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INTRODUCTION
A stroke is characterized by a sudden blockage in 

the blood supply to brain tissues, leading to brain ischemia; 
and stroke-related brain damage, and has become one of the 
leading causes of death worldwide [1,2]. Despite advancements 
in medical facilities, the incidence of stroke continues to rise, 
resulting in a growing global burden on both stroke victims and 
survivors [2,3]. More than half of those who survive a stroke end 
up with some form of disability, with cognitive decline being 

a prominent complication among them [4–6]. Additionally, 
stroke survivors often experience physical disabilities, anxiety, 
depression, and even convulsions [7]. Tissue plasminogen 
activator, a thrombolytic agent, stands as the sole FDA-approved 
option to mitigate obstruction of blood flow responsible for 
stroke. the mortality linked with stroke incidence. However, its 
efficacy is contingent upon administration within 4.5 hours of 
the stroke’s onset [8]. The restoration of blood supply engenders 
oxidative stress, exacerbating neuronal injury a phenomenon 
known as reperfusion injury [9]. 

Post-stroke complications constitute a multifactorial 
pathology: oxidative stress, inflammation, energy deprivation, 
mitochondrial dysfunction, and excitotoxicity [10–12]. These 
pathological mechanisms collectively lead to neuronal injury and 
death. It impacts specific brain regions and consequently affects 
vital functions [6,12]. Hippocampal cellular injury following a 
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ABSTRACT
Developing effective therapeutics for stroke, extending beyond brain injury to overcome the post stroke complications 
is the need of hour. Post-stroke recovery is a primary research goal, necessitating treatments targeting multiple 
aspects of stroke pathology to enhance patient outcomes. Co-administration of therapies presents a promising 
approach to address post-stroke complications. Here, we assessed the combined effect of Metformin (MET) and 
Coenzyme Q10 (CoQ10) in mitigating post-stroke injury in rats. Rats underwent bilateral common carotid artery 
occlusion followed by reperfusion. They were divided into groups: Sham, IR (ischemic reperfusion), MET-treated, 
CoQ10-treated, and co-administered (MET+CoQ10). All treatments were given intramuscularly for 1–3 days post-
stroke. Brain infarct size was significantly reduced in all treatment groups as compared to IR. Neurological score, 
% alteration, transfer latency, and discrimination ratio are ameliorated in all treatment groups. Coadministration 
shows a significant reduction in LPO as compared to IR and MET-treated animals. Glutathione and BBB integrity 
improved in all treated groups. Histology shows less pyknosis and vacuolization in treated rats’ hippocampus. MET 
and CoQ10 treatment for 3 days post-stroke exhibited neuroprotective effects and improved cognitive function. 
Co-administration demonstrated enhanced antioxidant defense compared to individual treatments, suggesting 
potential synergy in mitigating post-stroke complications.
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Earlier, simultaneous administration of MET and CoQ10 has 
been reported to enhance anti-inflammatory, antidiabetic 
action [38-40], indicating CoQ10 contributes to MET action. 
However, data on their combined effects on cerebral ischemia-
reperfusion injury are lacking. Therefore, the aim of the present 
study is to evaluate the effects of post-injury treatment with 
MET and CoQ10 on experimentally induced post-stroke injury 
and associated cognitive complications.

MATERIAL AND METHODS

Materials
MET was obtained as a gift sample from Emcure 

Pharmaceutical, Pune, Maharashtra, whereas CoQ10 was 
purchased by SV Agro Mumbai, Maharashtra. All other 
chemicals and reagents used in this work were of analytical 
grade.

Animals
Adult Wistar rats (200–250 g) of either sex were 

obtained from the central animal house facility of the institute. 
The study protocol was approved by the Institutional Animal 
Ethics Committee (IAEC), VNS Institute of Pharmacy, Bhopal 
and according to the guidelines of CPCSEA (Approval No.: PH/
IAEC/VNS/2K22/01, Date:19 January 2021). The animals were 
maintained at a controlled temperature of 24°C and provided 
standard food and water ad libitum under a 12-hour light/dark 
cycle.

Induction of IR injury using bilateral common carotid artery 
occlusion (BCCAO)

The ischemia-reperfusion injury was induced by the 
BCCAO model described in Iwasaki et al. [41] with slight 
modification. The rats were anesthetized by administration of 
Ketamine (60 mg/kg i.p) and Xylazine (10 mg/kg i.p.). The 
rats were kept in the supine position, and body temperature 
was maintained at 37°C throughout the surgical intervention. 
The neck area was shaved, and the midline incision was done 
to expose both common carotid arteries (CCAs). Both CCAs 
were isolated carefully from adjacent tissue and vagus nerve. 
Furthermore, both CCAs were ligated by a thread for 15 minutes 
in all animals, except Sham operated group. After 15 minutes 
of occlusion reperfusion began by removing the thread and 
allowed reperfusion for the next 3 days. 

