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Abstract
Background: Psychosis is a complex mental illness divided by positive symptoms, negative symptoms, and cognitive
decline. Clinically available medicines are associated with some serious side effects which limit their use. Treatment
with flavonoids has been associated with delayed onset and development, decreased risk, or increased improvement
of various neuropsychiatric disorders including psychosis with negligible side effects. Therefore, the present study
was aimed to investigate the protective effects of hesperidin (flavonoid) alone or its combination with coenzyme Q10
against ketamine-induced psychotic symptoms in mice.
Results: Ketamine (50 mg/kg, i.p.) was given for 21 days to induce psychosis in Laca mice of either sex. Locomotor
activity and stereotypic behaviors, immobility duration (forced swim test), and increased transfer latency (elevated
plus maze) were performed to test the effect of hesperidin (50 mg/kg, 100 mg/kg, 200 mg/kg, p.o.) and coenzyme Q10 (20 mg/kg, 40 mg/kg, p.o.) and combination of hesperidin + coenzyme Q10 followed by biochemical
and mitochondrial complexes assays. For 21 days, ketamine (50 mg/kg, i.p.) administration significantly produced
increased locomotor activity and stereotypic behaviors (positive symptoms), increased immobility duration (negative
symptoms) and cognitive deficits (increases transfer latency) weakens oxidative defense and mitochondrial function.
Further, 21 days’ administration of hesperidin and coenzyme Q10 significantly reversed the ketamine-induced psychotic behavioral changes and biochemical alterations and mitochondrial dysfunction in the discrete areas (prefrontal
cortex and hippocampus) of mice brains. The potential effect of these drugs was comparable to olanzapine treatment. Moreover, the combination of hesperidin with coenzyme Q10 and or a combination of hesperidin + coenzyme
Q10 + olanzapine treatment did not produce a significant effect compared to their per se effect in ketamine-treated
animals.
Conclusions: The study revealed that hesperidin alone or in combination with coenzyme Q10 could reduce psychotic symptoms and improve mitochondrial functions and antioxidant systems in mice, suggesting neuroprotective
effects against psychosis.
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Background
Psychosis is a psychological multifactorial disorder categorized into positive symptoms (delusions, hallucinations), negative symptoms (apathy, suicidal thoughts,
social detachment), and cognitive decline [1]. Ketamine, dizocilpine (MK-801), and phencyclidine block
N-methyl-d-aspartate receptors (NMDA-Rs) activating channels that cause symptoms similar to psychosis
[2]. Some antipsychotics have shown an agonistic effect
on NMDA-Rs. Based on these studies, it has been confirmed that reduced signaling pathways for NMDA-Rs
are involved in the pathophysiology of psychosis. Mitochondrial dysfunction can cause biochemical cascade
dysfunction and it has been found that the electron transport chain is an imperative factor for the pathophysiology
of psychosis [3, 4].
Oxidative stress has also been associated with the
worsening of neuropsychiatric disorders like psychosis.
Endogenous antioxidants like glutathione (GSH), catalase
and superoxide dismutase (SOD) are reduced in the psychotic brain of animals and humans. Oxidative stress is
also reported to cause mitochondrial dysfunction which
further leads to produce psychotic symptoms especially
negative and cognitive symptoms. Ketamine is reported
to produce mitochondrial dysfunction and oxidative
stress that further lead to cause psychosis in mice [2].
Clinically, there are typical and atypical antipsychotics
are available but there are associated several side effects
such as agitation, catalepsy, sedation, tardive dyskinesia,
weight gain, agranulocytosis, cardiovascular disorder,
and diabetes mellitus. In addition to side effects, available
antipsychotics are also associated with non-compliance,
increased risk of psychotic relapse, and incomplete efficacy. Thus, there is an emerging need to investigate such
a therapeutic agent by exploring new pathways that can
overcome these side effects against psychotic symptoms
[1].
Medical plants and their phytoconstituents possess
structural similarity, biochemical specificity, chemical
diversity, and therapeutic efficacy that purpose them as
a therapeutic medicine for the treatment of neuropsychiatric disorders with negligible side effects. Many natural
compounds have been studied against various psychiatric disorders, some of them are chosen as an alternative agent for psychosis such as niacin, D-serine, glycine,
omega-3-polyunsaturated fatty acids, sarcosine, papaverine, vitamin C, and E. Flavonoids are ubiquitous phytoconstituents that are richly present in various foods,
grains, fruits, seeds, tea, nuts, and traditional medicinal plants [5]. The key structural group in flavonoids
involved in the treatment of psychosis is sites produced
by hydroxyl groups for the complexing of calcium (Ca2+)
and restoring the function of NMDA-Rs, thus decreasing
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the psychotic symptoms. Moreover, flavonoids are rich
in the antioxidant property. Some of the flavonoids like
gallic acid, luteolin, quercetin, myricetin, etc. have been
studied against psychosis [6, 7, 9, 10]. Also, some preclinical studies have shown that flavonoids have a neuroprotective role in restoring mitochondrial function,
raising GABAergic activity and acetylcholinergic neurons
[11–13]. The increased GABAergic transmission demonstrated an inhibitory control of dopaminergic hyperactivity while reducing psychotic symptoms [14]. Moreover,
flavonoids are reported to have antioxidant and mitochondrial function restoring properties and can produce
protective effects in case of psychosis [7, 13, 14]. Moreover, extract of various plants such as Ocimum Sanctum
Spinacia Oleracea Seeds, Eucalyptus Globulus Tinospora
Cordifolia, Panax Quinquefolium, and Albizia Zygia has
been studied previously. As the plant extracts have various constituents therefore it is very difficult to elucidate
that which compound is responsible for the therapeutics
activity. Hence, it is effective to study individual isolated
compound for better understanding.
The animal study provides an opportunity to decipher
the relationships between the nervous system and psychotic behaviors. It is necessary to test a potential compound on animals before clinical studies. Laca mice have
been used in the investigation of neuropsychiatric disorders in literature.
With this background, this study was also aimed to
investigate the antioxidant and mitochondrial restoring
profile of hesperidin (a flavonoid) and its combination
with coenzyme Q10 against ketamine-induced psychotic
behaviors in mice.

