase activities by eugenol. Free Radic. Res. 20 https://doi.org/10.3109/
10715769409147521.

Nakao, A., Matsunaga, Y., Hayashida, K., Takahashi, N., 2021. Role of Oxidative Stress
and Ca2+ Signaling in Psychiatric Disorders. Front. Cell Dev. Biol. https://doi.org/
10.3389/fcell.2021.615569.

Oguro-Ando, A., Bamford, R.A., Sital, W., Sprengers, J.J., Zuko, A., Matser, J.M.,
Oppelaar, H., Sarabdjitsingh, A., Joéls, M., Burbach, J.P.H., Kas, M.J., 2021. Cntn4, a
risk gene for neuropsychiatric disorders, modulates hippocampal synaptic plasticity
and behavior. Transl. Psychiatry 11. https://doi.org/10.1038/541398-021-01223-y.

Okubo Eneni, A.E., Ben-Azu, B., Mayowa Ajayi, A., & Oladele Aderibigbe, A. (2020).
Diosmin attenuates schizophrenia-like behavior, oxidative stress, and
acetylcholinesterase activity in mice. Drug metabolism and personalized therapy, /j/
dmdi.ahead-of-print/dmdi-2020-0119/dmdi-2020-0119.xml. Advance online
publication. https://doi.org/10.1515/dmdi-2020-0119.

Omeiza, N.A., Bakre, A., Ben-Azu, B., Sowunmi, A.A., Abdulrahim, H.A., Chimezie, J.,
Lawal, S.0O., Adebayo, O.G., Alagbonsi, A.IL,, Akinola, O., Abolaji, A.O.,

Aderibigbe, A.O., 2023. Mechanisms underpinning Carpolobia lutea G. Don ethanol
extract’s neurorestorative and antipsychotic-like activities in an NMDA receptor
antagonist model of schizophrenia. J. Ethnopharmacol. 301 https://doi.org/
10.1016/j.jep.2022.115767.

Oshodi, T.O., Ben-Azu, B., Ishola, 1.0., Ajayi, A.M., Emokpae, O., Umukoro, S., 2021.
Molecular mechanisms involved in the prevention and reversal of ketamine-induced
schizophrenia-like behavior by rutin: the role of glutamic acid decarboxylase
isoform-67, cholinergic, Nox-2-oxidative stress pathways in mice. Mol. Biol. Rep. 48
https://doi.org/10.1007/511033-021-06264-6.

Patel, K.R., Cherian, J., Gohil, K., Atkinson, D., 2014. Schizophrenia: overview and
treatment options. P T: a peer-Rev. J. Formul. Manag. 39 (9), 638-645.

Pavlov, V.A., Parrish, W.R., Rosas-Ballina, M., Ochani, M., Puerta, M., Ochani, K.,
Chavan, S., Al-Abed, Y., Tracey, K.J., 2009. Brain acetylcholinesterase activity
controls systemic cytokine levels through the cholinergic anti-inflammatory
pathway. Brain, Behav., Immun. 23 (1), 41-45. https://doi.org/10.1016/j.
bbi.2008.06.011.

Pollak, Y., Gilboa, A., Ben Menachem, O., 2005. Ben Hur, T., Soreq, H., Yirmiya, R.
(2005). Acetylcholinesterase inhibitors reduce brain and blood interleukin-1beta
production. Ann. Neurol. 57, 741-745.

Qin, Y., Wu, X., Huang, W., Gong, G., Li, D., He, Y., Zhao, Y., 2009. Acute toxicity and
sub-chronic toxicity of steroidal saponins from Dioscorea zingiberensis C.H.Wright
in rodents. J. Ethnopharmacol. 126 https://doi.org/10.1016/].jep.2009.08.047.

Sathya, B., Balamurugan, K., Anbazhagan, S., 2020. Antidepressant activity of selective
bioactive compounds-diosgenin and silymarin in an experimental animal model.

J. Glob. Pharma Technol. 12.

97

IBRO Neuroscience Reports 16 (2024) 86-97

Smigielski, L., Jagannath, V., Rossler, W., Walitza, S., Griinblatt, E., 2020. Epigenetic
mechanisms in schizophrenia and other psychotic disorders: a systematic review of
empirical human findings. Mol. Psychiatry. https://doi.org/10.1038/s41380-019-
0601-3.