Experimental design
The rats were randomly allocated into five groups, 

each group containing 24 rats, and further subdivided into four 
subsets (n = 6). Sham; vehicle-treated and both CCAs were 
isolated by not ligated; IR: Both CCAs ligated for 15 minutes 
followed by reperfusion for 3 days; MET: Metformin treated; 
(200 mg/kg; i.m. for 3 days), CoQ10: Coenzyme Q10 (200 
mg/kg; i.m. for 3 days) and MET+CoQ10: MET and CoQ10 
coadministration. All the treatments were administered for post 
injury 03 days. Each subset will be used for evaluating different 
parameters. The details of each subset are as follows:

Set I: Neurological score, Behavioral, Infarct area
Set II: Oxidative stress (GSH and LPO)

stroke is correlated with long-term cognitive impairment, thereby 
affecting the quality of life of stroke survivors [13,14]. It leads 
to and results in a substantial socioeconomic burden [3,15]. 
Addressing multiple pathological mechanisms of stroke holds 
promise in enhancing the quality of life for stroke survivors [1,16]. 
Hence, employing a combination of two or more therapeutic 
agents that target distinct pathways could prove beneficial in 
mitigating stroke and its associated complications.

Metformin (MET), an oral hypoglycemic agent and 
an activator of AMP-activated protein kinase (AMPK) [17], is 
recognized for its neuropharmacological actions [18,19]. Previous 
reports suggest that MET can diminish the incidence and severity 
of stroke [19,20]. AMPK activation is linked to the maintenance 
of energy homeostasis [21], reduction of inflammation [22], 
and mitigation of oxidative stress [23], thereby promoting cell 
survival [24]. This AMPK-mediated neuroprotective potential 
underscores the neuroprotective action of MET [24,25]. 
Furthermore, earlier studies also suggest a potential role for 
MET and AMPK activation in enhancing learning and memory 
function [26,27]. However, some reports also present inconsistent 
findings regarding the effects of MET on stroke [19], potentially 
due to differences in dosage regimens and the intensity of AMPK 
activation [18]. Moreover, limited data are available regarding its 
effects on post-stroke conditions.

CoQ10 is an endogenous antioxidant involved in 
energy production and mitochondrial stabilization, extensively 
investigated for its cardioprotective effects against myocardial 
ischemia-reperfusion injury [28,29]. Additionally, the 
neuroprotective role of CoQ10 in neurological complications 
such as Alzheimer’s and Parkinson’s diseases, could be 
associated with its antioxidant and mitochondrial stabilization 
action [30,31]. CoQ10, also known as ubiquinone, plays 
a crucial role in cellular energy production, particularly in 
mitochondria where ATP is generated. In neurons, ATP is 
primarily generated through oxidative phosphorylation, 
within the inner mitochondrial membrane. CoQ10 regulates 
energy production via con-tributing to the electron transport 
chain in mitochondria; and serves as an electron carrier 
between Complexes I and II (which donate electrons) and 
Complex III (which accept electrons) [32,33]. These critical 
mechanisms of CoQ10 are essential for energy-dependent 
neuronal functions, including neurotransmission, maintaining 
membrane potentials, and overall cellular homeostasis in the 
nervous system [33,34]. Similarly, CoQ10 has been studied 
for its neuroprotective properties in stroke models. It acts as 
an antioxidant; scavenges free radicals and reduces oxidative 
stress, thereby contributing to restricting neuronal damage 
during ischemic stroke [35,36]. Ischemic stroke triggers 
inflammatory responses that exacerbate brain injury; CoQ10 
attenuates inflammation by modulating cytokine, i.e., TNF-α, 
IL-6 production, and blocking inflammatory pathways 
activation cascade. Thus, CoQ10 plays a vital role in reducing 
secondary damage in post-stroke injury [37].

Combining MET and CoQ10 will target different 
pathological mechanisms of stroke injury, MET will maintain 
energy homeostasis by acting through AMPK, while CoQ10 
will prevent oxidative stress. This could result in better 
outcomes in stroke injury as compared to individual treatment. 
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Set III: Blood–brain barrier permeability
Set IV: Histopathology.