Methods
Drugs and chemicals

The present research included ketamine (Neon Pharmaceutical Private Limited, India), olanzapine (Intas
Pharmaceutical Limited, Ahmedabad, India), hesperidin (Sigma-Aldrich, Mohali, Chandigarh, India), and
coenzyme Q10 (Hi-Media Laboratories Private Limited,
India). All other chemicals used for biochemical and
mitochondrial assays were of analytical reagent grade
obtained from Sigma-Aldrich, Mohali, Chandigarh,
India).
Experimental design

Healthy and diseased free Laca mice of either sex
(3–4 months old, weighing 25–30 g) were procured from
the Central Animal House (CAH), Panjab University, and
used in the present study. The protocol was approved by
the Institutional Animal Ethics Committee with protocol
number PU/45/99/CPCSEA/IAEC/2019/289. Six animals
were randomly housed in a cage and acclimatized for
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7 days before the start of experiments and free access to
standard laboratory food and water and taken care of by
a veterinary. They were housed in a natural (12 h each)
light–dark cycle. The care of animals was taken according
to Committee for the Purpose of Control and Supervision on Experiments (CPCSE) on Animals guidelines.

mentor of the study was aware. After behavioral studies,
mice were sacrificed and their brains were isolated for
biochemical estimations and mitochondrial complexes
assays.

Drugs protocol

On the days 7, 14, and 21 of the experimental protocol
locomotor activity was counted using an actophotometer (IMCORP, Ambala, India), having a square-shaped
sound-free chamber with six pairs of light receivers and
transmitters. The animal was put on the mesh floor of
the actophotometer for 5 min for familiarization. The
locomotor score was calculated for the next 5 min after
15 min of administration of ketamine [15].

Ketamine was dissolved in saline and administered
intraperitoneally (i.p.). Hesperidin and coenzyme Q10
(CoQ10) were suspended in 0.5% w/v sodium carboxymethylcellulose (CMC) (Hi-Media Laboratories Private
Limited, India) solution and administered per oral (p.o.).
Olanzapine was suspended in Tween 80 (0.01% as a suspending agent in normal saline) (Hi-Media Laboratories
Private Limited, India) and administered intraperitoneal
(i.p.). In present study, doses of hesperidin (50 mg/kg,
100 mg/kg, 200 mg/kg, p.o.), ketamine (50 mg/kg, i.p.),
olanzapine (5 mg/kg, i.p.) and coenzyme Q10 (20 mg/
kg, 40 mg/kg, p.o.) were used. Total sixty animals were
used for the present study and randomly divided into
ten groups and each group consisted of six animals for
behavioral study of which five animals were used for
biochemical studies and mitochondrial complexes assay
(Table 1).
Study protocol

In this study, ketamine (50 mg/kg, i.p.) has been administered for 21 days to cause locomotor dysfunction
(positive symptoms), stereotypic behaviors (positive
symptoms), immobility (negative symptoms), and cognitive impairment in animals. Ketamine was administered
after 15 min of drug treatment and locomotor activity,
stereotypic behaviors, and transfer latency on the days
7, 14, and 21 and immobility duration was measured on
day 21 of the experiment by two blind investigators and

Table 1 Grouping of the experimental animals
Groups

Treatment

1

Control

2

Ketamine (50 mg/kg; i.p.)

3
4
5
6
7
8

Ketamine + Hesperidin (50 mg/kg; p.o.)

Ketamine + Hesperidin (100 mg/kg; p.o.)

Ketamine + Hesperidin (200 mg/kg; p.o.)

Ketamine + CoQ10 (20 mg/kg; p.o.)

Ketamine + CoQ10 (40 mg/kg; p.o.)

Ketamine + Olanzapine (5 mg/kg; p.o.)

9

Ketamine + Hesperidin (100 mg/kg; p.o.) + CoQ10 (40 mg/
kg; p.o.)

10

Ketamine + Hesperidin (100 mg/kg; p.o.) + Olanzapine (5 mg/
kg; p.o.) + CoQ10 (40 mg/kg; p.o.)

Actophotometer

Stereotypic behaviors

Each mouse was individually placed into a plexiglass
compartment (30 × 24 × 22 cm) and after 30 min of
administration of ketamine, the stereotypic behaviors
(falling, turnarounds, weaving, and head bobbing) were
counted for 10 min on the days 7, 14 and 21 of the experimental protocol [16].
Elevated plus maze (EPM)

The maze is elevated at 25 cm from the floor and has two
covered arms and two open arms of 16 × 5 cm × 12 cm
and both the arms were 5 cm × 5 cm extended from a
central platform. On the day 7, acquisition memory was
recorded. A mouse was put at one end facing toward the
open arm. The time taken by the animals to move from
the open arm into closed arms was considered as initial transfer latency (ITL). Individual mice were permitted for 30 s to explore the maze after measured ITL and
returned to their home cage. On the days 14 and 21 of the
ITL, retention memory was measured by placing each
mouse similarly on an open arm and retention latency
was recorded again considered as first retention transfer
latency (1st RTL) and second retention transfer latency
(2nd RTL), respectively [17].
Forced swim test (FST)

In the FST, mouse was forced to swim into a glass
chamber (25 × 15 × 25 cm3) containing water (15 cm)
at 23 ± 2 °C. In this test, when mice get immobile with
limited floating, relative to negative symptoms found in
patients with psychosis is known as behavioral despair.
During the experiment, the animal was placed for 2 min
in the glass chamber for habituation and thereafter
immobility duration was measured within the next 4 min
on day 21 after 24 h of training [18, 19].
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Experimental procedure for mitochondrial enzyme
complex assays and biochemical estimations
Methods of euthanasia in mice

Mice were sacrificed using decapitation by the cervical dislocation method and their brains were rapidly
removed to separate the cerebral prefrontal cortex region
and hippocampus of the brain.
Isolation and preparation of brain homogenate
for mitochondrial enzyme complex assays and biochemical
estimations