Smith, T.E., Hull, J.W., Israel, L.M., Willson, D.F., 2000. Insight, symptoms, and
neurocognition in schizophrenia and schizoaffective disorder. Schizophr. Bull. 26
https://doi.org/10.1093/oxfordjournals.schbul.a033439.

Sobota, R., Mihara, T., Forrest, A., Featherstone, R.E., Siegel, S.J., 2015. Oxytocin
reduces amygdala activity, increases social interactions, and reduces anxiety-like
behavior irrespective of NMDAR antagonism. Behav. Neurosci. 129 https://doi.org/
10.1037/bne0000074.

Som, S., Antony, J., Dhanabal, Sp.P., Ponnusankar, S., 2022. Neuroprotective role of
Diosgenin, a NGF stimulator, against Af (1-42) induced neurotoxicity in animal
model of Alzheimer’s disease. Metab. Brain Dis. 37 https://doi.org/10.1007/
511011-021-00880-8.

Tohda, C., Lee, Y.A., Goto, Y., Nemere, 1., 2013. Diosgenin-induced cognitive
enhancement in normal mice is mediated by 1,25D 3-MARRS. Sci. Rep. 3 https://
doi.org/10.1038/srep03395.

Tohda, C., Urano, T., Umezaki, M., Nemere, 1., Kuboyama, T., 2012. Diosgenin is an
exogenous activator of 1,25D 3-MARRS/Pdia3/ERp57 and improves Alzheimer’s
disease pathologies in 5XFAD mice. Sci. Rep. 2 https://doi.org/10.1038/srep00535.

Ugwu, P.I., Ben-Azu, B., Ugwu, S.U., Uruaka, C.I., Nworgu, C.C., Okorie, P.O., Okafor, K.
0., Anachuna, K.K., Elendu, M.U., Ugwu, A.O., Anyaehie, U.B., Nwankwo, A.A.,
Osim, E.E., 2022. Preventive putative mechanisms involved in the
psychopathologies of mice passively coping with psychosocial defeat stress by
quercetin. Brain Res. Bull. 183, 127-141. https://doi.org/10.1016/j.
brainresbull.2022.03.004.

Upthegrove, R., Khandaker, G.M., 2020. Cytokines, Oxidative Stress and Cellular
Markers of Inflammation in Schizophrenia. Curr. Top. Behav. Neurosci. https://doi.
org/10.1007/7854_2018_88.

Usman, Y., Aderibigbe, A.O., Ben-Azu, B., Fehintola, F.A., 2019. Antipsychotic effects of
ethanol extract of Blighia sapida (Sapindaecea) stem bark on pharmacological models
of psychosis in Swiss mice. AJMMS 48, 151-160.

Vallée, A., 2022. Neuroinflammation in Schizophrenia: The Key Role of the WNT/
p-Catenin Pathway. Int. J. Mol. Sci. https://doi.org/10.3390/ijms23052810.

Van Den Heuvel, M.P., Fornito, A., 2014. Brain networks in schizophrenia.
Neuropsychol. Rev. https://doi.org/10.1007/s11065-014-9248-7.

Wang, D., Zhai, J.X., Liu, D.W., 2016. Serum folate levels in schizophrenia: A meta-
analysis. Psychiatry Res 235. https://doi.org/10.1016/j.psychres.2015.11.045.

Yang, X., Tohda, C., 2018. Diosgenin restores Ap-induced axonal degeneration by
reducing the expression of heat shock cognate 70 (HSC70). Sci. Rep. 8 https://doi.
org/10.1038/541598-018-30102-8.