Neurological scoring
Neurologic examinations were performed on the third 

day of post injury using modified neurological scores described 
by Li et al. [42] and Akhoundzadeh et al. [43] (Table 1). 
Neurological score was graded on a scale of 0–14. One point is 
given for the inability to perform the tasks or for the lack of a 
tested reflex. A score between 10 and 14 would be severe, 5–9 
moderate and 1–4 would be a mild injury. The maximum point 
score would be 14 [42,43].

Novel objective recognition test (NORT)
NORT was performed to assess the ability to recognize 

two different objects. This test was performed as described in 
Leger et al. [44] and Panta et al. [45]. The animals were trained 
for 5 days before BCCAO surgery. Day 1 (Familiarization 
session); the rat was placed into an activity box and acclimatized 
for 5 minutes. Day 2 to 4 (Familiar object); the rat was exposed 
to the two same objects (A and B) for 10 minutes and spent time 

with both objects was recorded. The cut off time of 20 seconds 
with both objects indicates maximum exploratory behavior. On 
day 5 (Novel object); the rat was exposed to one familiar object 
A and the novel object (N) instead of object B. After completion 
of the training on the fifth day the rat underwent for BCCAO 
surgery and on post stroke third day the rat was again exposed to 
NORT with familiar (A) and novel (N) objects. Time explored 
with each object was recorded and the discrimination ratio was 
calculated using the following formula [46].

Discrimination ratio: �[Time spent with novel object]-
Time spent with familiar object] / 
[total time spent with bot object]. 

% Spontaneous alteration on Y-maze
Spontaneous alteration behavior was analyzed using 

the method described in Wahl et al. [47] using Y-maze [47]. 
Y-maze comprises three wooden arms (40 × 15 × 35) at 120° 
to each other. During 5-day training the rat was exposed to the 
central area of Y-maze and allowed to free move and record 
the alteration behavior for 8 minutes. The correct alteration was 
considered when the rat alternatively moved in each arm, i.e., 
ABC, BAC, CAB, and so on. Total correct alterations during 8 
minutes were recorded and % alteration was calculated using 
formula: 

% alteration: �[Total number of alterations]/[number of 
arms entered]*100

The rat was trained on Y-maze for 5 days before 
BCCAO surgery, and on post injury third day again exposed to 
assess the % alteration response. 

Transfer latency (LT) on elevated plus maze
LT was assessed using the Elevated plus maze (EPM) 

test, as described previously [48–50]. All rats were trained on 
EPM for 5-days before the BCCAO. Each rat was placed next 
to the open arm of the EPM, facing away to the closed arm of 
the EPM. LT was recorded as the time taken by the animal to 
reached open arm to the closed arm. The cut off time for LT is 
90 seconds. After the third day of BCCAO animal was again 
exposed to EPM and LT was recorded. 

Brain infarction analysis
Infarct analysis was conducted on coronal brain slices 

(2 mm thick) immediately after isolation, which were then 
stained with 2% 2,3,5-triphenyltetrazolium chloride (TTC) 
for 30 minutes at room temperature [51]. Subsequently, a 10% 
formalin solution was employed to fix the slices overnight, 
followed by the assessment of the infarct area using ImageJ 
software version 1.30V (http://www.rsb.into.nih/ij). The total 
infarct area was determined by summing the individual areas 
across all sections. This total infarct area was then multiplied 
by the thickness of the brain slice to compute the infarct volume 
per brain in cubic millimeters (mm3).

Oxidative stress
Brain tissue weighing 1 g was homogenized in ice-

cold 10% trichloroacetic acid (TCA) using a tissue homogenizer. 

Table 1. Modified neurological severity score. 

Behavioural assessment Score

A. Motor tests

1. Raising the rat via the tail

a. Flexion of forelimb 1

b. Flexion of hindlimb 1

c. �Head moving more than 10° to the vertical axis within 30 
seconds

1

2. Placing the mouse on the floor

a. Inability to walk straight 1

b. Circling toward the paretic side 1

c. Falling down to the paretic side 1

3. Abnormal movements

a. Immobility and staring 1

b. Tremor (wet-dog-shakes) 1

c. Myodystony, irritability, seizures, myoclonus 1

B. Sensory tests

1. �Visual and tactile placing (limb placing test to detect visual 
and superficial sensory)

Moving the mouse laterally toward the table:
a. �Reaching the table slowly with limbs or cannot place at all

1

2. �Proprioceptive test (deep sensory) Pushing the paw against 
the table edge to stimulate limb muscles

