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A B S T R A C T

Schizophrenia is a major neuropsychiatric disorder associated with neurochemical perturbations characterized 
by behavioral abnormalities, for which effective treatment remains elusive. The current study investigated the 
neurotransmitter modulatory effect of diosmin in preventing and reversing ketamine-induced neurochemical and 
oxidative perturbations in mice. In the preventive study, mice were first treated with diosmin (50 mg/kg, i.p.) or 
risperidone (0.5 mg/kg) for 14-days before ketamine (20 mg/kg, i.p.) administration from the 8th-14th day. 
However, in the reversal approach, mice were injected with ketamine (20 mg/kg, i.p.) for 14 days before 
treatment with diosmin (50 mg/kg, i.p.) or risperidone from days 8–14. Behavioral consequences were measured 
using open-field, Y-maze, forced-swim, and social interaction tests. Neurochemical and oxidative changes critical 
to the disease were characterized in the striatum, prefrontal cortex and hippocampus. Diosmin improved the 
behavioral abnormalities and improved memory in ketamine-treated mice. Also, diosmin prevented and reversed 
ketamine-induced oxidative stress, evidenced by increased glutathione and superoxide-dismutase with a pro
found decrease in malondialdehyde levels in the striatum, prefrontal-cortex and hippocampus. Additionally, 
diosmin reduced nitrite levels in the striatum in the preventive approach, but with a significant decrease in the 
striatum and prefrontal-cortex compared to ketamine groups. Ketamine-induced increased acetylcholinesterase 
activity in the hippocampus and prefrontal-cortex were both prevented and reversed significantly. Lastly, 
ketamine-induced dopamine, serotonin and glutamate dysregulations in the striatum, prefrontal-cortex and 
hippocampus were prevented and reversed by diosmin compared to ketamine controls. Conclusively, diosmin 
improved ketamine-induced neurobehavioral deficits by augmenting antioxidant systems and modulating neu
rotransmitters in mice brains.
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RIS Risperidone

Introduction

Schizophrenia is a neuropsychiatric disease with multiple pathol
ogies affecting ~1 % of the global population, with a higher prevalence 
in adolescent males [1,2]. Altered social behaviors with an abnormal 
sense of reality and cognitive deficits are characteristic of the disorder 
[3]. As a syndrome, it involves positive (hallucination and delusion), 
negative (flat emotion expression and apathy) and cognitive (learning 
and memory impairment) [1,4-7].

The etiology of schizophrenia has for decades been linked to 
dysfunction in neurotransmitter systems, notably the hyper
dopaminergic and hypodopaminergic systems of the mesolimbic and 
mesocortical systems, since most available pharmacotherapeutic in
terventions are antagonists of the dopaminergic system, leading to 
attenuation of behavioral hyperactivities [5,8,9,7,3,10]. Compelling 
evidence has revealed that the administration of ketamine, an N- 
methyl-d-aspartate (NMDA) antagonist, induces hypo-functionality of 
the NMDA receptor by competitively antagonizing the endogenous 
substrate, glutamate, from its binding site [11,10]. This has been 
observed to provoke schizophrenia-like episodes in non-psychotic sub
jects while worsening the condition in known psychotic patients [12], 
indicating the possibility of involvement of other neurotransmitter sys
tems involvement [13,14]. Furthermore, clinical molecular imaging in 
postmortem brain studies of presynaptic and postsynaptic neurochem
ical markers revealed significant changes in the brain levels of dopa
mine, glutamate, GABA, serotonin, acetylcholine (ACh), and various 
peptide neurotransmitters, including opioids [15].