Differential centrifugation method was used to isolate
mitochondria with slight modifications [20]. Briefly, the
tissue of interest (prefrontal cortex region and hippocampus) was dissected out and weighed. 10% (w/v) tissue
homogenates were prepared in ice-cold isolation buffer
with 1.0 mM ethylene glycol-bis(β-aminoethyl ether)N,N,N′,N′-tetraacetic acid (EGTA), [215 mM mannitol, 75 mM sucrose, 0.1% fat-free bovine serum albumin
(BSA), 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES), 1.0 mM EGTA and pH is adjusted
to 7.2 with potassium hydroxide (KOH)]. All procedures were performed on ice throughout the protocol.
Above homogenates were then used for centrifugation
at 1000×g for 8 min at 4 °C. The supernatants, so-called
post-nuclear supernatant (PNS) were taken in Eppendorf and centrifuged at 4 °C for 10 min at 10,000×g. The
obtained supernatant was collected in Eppendorf and
used for biochemical estimation and Pellets, (containing
mitochondria of interest) were re-suspended in isolation
buffer and mitochondrial solutions were centrifuged at
4 °C for 10 min at 10,000×g. Then the pellets were collected and re-suspended into isolation buffer (1.0 ml)
without EGTA and again centrifuged at 12,300×g for
10 min at 4 °C and this step was performed twice. The
final re-suspended the mitochondrial pellets in isolation
buffer (200 µl) without EGTA and was used for the estimation of activity of mitochondrial enzyme complexes
[20].
Estimation of protein

The protein content was measured as per Bradford, 1976.
The standard curve of bovine serum albumin was used
to determine protein concentration expressed in µg/ml.
Thus, the values obtained were used in the calculations of
other biochemical results [21].
Estimation of reduced glutathione (GSH) level

Reduced glutathione in both prefrontal cortex and hippocampus regions was done as per Ellman [22]. First,
1.0 ml of homogenate with 1.0 ml of 4% sulfosalicylic acid
was precipitated by holding the mixture at 4 °C for 1 h,
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and the samples were immediately centrifuged at 1200×g
at 4 °C for 15 min. The assay mixture includes the 0.1 ml
supernatant, 2.7 ml pH 8.0, and 0.2 ml phosphate buffer
of 0.01 M dithiobisnitrobenzoic acid (DTNB). The yellow
color produced was read at 412 nm using an Ultraviolet (UV)-spectrophotometer (UV 1900 Shimadzu). The
results are calculated using the extinction coefficient of
the molar chromophore (1.36 = 104 (mol/l)−1 cm−1).
Estimation of catalase activity

The catalase activity in both prefrontal cortex and hippocampus regions was measured by the method of Luck,
1965. In short, the assay mixture consisted of 1.95 ml of
phosphate buffer (0.05 M, pH 7.0), 1.0 ml of hydrogen
peroxide (0.019 M), and 0.05 ml of brain tissue homogenate in a final volume of 3.0 ml. The absorbance changes
were recorded at 240 nm. The activity of catalase was
measured in k minute-1 terms [23].
Estimation of superoxide dismutase (SOD) activity

SOD activity in both the prefrontal cortex and hippocampus regions was assayed by the method of Kono, 1978.
The method consisted of ethylenediaminetetraacetic acid
(EDTA) (0.1 mM), sodium carbonate (50 mM), and nitroblue tetrazolium (96 mM). 2 ml of the above mixture was
taken in a cuvette and 0.05 ml of brain tissue homogenate
and 0.05 ml of hydroxylamine hydrochloride was added
to it [adjusted to pH 6.0 with sodium hydroxide (NaOH)].
The auto-oxidation of hydroxylamine was observed by
measuring the change in optical density at 560 nm for
2 min at 30/60 s intervals [24].
Complex I (NADH dehydrogenase) activity

Nicotinamide adenine dinucleotide (NADH) dehydrogenase activity in both prefrontal cortex and hippocampus
regions was assessed by spectrophotometry as per the
King and Howard 1967, which involves catalytic oxidation of NADH to nicotinamide adenine dinucleotide
ion (NAD +) with subsequent cytochrome-C reduction
[25]. The reaction was triggered by the addition of the
required amount of solubilized mitochondrial sample
and the absorbance change was recorded at 550 nm over
2 min by enzyme-linked immunosorbent assay (ELISA)
microplate absorbance reader (Biorad-I USA).
Complex II (succinate dehydrogenase) activity

Succinate dehydrogenase (SDH) activity in both prefrontal cortex and hippocampus regions was measured by
spectrophotometry using the King method [26], which
involves the oxidation of succinate by an artificial electron acceptor (potassium ferricyanide). The reaction
mixture consisted of 0.2 M phosphate buffer (pH 7.8),
1% BSA, 0.6 M succinic acid, and 0.03 M potassium
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ferricyanide. The addition of the mitochondrial brain
sample was used to initiate the reaction and absorbance
change recorded at 420 nm for 2 min by ELISA microplate absorbance reader (Biorad-I USA).
Complex III (mitochondrial redox) activity

The MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylH-tetrazolium bromide] assay in both prefrontal cortex
and hippocampus regions was dependent on reducing
the activity of MTT in functionally intact mitochondria
through hydrogenase. The MTT reduction rate was used
to assess the mitochondrial respiratory chain activity in
isolated mitochondria [27]. In short, 100 μl mitochondrial samples were incubated for 3 h with 10 μl MTT at
37 °C. Dimethyl sulfoxide was used to solubilize the blue
formazan crystals and measured at 580 nm by ELISA
microplate absorbance reader (Biorad-I USA).
Complex IV (cytochrome oxidase) activity

Cytochrome oxidase activity in both prefrontal cortex
and hippocampus regions was assayed by the Sottocasa
method 1967. The reaction mixture consisted of reduced
cytochrome-C (0.3 mM) in a 75 mM phosphate buffer
and the reaction began with the addition of solubilized
mitochondrial samples [28]. The change in absorbance
was recorded at 550 nm for 2 min by the ELISA microplate absorbance reader (Biorad-I USA).
Statistical analysis

All values were expressed as Mean ± standard error
of the mean (SEM). Results were analyzed by Bonferroni test using two-way analysis of variance (ANOVA)
for locomotor activity, stereotypic behaviors, transfer
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latency, and one-way ANOVA followed by Turkey’s test
for immobility duration, mitochondrial enzyme complex assay, and biochemical estimations using Graphpad prism software 5. The value p < 0.05 was considered
as statistical significance.