Zhang, X.Y., Tan, Y.L., Chen, D.C., Tan, S.P., Yang, F.De, Wu, H.E., Zunta-Soares, G.B.,
Huang, X.F., Kosten, T.R., Soares, J.C., 2016. Interaction of BDNF with cytokines in
chronic schizophrenia. Brain. Behav. Immun. 51 https://doi.org/10.1016/j.
bbi.2015.09.014.


https://doi.org/10.3389/fpsyt.2021.703452
https://doi.org/10.3109/10715769409147521
https://doi.org/10.3109/10715769409147521
https://doi.org/10.3389/fcell.2021.615569
https://doi.org/10.3389/fcell.2021.615569
https://doi.org/10.1038/s41398-021-01223-y
https://doi.org/10.1515/dmdi-2020-0119
https://doi.org/10.1016/j.jep.2022.115767
https://doi.org/10.1016/j.jep.2022.115767
https://doi.org/10.1007/s11033-021-06264-6
http://refhub.elsevier.com/S2667-2421(23)02296-0/sbref59
http://refhub.elsevier.com/S2667-2421(23)02296-0/sbref59
https://doi.org/10.1016/j.bbi.2008.06.011
https://doi.org/10.1016/j.bbi.2008.06.011
http://refhub.elsevier.com/S2667-2421(23)02296-0/sbref61
http://refhub.elsevier.com/S2667-2421(23)02296-0/sbref61
http://refhub.elsevier.com/S2667-2421(23)02296-0/sbref61
https://doi.org/10.1016/j.jep.2009.08.047
http://refhub.elsevier.com/S2667-2421(23)02296-0/sbref63
http://refhub.elsevier.com/S2667-2421(23)02296-0/sbref63
http://refhub.elsevier.com/S2667-2421(23)02296-0/sbref63
https://doi.org/10.1038/s41380-019-0601-3
https://doi.org/10.1038/s41380-019-0601-3
https://doi.org/10.1093/oxfordjournals.schbul.a033439
https://doi.org/10.1037/bne0000074
https://doi.org/10.1037/bne0000074
https://doi.org/10.1007/s11011-021-00880-8
https://doi.org/10.1007/s11011-021-00880-8
https://doi.org/10.1038/srep03395
https://doi.org/10.1038/srep03395
https://doi.org/10.1038/srep00535
https://doi.org/10.1016/j.brainresbull.2022.03.004
https://doi.org/10.1016/j.brainresbull.2022.03.004
https://doi.org/10.1007/7854_2018_88
https://doi.org/10.1007/7854_2018_88
http://refhub.elsevier.com/S2667-2421(23)02296-0/sbref72
http://refhub.elsevier.com/S2667-2421(23)02296-0/sbref72
http://refhub.elsevier.com/S2667-2421(23)02296-0/sbref72
https://doi.org/10.3390/ijms23052810
https://doi.org/10.1007/s11065-014-9248-7
https://doi.org/10.1016/j.psychres.2015.11.045
https://doi.org/10.1038/s41598-018-30102-8
https://doi.org/10.1038/s41598-018-30102-8
https://doi.org/10.1016/j.bbi.2015.09.014
https://doi.org/10.1016/j.bbi.2015.09.014

	Antipsychotic effect of diosgenin in ketamine-induced murine model of schizophrenia: Involvement of oxidative stress and ch ...
	1 Introduction
	2 Materials and method
	2.1 Drugs and reagents
	2.2 Experimental animal
	2.3 Dose selection
	2.4 Treatment protocols
	2.5 Behavioral tests and weight measurement
	2.6 Tissue preparation for biochemical analysis
	2.6.1 Estimation of protein content
	2.6.2 Estimation of lipid peroxidation
	2.6.3 Estimation of nitrite level
	2.6.4 Estimation of reduced glutathione level
	2.6.5 Estimation of catalase Level
	2.6.6 Estimation of acetylcholinesterase Level

	2.7 Statistical analysis

	3 Results
	3.1 Diosgenin treatment prevents and reverses ketamine-induced hyperlocomotion in mice
	3.2 Diosgenin treatment prevents and reverses ketamine-induced spatial memory and social interaction deficit in mice
	3.3 Diosgenin treatment extenuates ketamine-induced lipid peroxidation activity in mice brain
	3.4 Diosgenin treatment reduces ketamine-induced nitrosative activity in mice brain
	3.5 Diosgenin treatment improves the endogenous antioxidant enzyme activity in the ketamine-induced mice brain
	3.6 Diosgenin treatment reduces acetylcholinesterase activity in ketamine-induced mice brain
	3.7 Effects of diosgenin treatment on body weight gain in the ketamine-induced mice

	4 Discussion
	CRediT authorship contribution statement
	Funding
	Declaration of Competing Interest
	Acknowledgements
	Compliance with Ethical Standard
	References