Evidence from postmortem studies also indicates altered expression 
of the synaptic protein of receptors such as dopaminergic (D1, D2), and 
decreased serotonergic (5-HT1A, 5-HT2A), metabotropic GABA-B and 
muscarinic ACh receptors (mAChR) (Cumming et al., 2021). Interest
ingly, there is evidence of ketamine-induced alteration of the 7-alpha 
acetylcholine nicotinic (α− 7nACh) receptor and reduced cholinergic 
transmission caused by NMDA receptor antagonism. This further sub
stantiates the possible involvement of disturbances in cholinergic 
transmission in psychotic disorders such as schizophrenia [4,5,16,14]. 
Notably, some of the precise mechanisms of ketamine have been linked 
to impaired GABAergic inhibitory control of NMDA receptors and 
changes in the stabilizing effects of 5-HT1A and 5-HT2A receptors on 
dopamine, glutamate, and serotonin release, particularly in the hippo
campus, prefrontal cortex, and striatum [14,10]. There is substantial 
evidence that modulations of 5-HT1A and 5-HT2A receptors mediate the 
antipsychotic effects of atypical antipsychotic agents, such as risperi
done (RIS) [17]. This is based on their ability to reduce excessive 
neuronal excitability through hyperpolarization of pyramidal neurons in 
the prefrontal cortex. Notably, these brain regions have been implicated 
as culprits in the circuitry of behavioral phenotypes during the neuronal 
maturation process and psychobehavioral derangements observed in 
schizophrenia [14,18,10]. Thus, modulation of neurochemical 
signaling, along with the oxidative stress pathway, has been deemed a 
plausible mechanism for reversing ketamine-induced schizophrenia 
pathology [6,16,19,20].

Diosmin (DSM) is a naturally active flavonoid derived from plant 
sources such as Scrophularia nodosa [21] and features remarkable neu
roprotective functions [22], including antioxidant [23], 
anti-inflammatory [1], antiparkinsonian [24], and memory-enhancing 
[25] effects. In our previous investigations, we reported that DSM eli
cited an antipsychotic effect by inhibiting apomorphine-induced ste
reotypy, as well as ketamine-induced stereotypies, hyperlocomotion, 
and enhancement of immobility [23]. Subsequent studies involving a 
two-hit mouse model of lipopolysaccharide, an infectious endotoxemia 
agent, and ketamine further revealed that its antipsychotic action in
volves the inhibition of neuroinflammation [1]. In this current study, we 
further explored the potential neurochemical modulatory effects of DSM 

on ketamine-induced psychotic-like behaviors associated with neuro
transmitter changes, using both preventive and reversal approaches.

Materials and methods

Experimental animals

Swiss male experimental animals weighing between 18 and 27 g 
were used in the study, and they had free access to food and water 
during acclimatization. The experimental procedures were approved 
based on international standards by the Faculty of Basic Medical Sci
ences’ Committee on Use and Care of Experimental Animals for 
Research (UI-ACUREC/17/0111).

Drugs and chemicals

We obtained DSM and RIS from Sigma Company, where ketamine 
was acquired from Rotex Medica in Germany. DSM was prepared in 5 % 
DMSO, as previously described [1,23].

Experimental protocol

The study utilized a previously established protocol [26,19] for the 
preventing and reversing of ketamine-induced schizophrenia. Here, 
mice were first treated with DSM (50 mg/kg, i.p.) or RIS (0.5 mg/kg) 
from 1 to 14 days. Additionally, the mice received ketamine (20 mg/kg, 
i.p.) concurrently from the 8th to the 14th day. In the reversal approach, 
mice were injected with ketamine (20 mg/kg, i.p.) for 14 days, along 
with additional treatment using DSM (50 mg/kg, i.p.) or RIS (0.5 mg/kg) 
from days 8 to 14. A thirty-minute interval was allowed between the 
administration of DSM, RIS, or ketamine. All behavioral tests were 
conducted on day 15 in the following order, from less aversive: stereo
typy, hyperlocomotion and Y-maze tests with 30 min interval before the 
next test by behavioral observers who were blinded to the experiment.

Behavioral studies

Stereotypy was assessed based on functionless, ritualistic, and re
petitive motor behaviors (positive symptoms), as described by Aya-Ebi 
et al. [23]. Hyperlocomotion was also evaluated in the open-field test 
by measuring the number of line crossings [10]. Social preference was 
assessed using a 3-chambered apparatus (A, B, and C) based on the 
duration of time spent in the chamber with a probe social animal 
(Chamber A) compared to the chamber without probe mice (Chamber C) 
[27,10]. All three chambers were cleaned with 70 % ethanol between 
tests to prevent residue odor.