Results
Behavioral assessments
Effect of hesperidin and coenzyme Q10 on locomotor activity
using actophotometer

Ketamine (50 mg/kg, i.p.) treatment significantly
(p < 0.05) caused hyperlocomotion on days 7 and 14 and
hypolocomotion (decreased locomotor activity) on day
21 compared to the naïve group. Treatment with hesperidin (50 mg/kg, 100 mg/kg, 200 mg/kg) and coenzyme Q10 (20 mg/kg, 40 mg/kg) significantly (p < 0.05)
reduced ketamine-induced locomotor dysfunction on
days 7, 14 and 21. The effect of these drugs [hesperidin (200 mg/kg) and coenzyme Q10 (20 mg/kg, 40 mg/
kg)] were comparable to that of olanzapine (5 mg/kg)
treatment in ketamine-treated animals. Further, a combination of hesperidin (100 mg/kg) with coenzyme Q10
(40 mg/kg) did not produce any significant protective
effect on hyper locomotor activity on days 7 and 14 and
hypolocomotor activity on day 21 as compared to their
effect per se in ketamine-treated animals. However, the
trend of reduced hyperlocomotion on days 7 and 14
and increased hypolocomotion on day 21 was observed
in these combination groups as compared to their treatment alone. Whereas, the combination of hesperidin
(100 mg/kg) + coenzyme Q10 (40 mg/kg) + olanzapine
(5 mg/kg) significantly (p < 0.05) reversed ketamineinduced hyperlocomotion on days 7 and 14 (Fig. 1).

Fig. 1 Effect of Hesperidin, Coenzyme Q10, Olanzapine and their combinations on ketamine-induced locomotor dysfunction. Data were analyzed
by two-way ANOVA followed by the Bonferroni test. All values were expressed as Mean ± SEM. ap < 0.05 as compared to naive, bp < 0.05 as
compared to ketamine, cp < 0.05 as compared to Hesperidin (100 mg/kg). KET, Ketamine; H, Hesperidin; CoQ10, Coenzyme Q10; OZ, Olanzapine
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Effect of hesperidin and coenzyme Q10 on stereotypic
behavior

Ketamine (50 mg/kg) treatment significantly (p < 0.05)
produced the stereotypic behaviors on days 7, 14, and
21 as compared to the naïve group of animals. Treatment with hesperidin (50 mg/kg, 100 mg/kg, 200 mg/kg)
and coenzyme Q10 (20 mg/kg, 40 mg/kg) significantly
(p < 0.05) reversed ketamine-induced stereotypic behavior on days 7, 14 and 21. The effect of hesperidin (100 mg/
kg and 200 mg/kg) was comparable to that of olanzapine
(5 mg/kg) treatment in ketamine-treated animals. Further, a combination of hesperidin (100 mg/kg) with coenzyme Q10 (40 mg/kg) and or a combination of hesperidin
(100 mg/kg) + coenzyme Q10 (40 mg/kg) + olanzapine
(5 mg/kg) did not produce any significant protective
effect on stereotypic behavior on days 7, 14, and 21 as
compared to their effect per se in ketamine-treated animals. However, the trend of reduced stereotypic behavior on days 14 and 21 was observed in these combination
groups as compared to their treatment alone (Fig. 2).
Effect of hesperidin and coenzyme Q10 on transfer latency
in the elevated plus maze (EPM)

Ketamine (50 mg/kg) treatment significantly (p < 0.05)
delayed the transfer latency to move from open arm to
close arm in EPM performance task on 1st RTL (day 14)
and 2nd RTL (day 21) compared to naïve group of animals. Treatment with hesperidin (50 mg/kg, 100 mg/kg,
200 mg/kg) and coenzyme Q10 (20 mg/kg, 40 mg/kg)
were significantly (p < 0.05) improved transfer latency
on 1st RTL (day 14) and 2nd RTL (day 21) as compared
to control (Ketamine treatment). The protective effect
of hesperidin (200 mg/kg) and coenzyme Q10 (40 mg/
kg) were comparable to that of olanzapine (5 mg/kg)
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treatment in ketamine-treated animals. Further, the
combination of hesperidin (100 mg/kg) with coenzyme
Q10 (40 mg/kg) and or hesperidin (100 mg/kg) + coenzyme Q10 (40 mg/kg) + olanzapine (5 mg/kg) did not
produce any significant protective effect on EPM performance task (Transfer latency) on 1st RTL (day 14)
and 2nd RTL (day 21) as compared to their effect per
se in ketamine-treated animals. However, the trend of
their effect was observed (Figs. 3, 4).
Effect of hesperidin and coenzyme Q10 on immobility
duration using forced swim test

Ketamine (50 mg/kg) treatment significantly (p < 0.05)
increased the immobility duration (despair behavior) in the forced swim test on day 21 compared to the
naïve group. Treatment with hesperidin (50 mg/kg,
100 mg/kg, 200 mg/kg) and coenzyme Q10 (20 mg/kg
and 40 mg/kg) significantly (p < 0.05) improved mobility period (decreased immobility duration) on day 21
in ketamine-treated animals. The protective effect of
hesperidin (100 mg/kg and 200 mg/kg) was comparable to that of olanzapine (5 mg/kg) treatment in ketamine-treated animals. Further, the combination of
hesperidin (100 mg/kg) with coenzyme Q10 (40 mg/kg)
and hesperidin (100 mg/kg) + coenzyme Q10 (40 mg/
kg) + olanzapine (5 mg/kg) did not any produce a significant protective effect on immobility period as compared to their per se effect in ketamine-treated animals.
However, the trend of further reduced immobility on
day 21 has been observed in these combination groups
compared to their treatment alone in ketamine-treated
animals (Fig. 5).