Correct alternation behavior, conducted in the Y-maze (with A, B, 
and C arms) apparatus and indicated for memory performance, was 
defined as sequential entries into the 3 p.m. during consecutive visits for 
5 min [28,10]. At the end of each experiment, 70 % ethanol was used to 
clean the cage and remove residual odor. Ketamine-enhanced immo
bility was evaluated as a measure of behavioral despair using the forced 
swim test apparatus. Thus, the reduction in the immobility period in
dicates an antidepressant effect of antipsychotic medication that may be 
used to alleviate the negative symptoms of schizophrenia.

Preparation of brain tissues for biochemical assays

Immediately after the behavioral tests, mice in the individual treat
ment set were sacrificed under ether anesthesia. The whole brains were 
rapidly removed, and the striatum (ST), prefrontal cortex (PFC), and 
hippocampus (HC) were isolated, homogenized, and centrifuged. Sub
sequently, the supernatants of the relevant treatment set were collected 
for biochemical evaluation.
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Estimation of brain oxidative, nitrergic stress levels and 
acetylcholinesterase activity

The glutathione (GSH) concentration in the ST, PFC and HC were 
estimated using previous protocols [29,30]. The level of 

malondialdehyde (MDA) was determined from the heated reaction 
mixtures of Tris-KCl (0.15 M), TCA (0.5 mL), and TBA (0.75 %) based on 
the earlier method and expressed as nanomoles per milligram of protein 
for MDA (Okhawa et al. [31]). Additionally, the Griess solution was 
utilized to measure brain nitrite levels using a sodium nitrite standard 

Fig. 1. Diosmin reduces ketamine-induced stereotypy (a, b), hyperlocomotion (c, d), spatial memory impairment (e, f), social withdrawal (g, h) and behavioral 
despair (i, j) in the preventive and reversal treatment protocols in mice. Bars represent the mean ± S.E.M of 6 animals / group. #p < 0.05 vs vehicle group *p < 0.05 
vs KET group. (one-way ANOVA followed by Bonferroni post hoc test). SAL = Saline, KET = Ketamine, DSM = Diosmin.
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curve (0–100 µM) at 540 nm [32]. Moreover, acetylcholinesterase 
(AChE) activity was measured following the protocol established by 
Ellman et al. [33], which involves the nitrobenzene product from brain 
tissue supernatant and acetylthiocholine iodide.

Neurochemical assays

The levels of dopamine, serotonin, and glutamate were assayed using 
standard protocols from Abnova, Germany, with various CAT
NOKA1887, CAT NO KA1894, and CAT NO KA1894 for the three 
neurochemical assay kits. Following this, dopamine and serotonin were 
expressed as nanograms per gram of tissue, while glutamate was pre
sented as micrograms per gram of tissue.

Statistical analysis

After the normality check, data were expressed as Mean ± S.E.M. 
(standard error of the mean). Behavioral data were analyzed using a 
one-way analysis of variance (ANOVA), whereas biochemical data were 
analyzed using a two-way ANOVA. All data were further processed with 
a Bonferroni post-hoc test for various comparisons between groups using 
GraphPad version 5 Software (Inc. La Jolla, CA 92,037 USA). A p-value 
of < 0.05 was considered statistically significant for all data.

Results

Diosmin attenuates ketamine-induced stereotypy

Ketamine administration significantly (p < 0.05) induced stereo
typed, hyperlocomotive neurobehaviors in the preventive (Fig 1a, c) and 
reversal (Fig. 1b, d) treatments. Interestingly, these stereotyped neuro
behaviors (Fig. 1a, b) in the preventive F(3, 28) = 31.51 P < 0.000, 
reversal F(3, 28) = 61.27 P < 0.0001 and excessive locomotive activity 
(Fig. c, d) were prevented F(3, 28) = 22.9 P < 0.0001 and reversed F(3, 
28) = 58.86 P < 0.0001 in a significant (p ˂ 0.05) manner by DSM (50 
mg/kg, i.p.) and RIS (0.5 mg/kg, i.p.) compared with ketamine group.

Additionally, ketamine (20 mg/kg, i.p.) induced a spatial working 
memory impairment in both protocols, which was prevented F(3, 28) =
22.91 P < 0.0001 (Fig. 1e) and reversed F(3, 28) = 24.76 P < 0.0001 
(Fig. 1f) by DSM (50 mg/kg). DSM (50 mg/kg) also prevented the 
impaired social preference F(3, 28) = 68.89 P < 0.0001 (Fig. g) and 
behavioral despair F(3, 28) = 15.56 P < 0.0001 (Fig. i) as well as 
reversed the deficits in social preference F(3, 28) = 88.15 P < 0.0001 
(Fig. h) and behavioral despair F(3, 28) = 12.40 P < 0.0001 (Fig. i) 
relative to ketamine groups.

Fig. 2. Diosmin prevents and reverses ketamine-induced oxidative stress. Diosmin prevents and reverses ketamine-induced decreased glutathione (GSH) (a, b), super
oxide dismutase (SOD) (c, d), and malondialdehyde (MDA) (e, f) in the preventive and reversal treatment protocols in mice brains. Bars represent the mean ± S.E.M 
of 6 animals / group. *p < 0.05 vs vehicle group #p < 0.05 vs KET group (two-way ANOVA followed by Bonferroni post hoc test). SAL = Saline, KET = Ketamine, 
DSM = Diosmin.
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Diosmin prevents and reverses ketamine-induced oxidative stress

Ketamine significantly (p < 0.05) reduced the level of GSH (Fig. 2a, 
b): preventive ST F(3, 16) = 3146 P < 0.0001, PFC F(3, 16) = 680.6 P <
0.0001, HC F (3, 16) = 493.1 P < 0.0001; reversal ST F(3. 16) =1570 P <
0.0001, PFC F(3, 16) = 1606 P < 0.0001, HC F(3, 16) = 1584 P <
0.0001; SOD (Fig c, d): preventive ST F(3, 16) = 33.38 P < 0.0001 HC F 
(3, 16) = 12.50 P < 0.0002; reversal ST. F(3, 16) = 19.68 P < 0.0001, 
PFC. F(3, 16) = 19.24 P < 0.0001, HC. F(3, 16) = 7.920 P < 0.0001 
levels but increased MDA concentrations (Fig. 2e, f) in the striatum, 
prefrontal cortex and hippocampus, respectively, in the preventive ST P 
(3,16) = 114.6 P < 0.0001, PFC F(3, 16) = 282.7 P < 0.0001, HC P(3, 
16) = 218.3 P < 0.0001 and reversal ST F(3, 16) = 197.0 P < 0.0001, 
PFC F(283.9) = 283.9 P < 0.0001, HC F(3, 16) = 80.72 P < 0.0001 
treatment protocols. DSM (50 mg/kg) significantly prevented and 
reversed ketamine-induced decreases in GSH Fig. 2a, b) and SOD 
(Fig. 2c, d), as well as attenuated the increased MDA levels (Fig. 2e, f).

Effect of diosmin on nitrite concentrations and acetylcholinesterase activity 
in mice treated with ketamine

Ketamine (20 mg/kg) significantly (p < 0.05) increased nitrite con
centration in the striatum alone and not the prefrontal cortex and hip
pocampus in both preventive (Fig. 3a) and reversal treatment protocols. 
However, DSM (50 mg/kg) and the reference drug RIS (0.5 mg/kg) were 
found to reduce nitrite concentration in the striatum in both preventive 
ST F(3, 16) = 26.43, PFC. F(3, 16) = 376.3 P < 0.0001, HC F(3, 16) =
295.9 P < 0.0001 and reversal (Fig. 3b) ST F(3, 16) = 837.6 P < 0.0001, 
PFC. F(3, 16) = 190.7 P < 0.0001 treatment protocol in mice (Fig. 3a, b).