Fig. 2 Effect of Hesperidin, Coenzyme Q10, Olanzapine and their combinations on ketamine-induced stereotypic behaviors. Data were analyzed by
two-way ANOVA followed by the Bonferroni test. All values were expressed as Mean ± SEM. ap < 0.05 as compared to naive, bp < 0.05 as compared to
ketamine. KET, Ketamine; H, Hesperidin; CoQ10, coenzyme Q10; OZ, Olanzapine
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Fig. 3 Effect of hesperidin, coenzyme Q 10 and their combinations elevated performance task. IAL = Initial Acquisition Latency, 1st RTL = First
Retention transfer latency, 2nd RTL = Second Retention transfer latency. Data were analyzed by two-way ANOVA followed by the Bonferroni test.
All values were expressed as Mean ± SEM. ap < 0.05 as compared to naive, bp < 0.05 as compared to ketamine. KET, Ketamine; H, Hesperidin; CoQ10,
Coenzyme Q10; OZ, Olanzapine

Fig. 4 Effect of Hesperidin, Coenzyme Q10 and their combinations
on immobility time. Data were analyzed by two-way ANOVA followed
by the Bonferroni test. All values were expressed as Mean ± SEM.
a
p < 0.05 as compared to naive, bp < 0.05 as compared to ketamine.
KET, Ketamine; H, Hesperidin; CoQ10, Coenzyme Q10; OZ, Olanzapine

Fig. 6 Effect of Hesperidin and Coenzyme Q10 on GSH levels in the
hippocampus regions of the brain. Data were analyzed by one-way
ANOVA followed by Tukey’s post hoc analysis. All values were
expressed as Mean ± SEM. ap < 0.05 as compared to naive, bp < 0.05
as compared to ketamine. KET, Ketamine; H, Hesperidin; CoQ10,
Coenzyme Q10

Biochemical estimations
Effect of hesperidin and coenzyme Q10 on reduced
glutathione (GSH) level in the prefrontal cortex
and hippocampus areas of the ketamine‑treated animals

Fig. 5 Effect of Hesperidin and Coenzyme Q10 on GSH levels in the
prefrontal cortex regions of the brain. Data were analyzed by one-way
ANOVA followed by Tukey’s post hoc analysis. All values were
expressed as Mean ± SEM. ap < 0.05 as compared to naive, bp < 0.05
as compared to ketamine. KET, Ketamine; H, Hesperidin; CoQ10,
Coenzyme Q10

Prefrontal Cortex—Ketamine (50 mg/kg) treatment for
21 days significantly (p < 0.05) depleted reduced glutathione (GSH) level in the prefrontal cortex as compared
to the naive group. 21 days treatment with hesperidin (200 mg/kg) and coenzyme (40 mg/kg) significantly
(p < 0.05) restored the glutathione level in the prefrontal
cortex as compared to the ketamine group (Fig. 5). However, hesperidin (50 mg/kg and 100 mg/kg) and coenzyme Q10 (20 mg/kg) did not influence significantly
(p < 0.05) glutathione levels in the prefrontal cortex as
compared to the ketamine group.
Hippocampus—Ketamine (50 mg/kg) treatment for
21 days significantly (p < 0.05) depleted GSH in the hippocampus region as compared to the naive group.
21 days treatment with hesperidin (100 mg/kg and
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200 mg/kg) and coenzyme Q10 (20 mg/kg and 40 mg/
kg) significantly (p < 0.05) restored the glutathione level
in the hippocampus as compared to the ketamine group.
However, hesperidin (50 mg/kg) did not influence significantly glutathione levels in the hippocampus as compared to the ketamine group (Fig. 6).
Effect of hesperidin and coenzyme Q10 on catalase
activity in the prefrontal cortex and hippocampus areas
of the ketamine‑treated animals

Prefrontal Cortex—Ketamine (50 mg/kg) treatment for
21 days significantly (p < 0.05) depleted catalase activity
in the prefrontal cortex as compared to the naïve group.
21 days treatment with hesperidin (50-200 mg/kg) and
coenzyme Q10 (20, 40 mg/kg) significantly (p < 0.05)
restored the catalase activity as compared to the ketamine group (Fig. 7).
Hippocampus—Ketamine (50 mg/kg) treatment for
21 days significantly (p < 0.05) depleted catalase activity in the hippocampus as compared to the naïve group.
21 days treatment with hesperidin (100 and 200 mg/kg)
and coenzyme Q10 (20mgkg and 40 mg/kg) significantly
(p < 0.05) restored the catalase activity in the hippocampus as compared to the ketamine group. However, hesperidin (50 mg/kg) did not influence significantly catalase
activity in the hippocampus as compared to the ketamine
group (Fig. 8).
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SOD activity in the prefrontal cortex as compared to
ketamine (Fig. 9). However, hesperidin (50 mg/kg and
100 mg/kg) and coenzyme Q10 (20 mg/kg) did not influence significantly SOD activity in the prefrontal cortex as
compared to the ketamine group.
Hippocampus—Ketamine (50 mg/kg) treatment for
21 days significantly (p < 0.05) decreased SOD activity in the hippocampus as compared to the naïve group.
21 days treatment with hesperidin (100 mg/kg, 200 mg/
kg) and coenzyme Q10 (20 mg/kg and 40 mg/kg) significantly (p < 0.05) restored SOD activity in the hippocampus as compared to control. However, hesperidin (50 mg/
kg) did not influence significantly SOD activity in the hippocampus as compared to the ketamine group (Fig. 10).
Mitochondrial estimations
Effect of hesperidin and coenzyme Q10 on mitochondrial
complex I (NADH dehydrogenase) activity

Ketamine (50 mg/kg) treatment for 21 days significantly (p < 0.05) impaired the complex I activity in both

Effect of hesperidin and coenzyme Q10 on superoxide
dismutase (SOD) activity in the prefrontal cortex
and hippocampus areas of the ketamine‑treated animals

Prefrontal Cortex—Ketamine (50 mg/kg) treatment for
21 days significantly (p < 0.05) decreased SOD activity
in the prefrontal cortex as compared to the naïve group.
21 days treatment with hesperidin (200 mg/kg) and coenzyme Q10 (40 mg/kg) significantly (p < 0.05) restored