Furthermore, ketamine significantly (p < 0.05) increased AChE ac
tivity in the prefrontal cortex and hippocampus but not the striatum in 
both protocols, suggesting altered cholinergic transmission. However, 
DSM (50 mg/kg) significantly (p < 0.05) reduced the AChE activity in 
the regions in the preventive ST F(3, 16) = 1105 P < 0.0001, PFC F(3, 
16) = 4003 P < 0.0001, HC F(3, 16) = 701,169 P < 0.0001 protocol, and 
prefrontal cortex F(3, 16) = 13,981 P < 0.0001 and hippocampus F(3, 

16) = 765,983 P < 0.0001 but not the striatum in the reversal treatment 
(Fig. 3c, d).

Diosmin prevents and reverses ketamine-induced changes in 
neurochemicals in mice brains

Ketamine significantly (p < 0.05) increased dopamine (Fig. 4a) and 
5-HT (Fig. 4c) concentrations in the striatum and prefrontal cortex but 
not the hippocampus in the preventive protocol. However, in the 
reversal phase, ketamine-induced increased dopamine (Fig. 4b) and 5- 
HT (Fig. 4d) in all assayed brain parts relative to the saline group. No 
changes were found in dopamine and 5-HT levels in the hippocampus in 
the preventive treatment compared to the saline group (Fig. 4a, c). We 
observed differential levels in the glutamate levels based on decreased 
levels of glutamate in the striatum and hippocampus; however, 
increased levels in the prefrontal cortex suggest neurochemical dysre
gulation in the preventive (Fig. 4e) and reversal (Fig. 4f) studies. 
However, these discrete changes caused by ketamine in the brain were 
prevented and reversed by DSM (50 mg/kg) and RIS (0.5 mg/kg) 
(Fig. 4a-f). It is important to report that DSM failed to reverse ketamine- 
induced 5-HT alteration in the hippocampus, unlike RIS (Fig. 4d). 
Dopamine: preventive ST F(3, 20) = 34.58 P < 0.0001, PFC F(3, 20) =
41.86 P < 0.0001, HC F(3, 20) = 29.89 P < 0.0001; reversal ST F(3, 20) 
= 80.62, PFC F(3, 20) = 15.13 P < 0.0001. 5-HT: preventive ST F(3, 20) 
= 28.27 P < 0.0001, PFC F(3, 20) = 24.73 P < 0.000; reversal ST F(3, 
20) = 22.36 P < 0.0001, PFC F(3, 20) = 28.01 P < 0.0001, HC F(3, 20) =
23.66 P < 0.0001. Glutamate: preventive ST. F(3, 20) = 22.87 P <
0.0001, PFC. F(3, 20) = 70.48 P < 0.0001, HC F(3, 20) = 22.01 P <
0.0001; reversal, ST. F(3, 20) = 14.83 P < 0.0001, PFC. F(3, 20) = 28.89 
P < 0.0001, HC. F(3, 20) = 17.33 P < 0.0001.

Discussion

This study demonstrates that DSM prevented and reversed ketamine- 
induced stereotypy, hyperlocomotion, behavioral despair, social with
drawal and memory impairment in mice. The findings from this 

Fig. 3. Effect of diosmin on nitrite concentrations and acetylcholinesterase activity in mice treated with ketamine. Diosmin prevents and reverses ketamine-induced al
terations in nitrite (a, b), and acetylcholinesterase (AChE) (preventive c, d) in the and reversal treatment approach in mice brains. Bars represent the mean ± S.E.M of 
6 animals / group. *p < 0.05 vs vehicle group #p < 0.05 vs KET group (two-way ANOVA followed by Bonferroni post hoc test). SAL = Saline, KET = Ketamine, DSM 
= Diosmin.
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investigation support results from previous studies in which repeated 
ketamine dosing provoked positive, negative, and cognitive de
rangements [5,14,23,34]. Stereotyped behaviors and hyperlocomotor 
activity induced by ketamine have primarily been linked to the blockade 
of NMDA receptors located on inhibitory GABAergic interneurons, 
which results in disinhibition of GABA-facilitated inhibition of 
NMDA-mediated mesolimbic dopamine and glutamate release [5,8]. 
Literature has shown that, apart from inducing a hypofunctional state of 
the NMDA receptor, ketamine also activates D2 receptors. The fact that 
DSM prevented and reversed schizophrenia-like behavioral deficits 
induced by ketamine further supports DSM’s potential in managing 
neuropsychiatric disorders such as schizophrenia, which has a neuro
chemical imbalance as its principal feature culprit.

An imbalance in neurochemicals has been linked to repeated 
administration of ketamine [4]. In the present study, both the preventive 
and reversal protocols were found to elevate dopamine levels in the 
striatum of mice brains. A significant increase in dopamine levels was 
observed in the prefrontal cortex in the preventive protocol along with a 
decrease level in the reversal protocol, which aligns with previous 
findings [4,14]. These results suggest transient hyperdopaminergic ac
tivity following the initial phase of ketamine dosing, which presents as 
alterations in the cortical dopamine-to-glutamate ratio [35,36]. Addi
tionally, ketamine administration significantly increased dopamine 
concentration in the hippocampus in the reversal treatment but was 
ineffective in the preventive treatment. These results confirm previous 
observations that the initial administration of ketamine potentiates 
dopamine transmission in the prefrontal cortex, while repeated 

administration, such as sub-chronic or chronic exposure, reduces 
dopaminergic transmission in the prefrontal cortex but not in the hip
pocampus [4,35,36]. Thus, the increase in dopamine release following 
sub-acute exposure to ketamine, particularly observed in the preventive 
protocol conducted in this study, generally aligns with the dopamine 
hypothesis of schizophrenia, which posits that the symptoms of 
schizophrenia arise from the functional hyperactivity of mesocortical 
dopamine transmission [4]. Interestingly, the control of cortical NMDA 
receptors over the vibrance of dopaminergic transmission in the pre
frontal cortex is particularly important due to the involvement of 
dopamine receptors in regulating working memory functions [37]. 
Consequently, hyperdopaminergic activity in these brain regions may 
contribute to disturbances in spatial memory function [38,39]. How
ever, the administration of DSM and the reference drug, RIS, mitigated 
the hyperdopaminergic effects induced by ketamine in the striatum 
through both preventive and reversal protocols. This data is further 
supported by increased locomotor activity known as hyperlocomotion, 
which indicates positive symptoms. Additionally, DSM reduced dopa
minergic activity in the prefrontal cortex and hippocampus in both 
treatment protocols, comparable to RIS, thus promoting activity similar 
to second-generation antipsychotic drugs. However, in the reversal 
protocol, ketamine significantly lowered dopamine concentration in the 
prefrontal cortex as expected when compared to saline-treated mice, 
suggesting mesocortical hypodopaminergia. This implies a possible 
transient sensitization of dopaminergic transmission to ketamine 
following an extended duration of administration, which presents as 
alterations in the cortical dopamine-to-glutamate ratio [35]. This 

Fig. 4. Diosmin prevents and reverses ketamine-induced changes in neurochemicals in mice brains. Diosmin prevents and reverses ketamine-induced alterations in 
dopamine (a, b), 5-hydroxytryptamine (5-HT) (c, d), and glutamate (Fig. e, f) in the preventive and reversal studies in mice brains. Bars represent the mean ± S.E.M 
of 6 animals / group. *p < 0.05 vs vehicle group #p < 0.05 vs KET group (two-way ANOVA followed by Bonferroni post hoc test). SAL = Saline, KET = Ketamine, 
DSM = Diosmin.
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imbalance was, however, normalized by DSM similarly to RIS.
Alterations in cholinergic transmission have gained recognition as a 