Fig. 8 Effect of hesperidin and Coenzyme Q10 on brain catalase
levels in the hippocampus region of the brain. Data were analyzed
by one-way ANOVA followed by Tukey’s post hoc analysis. All values
were expressed as Mean ± SEM. ap < 0.05 as compared to naive,
b
p < 0.05 as compared to ketamine. KET, Ketamine; H, Hesperidin;
CoQ10, Coenzyme Q10

Fig. 7 Effect of hesperidin and Coenzyme Q10 on brain catalase
levels in the prefrontal cortex region of the brain. Data were analyzed
by one-way ANOVA followed by Tukey’s post hoc analysis. All values
were expressed as Mean ± SEM. ap < 0.05 as compared to naive,
b
p < 0.05 as compared to ketamine. KET, Ketamine; H, Hesperidin;
CoQ10, Coenzyme Q10

Fig. 9 Effect of hesperidin and Coenzyme Q10 on brain SOD levels
in the prefrontal cortex and hippocampus region of the brain.
Data were analyzed by one-way ANOVA followed by Tukey’s post
hoc analysis. All values were expressed as Mean ± SEM. ap < 0.05
as compared to naive, bp < 0.05 as compared to ketamine. KET,
Ketamine; H, Hesperidin; CoQ10, Coenzyme Q10
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Fig. 10 Effect of hesperidin and Coenzyme Q10 on brain SOD
levels in the hippocampus region of the brain. Data were analyzed
by one-way ANOVA followed by Tukey’s post hoc analysis. All values
were expressed as Mean ± SEM. ap < 0.05 as compared to naive,
b
p < 0.05 as compared to ketamine. KET, Ketamine; H, Hesperidin;
CoQ10, Coenzyme Q10

Fig. 13 Effect of hesperidin and Coenzyme Q10 on complex II
enzyme activity in the prefrontal cortex region of the brain. Data were
analyzed by one-way ANOVA followed by Tukey’s post hoc analysis.
All values were expressed as Mean ± SEM. ap < 0.05 as compared
to naive, bp < 0.05 as compared to ketamine. KET, Ketamine; H,
Hesperidin; CoQ10, Coenzyme Q10

Fig. 11 Effect of hesperidin and Coenzyme Q10 on complex I
enzyme activity in the prefrontal cortex region of the brain. Data were
analyzed by one-way ANOVA followed by Tukey’s post hoc analysis.
All values were expressed as Mean ± SEM. ap < 0.05 as compared
to naive, bp < 0.05 as compared to ketamine. KET, Ketamine; H,
Hesperidin; CoQ10, Coenzyme Q10

Fig. 14 Effect of hesperidin and Coenzyme Q10 on complex II
enzyme activity in the hippocampus region of the brain. Data were
analyzed by one-way ANOVA followed by Tukey’s post hoc analysis.
All values were expressed as Mean ± SEM. ap < 0.05 as compared
to naive, bp < 0.05 as compared to ketamine. KET, Ketamine, H,
Hesperidin, CoQ10, Coenzyme Q10

21 days significantly (p < 0.05) restored Complex I activity in both the prefrontal cortex (Fig. 11) and hippocampus region (Fig. 12) as compared to ketamine group.
However, treatment with hesperidin (50, 200 mg/kg) for
21 days did not produce any significant effect on Complex I activity in the prefrontal region as compared to the
ketamine group.

Fig. 12 Effect of hesperidin and Coenzyme Q10 on complex I
enzyme activity in the hippocampus region of the brain. Data were
analyzed by one-way ANOVA followed by Tukey’s post hoc analysis.
All values were expressed as Mean ± SEM. ap < 0.05 as compared
to naive, bp < 0.05 as compared to ketamine. KET, Ketamine; H,
Hesperidin; CoQ10, Coenzyme Q10

prefrontal cortex and hippocampus regions as compared
to the naïve group. Further, treatment with hesperidin
(100 mg/kg) and coenzyme Q10 (20 and 40 mg/kg) for

Effect of hesperidin and coenzyme Q10 on mitochondrial
complex II (Succinate dehydrogenase) activity

Ketamine (50 mg/kg) treatment for 21 days significantly
(p < 0.05) impaired the complex II activity in both prefrontal cortex and hippocampus regions as compared
to the naïve group. Further, treatment with hesperidin
(100 mg/kg) and coenzyme Q10 (20 and 40 mg/kg)
for 21 days significantly (p < 0.05) restored Complex II
(Succinate dehydrogenase) activity in both the prefrontal cortex (Fig. 13) and hippocampus region (Fig. 14) as
compared to ketamine group. However, treatment with
hesperidin (50, 200 mg/kg) for 21 days did not produce
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Fig. 15 Effect of hesperidin and Coenzyme Q10 on complex III
enzyme (cell viability assay or MTT assay) activity in the prefrontal
cortex region of the brain. Data were analyzed by one-way ANOVA
followed by Tukey’s post hoc analysis. All values were expressed as
Mean ± SEM. ap < 0.05 as compared to naive, bp < 0.05 as compared to
ketamine. KET, Ketamine; H, Hesperidin; CoQ10, Coenzyme Q10

Fig. 17 Effect of hesperidin and Coenzyme Q10 on complex IV
enzyme activity in the prefrontal cortex region of the brain. Data were
analyzed by one-way ANOVA followed by Tukey’s post hoc analysis.
All values were expressed as Mean ± SEM. ap < 0.05 as compared
to naive, bp < 0.05 as compared to ketamine. KET, Ketamine; H,
Hesperidin; CoQ10, Coenzyme Q10

Fig. 16 Effect of hesperidin and Coenzyme Q10 on complex III
enzyme (cell viability assay or MTT assay) activity in the hippocampus
region of the brain. Data were analyzed by one-way ANOVA
followed by Tukey’s post hoc analysis. All values were expressed as
Mean ± SEM. ap < 0.05 as compared to naive, bp < 0.05 as compared to
ketamine. KET, Ketamine; H, Hesperidin; CoQ10, Coenzyme Q10