principal mediator of the pathophysiological symptoms associated with 
impaired cognitive function observed in patients with schizophrenia 
[26]. Accordingly, this neurochemical abnormality is noted upon the 
recurrent administration of ketamine [40]. In the prefrontal cortex and 
hippocampus, there is a significantly increased activity of AChE, 
although no significant change was detected in the striatum, which 
further supports previous studies [4]. Consequently, the increase in the 
concentration of AChE enzyme has been linked to the decline in 
cognitive function observed, particularly in the prefrontal cortex and 
hippocampus [4,41]. This further supports ketamine’s ability to influ
ence α7nAChR and other regulatory molecules essential for learning and 
memory [42]. The capacity of DSM to reduce AChE activity, which is 
responsible for the breakdown of ACh, suggests heightened cholinergic 
transmission in the prefrontal cortex and hippocampus. Thus, this effect 
is considered, in part, to contribute to the DSM effect against 
ketamine-induced memory impairment in the Y-maze test.

Similarly, lines of evidence have shown that aside from alterations in 
dopamine and cholinergic transmission, the 5-HTergic system is also 
reported to be a key factor primarily linked to the negative symptoms in 
the pathology of schizophrenia [4,43]. Negative symptoms, such as so
cial withdrawal, have been associated with a 5-HT2A/2C 
receptor-dependent increase in serotonergic transmission [14]. Addi
tionally, increased 5-HTergic transmission has been connected to the 
mediation of increased dopamine transmission in the striatum [14], as 
well as glutamate transmission and altered GABAergic transmission. 
This is supported by the fact that some second-generation neuroleptics 
(e.g., aripiprazole and risperidone) act as antagonists or inverse agonists 
on 5-HT2A/2C receptors [44,45]. Thus, the modulatory activity of the 
second-generation neuroleptic (e.g., risperidone) on the 5-HTergic sys
tem is seen as an advantage over the first-generation drug (e.g., halo
peridol) for managing negative and cognitive symptoms of 
schizophrenia [46,47]. The observation that DSM could suppress and/or 
enhance 5-HT transmission in discrete brain regions following ketamine 
administration, in similar patterns to RIS, supports a 
second-generation-like activity. This finding is particularly relevant for 
addressing negative and cognitive abnormalities in schizophrenia-like 
behaviors mice.

The extent of alteration in glutamatergic transmission pathways (in 
synaptic and extra-synaptic areas) or impediment in glutamate reuptake 
has, in part, been considered a factor in determining the severity of 
schizophrenic symptoms [48,49]. This is corroborated by studies that 
show distorted expression and function of glutamate transporters on 
astrocytes or calcium-dependent signaling in the pathophysiology of 
schizophrenia [49]. This suggests that elevated levels of glutamate in 
certain brain regions or increased uptake of glutamate from both syn
aptic and extra-synaptic sites may partly contribute to the development 
of schizophrenia, as described in the glutamate hypofunction hypothesis 
[16,48]. An alteration in calcium-dependent glutamate release from 
glutamatergic neurons has been associated with disturbances in plasma 
membrane calcium ATPase. Notably, this partly accounts for ketamine’s 
ability to distort glutamate function, which is linked to mitochondria 
dysfunction and neuroimmune changes caused by the distortion of cal
cium homeostasis and cytochrome c-induced neuronal cell death. 
Certainly, ketamine’s ability to induce calcium overload in the cytosol 
and variations in the expression of regional glutamate transporters may 
partly contribute to the glutamate burst in the prefrontal cortex and the 
decrease in the striatum observed in this study, implying a dysfunctional 
cortical and striatal pathway [43,49,50].

Furthermore, dopaminergic transmission in the prefrontal cortex has 
been suggested to be hypofunctional in patients with schizophrenia 
[38]. This is due to the blockade of NMDA receptors in the ventral 
tegmental area, which leads to a reduction in cortical dopamine release. 
This reduction may partly predispose individuals to cognitive and 
negative symptoms, as dopamine receptors modulate motivational and 

working memory functions, which are impacted by schizophrenia. 
Consequently, the disorder is, at least, associated with interlinked ab
normalities in glutamatergic and dopaminergic transmissions that can 
be replicated by administering higher doses of ketamine in mice [14]. In 
this study, repeated treatment with ketamine resulted in a significant 
alteration in glutamate levels, evident by reduced glutamate concen
trations in the striatum and hippocampus but was accompanied by an 
upsurge in glutamate release. This study supports previous findings 
indicating that ketamine causes cortical neuron degeneration due to 
glutamate excitotoxicity [4,51].

Moreover, ketamine induces a hypofunctional state of the NMDA 
receptor and its downstream signaling pathways, leading to a shift in 
glutamate activity toward other glutamate receptors, causing hyper
stimulation [52,53]. This, in turn, results in excessive cytosolic calcium 
influx and glutamate-mediated excitotoxicity [49]. Thus, the observed 
effects produced in this study across different brain regions may suggest 
a modulatory mechanism for stabilizing glutamatergic transmission and 
attenuating the associated glutamate-mediated excitotoxicity. 
Appealing evidence from various studies has linked distorted glutamate 
metabolism to the oxidative stress seen in the brains of patients with 
schizophrenia [54]. Glutamate, a major excitatory neurotransmitter, is 
converted to GSH via a two-step ATP-requiring enzymatic process 
(glutamate-cysteine ligase and GSH synthase) and metabolized by the 
enzyme glutamate decarboxylase (GAD) to GABA, a principal inhibitory 
neurotransmitter [16]. Thus, deviations from the biosynthetic pathway 
of GAD and altered GSH synthesis have been identified as indicators of 
redox imbalance, evidenced by elevated concentrations of MDA [48,10]. 
This is corroborated by the findings of previous studies, showing that 
repeated administration of ketamine in mice reduced GSH levels and 
increased malondialdehyde concentration (a biomarker of lipid peroxi
dation) as a result of redox imbalance [20,55]. For decades, oxidative 
stress has been established as a pathological pathway involved in 
altering the NMDA receptor response due to changes in GSH biosyn
thesis [56]. Clinically, elevated GSH levels and diminished malondial
dehyde concentrations in different brain regions have been used as 
biomarkers for the therapeutic outcomes of several antipsychotic drugs 
[4,5,10,11,40,57]. Therefore, it is crucial to note that DSM exhibits its 
neuroprotective function based on its ability to mitigate free radical 
generation through antioxidant mechanisms [1,23]. Thus, the findings 
that DSM, similar to RIS, increased GSH and SOD levels while reducing 
MDA concentrations in the striatum, prefrontal cortex, and hippocam
pus of mice subjected to ketamine treatment in the preventive and 
reversal studies indicate a compensatory neuroprotective action. It is 
worth noting that the increase in GSH concentration may reflect 
neurotransmitter modulatory action, given the three existing compo
nents of GSH (glutamate, glycine, and cysteine).

Ketamine-activated oxidative stress has consistently been linked to 
increased nitrite levels, which serve as a biomarker for nitrergic stress. 
In the current study, the rise in striatal nitrite concentration was pre
viously associated with an increase in dopamine and glutamate release 
from presynaptic neurons via several pathways, including NMDA 
receptor-mediated calcium-induced upregulation of neuronal nitric 
oxide synthase [4,14]. Furthermore, studies have shown increased ni
trite concentrations in the brains of patients with schizophrenia, and this 
is believed to be linked to abnormal neuronal responses, including 
altered neuronal plasticity [58]. Nonetheless, the DSM has mitigated the 
ketamine-induced nitrite levels in the striatum through both preventive 
and reversal protocols. However, additional preclinical studies are 
needed to clarify the specific pathway(s) through which these beneficial 
effects occur.

Conclusion

The findings of this study demonstrate that the DSM’s role in pre
venting and reversing the psychotic-like effects triggered by ketamine 
may be mediated through its impact on neurotransmission modulation 
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and the inhibition of redox imbalance in mice. Additionally, the findings 
further highlight the potential benefits of diosmin in managing 
psychotic-like symptoms
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