Fig. 18 Effect of hesperidin and Coenzyme Q10 on complex IV
enzyme activity in the hippocampus region of the brain. Data were
analyzed by one-way ANOVA followed by Tukey’s post hoc analysis.
All values were expressed as Mean ± SEM. ap < 0.05 as compared
to naive, bp < 0.05 as compared to ketamine. KET, Ketamine; H,
Hesperidin; CoQ10, Coenzyme Q10

any significant effect on Complex II activity in the
prefrontal region as compared to the ketamine group
(Fig. 13).
Effect of hesperidin and coenzyme Q10 on mitochondrial
complex III (MTT assay) activity

Ketamine (50 mg/kg) treatment for 21 days significantly
(p < 0.05) impaired the complex III activity in both prefrontal cortex and hippocampus regions as compared to
the naïve group. Further, treatment with hesperidin (100
and 200 mg/kg) and coenzyme Q10 (20 and 40 mg/kg)
for 21 days significantly (p < 0.05) restored complex III
activity in both the prefrontal cortex (Fig. 15) and hippocampus region (Fig. 16) as compared to ketamine
group. However, treatment with hesperidin (50 mg/kg)
for 21 days did not produce any significant effect on complex III in both the prefrontal and hippocampus region as
compared to the ketamine group.

Effect of hesperidin and coenzyme Q10 on mitochondrial
complex IV (Cytochrome oxidase) activity

Ketamine (50 mg/kg) treatment for 21 days significantly (p < 0.05) decreased complex IV activity in both
the prefrontal cortex and hippocampus region of the
brain, as compared to the naïve group. Further, treatment with hesperidin (200 mg/kg) and coenzyme Q10
(20 and 40 mg/kg) for 21 days significantly (p < 0.05)
restored complex IV activity prefrontal cortex (Fig. 17)
as compared to the ketamine group. Similarly, treatment with hesperidin (100 and 200 mg/kg) and coenzyme Q10 (20 and 40 mg/kg) for 21 days significantly
(p < 0.05) restored activity complex IV in the hippocampus (Fig. 18) as compared to the ketamine group. However, treatment with hesperidin (50 mg/kg) for 21 days
did not produce any significant effect on complex IV
activity in both the prefrontal cortex and hippocampus
region as compared to the ketamine group.
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Discussion
Studies have shown that antagonists of NMDA-Rs, such
as ketamine and MK-801, induce behavioral changes
(positive symptoms, negative symptoms, and cognitive
decline) [7, 8, 19]. In this study, ketamine administration
developed both positive and negative symptoms along
with cognitive deficits in mice. Ketamine administration
significantly increased locomotor activity on days 7 and
14 followed by hypolocomotion on day 21 of the experiment and induced stereotypic behaviors indicative of
positive symptoms of psychosis. Negative symptoms in
ketamine-treated animals were represented by increased
immobility duration in the forced swim test. Moreover,
ketamine treatment significantly caused cognitive deficit
as evidenced by delayed transfer latency in the closed arm
of elevated plus maze performance task on days 14 and
21. There are consistent observations that have showed to
induce positive symptoms, negative symptoms, and cognitive decline in animals [8, 30], supporting our study.
In this study, 21 days of administration of hesperidin
and CoQ 10 significantly reversed both positive and negative symptoms along with cognitive improvement in ketamine-treated animals suggesting their protective effects.
The study further validates the previous reports on psychosis [8, 29]. Furthermore, the combination of hesperidin (100 mg/kg) with CoQ 10 (40 mg/kg) did not produce
any significant protective effect on hyperlocomotor activity on days 7 and 14 and hypolocomotor activity on day
21 as compared to their per se effect in ketamine-treated
animals. However, in the combination group, the trend
of reduced locomotor activity on days 7 and 14 and
increased locomotor activity on day 21 was observed
as compared to their treatment alone. Furthermore, the
positive trend of their protective effect indicates that
their combination in higher doses could be effective.
Whereas, the combination of hesperidin (100 mg/kg),
CoQ 10 (40 mg/kg) with olanzapine (5 mg/kg) significantly reversed ketamine-induced hyperlocomotion on
days 7 and 14 which showed that olanzapine might have
some positive synergism in causing their protective effect
in ketamine-treated animals. This study suggested that
hesperidin and CoQ 10 combination could be useful as
an adjuvant in enhancing the protective effect of olanzapine against ketamine-induced psychosis.
Administration of hesperidin and CoQ 10 for 21 days
significantly reversed ketamine-produced stereotypic
behavior on days 7, 14, and 21. The effect of hesperidin
was similar to olanzapine (5 mg/kg) effects in ketaminetreated animals. Furthermore, the combination of hesperidin (100 mg/kg) with CoQ 10 (40 mg/kg) and or a
combination of hesperidin (100 mg/kg) with CoQ 10
(40 mg/kg) and olanzapine (5 mg/kg) was not any significant effect on stereotypic behaviors on days 7, 14, and
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21 as compared to their per se effect in ketamine-treated
animals. Treatment with hesperidin and CoQ 10 significantly improved transfer latency. Moreover, the combination of hesperidin (100 mg/kg) with CoQ 10 (40 mg/
kg) and or hesperidin (100 mg/kg) with CoQ 10 (40 mg/
kg) and olanzapine (5 mg/kg) did not produce any significant protective effect on memory as compared to their
per se effect in ketamine-treated animals. Treatment
with hesperidin and CoQ 10 significantly improved the
mobility period in ketamine-treated animals. The combination of hesperidin (100 mg/kg) with CoQ 10 (40 mg/
kg) and hesperidin (100 mg/kg) with CoQ 10 (40 mg/kg)
and olanzapine (5 mg/kg) did not any produce a significant protective effect on immobility period as compared
to their per se effect in ketamine-treated animals. These
results were comparable to that of olanzapine treatment
in ketamine-treated animals, which represents that hesperidin and CoQ10 might follow the same mechanism of
action as olanzapine.
Flavonoids administration has been associated with
delayed onset and development, decreased risk, or
increased improvement of various neuropsychiatric disorders [31]. Many pharmacological investigations suggested the neuroprotective role of flavonoids due to their
antioxidant, anti-inflammatory, and mitochondrial complex functions restoring property [32, 33]. This is because
of their structural similarity, biochemical specificity, and
chemical diversity [19]. Flavonoids have been shown to
increase gamma-aminobutyric acid (GABA) concentration [34], which modulates sensitivity to dopaminergic
neurotransmissions and thus they have the potential to
treat positive symptoms of psychosis. Flavonoids also
normalize mood due to antidepressant properties [35].
Many studies suggested the protective effect of flavonoids
in learning and memory dysfunction [36–38].
Antioxidant enzyme deficiency and oxidative stress
are involved in the pathophysiology of psychosis [39].
Dopamine is a highly redox reactive molecule and generates ROS during normal neurotransmission [40]. Psychotic mice were found to be more prone to oxidative
stress as compared to healthy mice [41, 42]. This difference can be ascribed due to the deficiency of the antioxidant enzyme. NMDA-R-ionophores are reported to be
regulated by endogenous glutathione (antioxidant) and
slightly activate the glutamate and NMDA-Rs induced
calcium influx [43, 44]. Hence, glutathione deficiency
is an important factor for the hypofunction of NMDA
receptors in psychosis [45, 46]. These reports suggest
that lowering glutathione levels can alter the presynaptic mechanisms involved in neurotransmitter release.
Moreover, ketamine (NMDA-R antagonist) has been
well documented to deplete GSH levels in the prefrontal cortex, hippocampus, and striatum and contribute to
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the genesis of psychotic behaviors like increased stereotypic gestures, immobility duration, and delayed transfer latency in animals [19]. Furthermore, mitochondrial
glutathione (mGSH) entails as a defense to regulate the
mitochondrial redox system to prevent oxidative modifications leading to mitochondrial dysfunction and apoptosis. Notably, various preclinical and clinical pieces of
evidence reported the potential effect of antioxidant
precursor treatment in psychosis [47–49]. In this study,
ketamine significantly decreased GSH levels in the hippocampus without influencing its level in the prefrontal
cortex. Both hesperidin and CoQ10 treatment for 21 days
significantly restored the GSH level hippocampal region
suggesting their protective defense action. Their protective effect may be due to their free radical scavenging properties. The results further support the previous
reports [7, 19]. SOD is another enzyme that also helps to
fight reactive oxygen species (ROS) [50]. Preclinical and
clinical studies on psychosis reported decreased SOD
activity in the psychotic patient [51]. Treatment with hesperidin and CoQ 10 reversed endogenous antioxidant
SOD activity suggesting their protective effect. Similarly,
catalase is also an essential antioxidant enzyme that utilizes oxygen. The development of neurological disorders
has also resulted from mutation or deficiency of this
enzyme [42, 52]. The catalase activity was significantly
reduced in ketamine-treated animals, which was significantly restored by chronic treatment with hesperidin and
CoQ10 in our study, this mechanism might be involved
to reduce the psychotic behaviors in the animals.
All functions of the body require energy in the form of
adenosine triphosphate (ATP) and this energy is mainly
generated in mitochondria by a process called oxidative phosphorylation. Apart from producing ATP and
phosphocreatine high energy phosphates mitochondria
and oxidative phosphorylation (OXPHOS) also play a
vital role in some vital cellular functions and processes
including reactive oxygen species production [53],
inflammation [54, 55], calcium homeostasis, and apoptotic signaling [56, 57]. Also, OXPHOS dysfunctioning
is reported in some neuropsychiatric disorders including
psychosis [58, 59]. The significant interaction between
mitochondrial respiration and dopamine is proposed
to be involved in psychosis. Several studies indicate the
involvement of ketamine to impair mitochondrial associated functions [60, 61]. In the present study, chronic
ketamine administration has significantly decreased the
activity of mitochondrial complex I, II, III, and IV in the
prefrontal cortex and hippocampus regions of the brain.
Hesperidin is having ubiquinone property which significantly OXPHOS restored the activity of brain mitochondrial complexes in the present study. Moreover, CoQ 10
was also reported to have ubiquinone properties [62]. It
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is well known for its mitochondrial restorative property
enzymes and improves the neuroprotective effect. Previously, CoQ 10 has shown statistically significant and
robust clinical improvements in mitochondrial enzyme
in many neuropsychiatric disorders especially cognitive
deficient [63]. CoQ 10 effectively improved neuroprotective effects by restoring mitochondrial enzyme complexes activity in this study. However, a combination of
hesperidin with CoQ10 has not produced any significant
effect in reversing the activity of mitochondrial enzyme
complexes as compared to their effect alone but trends
were seen with their treatment. This could be due to
their independent mode of action. So, the biochemical
studies and mitochondrial assays suggested the antioxidant and mitochondrial restoring property of hesperidin
and CoQ10 and due to this these agents were responsible to produce neuroprotective effects against ketamineinduced behavioral changes in mice by restoring the
protective defense system. However, a possible hesperidin protective effect can be understood by Fig. 19. So, it
can be demonstrated that the antioxidant and mitochondrial properties of hesperidin and CoQ10 reversed the
ketamine dysfunctioning brain biological activity. Hence,
by following this mechanism hesperidin and CoQ10 significantly reduced positive and negative symptoms and
increase cognitive function. The limitation of the study
is that neurotransmitters level like dopamine levels can
make this research more effective and clear. Otherwise,
the results of the study demonstrate that the hesperidin
alone or in combination with Coenzyme Q10 would be
therapeutically effective in the treatment of human psychiatric disorders or can prove a potential neuroprotective agent.

Conclusions
The present study concluded that hesperidin and CoQ10
showed potential effects to ameliorate ketamine-induced
psychotic behaviors and cognitive decline. The protective effects of hesperidin and CoQ10 seem to be mediated by potent antioxidant and mitochondrial restoring
properties. Furthermore, treatment of hesperidin in combination with CoQ10 potentiated their effects against
ketamine-induced psychotic behaviors, which showed its
synergistic effects. These results suggest that hesperidin
and CoQ10 are the potential candidates to be explored
further for the treatment of human psychosis.
Limitation of the study
More biochemical estimations like dopamine level and
AChE activity and histopathological study could have
been conducted for more understanding.
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Fig. 19 Possible mechanism of action of hesperidin and CoQ10
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