1

3. Losing the resistance 1

c. Reflexs(blunt or sharp stimulation)

a. �Absence of Pinna reflex (a head shake when touching the 
auditory meatus)

1

b. �Corneal reflex (an eye blink when lightly touching the 
cornea with cotton)

1

c. �Startle reflex (a motor response to a brief loud noise from 
snapping a clipboard paper)

1
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Malondialdehyde levels were measured as an indicator of lipid 
peroxidation by observing the generation of thiobarbituric acid-
reactive substances at 532 nm and, expressed as millimoles per 
milligram of tissue protein [52]. Reduced glutathione (GSH) 
levels were determined using 5,5′-dithiobis (2-nitrobenzoic acid) 
(DTNB) reagent at 412 nm and expressed as micrograms of GSH 
per milligram of protein [53]. The protein content of each sample 
was quantified using the method described by Lowry et al. [54].

Estimation of blood–brain barrier (BBB) permeability
The investigation into BBB integrity involved 

assessing Evans blue (EB) extravasation as indicative of brain 
leakage. BBB permeability was quantified as micrograms of EB 
per hemisphere, serving as a measure of vascular permeability. 
On the third day following reperfusion, a 0.1 ml solution of 
4% EB was administered via the tail vein of rats. Subsequently, 
rats were anesthetized and underwent transcardial perfusion 
with 100 ml of heparinized saline solution (10 IU/ml) post-
reperfusion. Following sacrifice, the brains were extracted 
and homogenized in 1 ml of 0.1 mol/l PBS, followed by 
centrifugation at 1,000 g for 15 minutes. To the resulting 0.7 
ml supernatant, 0.7 ml of a 100% TCA solution was added. 
The mixture was incubated at 14°C for 18 hours and then 
centrifuged at 1,000 g for 30 minutes. The spectrophotometric 
determination of EB concentration in the supernatant at 610 nm 
was conducted by comparison against readings obtained from 
standard solutions [55].

Histological analysis
Following the decapitation of the rats, the brain 

was promptly removed, rinsed with saline, and then fixed in 
a solution of 10% buffered formalin. Subsequently, the brain, 
preserved in 10% formalin, was embedded in paraffin, and 
sections measuring 5 mm were prepared. These sections were 
then stained with a 1% cresyl violet solution. Examination of 
the brain sections under a microscope was conducted to detect 
any histological alterations. 

Statistical analysis
All data were summarized as mean ± SEM, analyzed 

with One Way Analysis of Variance (ANOVA) followed by 
Tukey’s test. However, the neurological score was analyzed 
with the Kruskal Wallis test and reported as median values 
with the quartile range (25%–75%). Statistical difference was 
considered significant with the values p < 0.05 using GraphPad 
Prism 5 (GraphPad Software, USA).

Neurological improvement
The neurological score was significantly higher 

in IR group (p < 0.05) as compared to Sham, indicating 
neurological impairment due to IR injury (Fig. 1A). Three-
day post stroke treatment with coadministration of MET and 
CoQ10 significantly (p < 0.05) reduces the score as compared 
to IR group. The median (25%–75% quartile range) for the 
coadministration group was 2.00 (1.75–3.00) compared with 
10.00 (9.75–11.00) in the IR group. Alone treatment of MET 
2.50 (1.75–3.25) and CoQ10 3.00 (2.00–4.00) also reduces the 
score as compared to the IR group. However, alone treatment 
does not show a significant reduction. 

Improving discrimination ratio
IR injury significantly reduces the discrimination ratio 

in the IR group (0.27 ± 0.16) as compared to the Sham group 
(0.90 ± 0.04), indicating the impact of IR injury on recognition 
memory (Fig. 3C). Three-day treatment of coadministration of 
MET and CoQ10 improve this recognition power (0.49 ± 0.03). 
This coadministration also shows a better discrimination ratio 
as compared to alone MET (0.52 ± 0.15) and CoQ10 (0.46 ± 
0.18).

Amelioration of spontaneous alteration behavior
Coadministration of MET and CoQ10 showed higher % 

alteration behavior on Y-maze (31.17 ± 4.90) as compared to IR 

Figure 1. (A) Neurological score; (B): Brain infarct volume; (C): Blood brain barrier permeability. 
Data were expressed as Median with interquartile rang (n = 6) for neurological score, and analyzed by Kruskal Wallis non-parametric test. Whereas, for infarct area 
and BBB permeability data were expressed as Mean ± SEM and analyzed by one-way ANOVA followed by Tukey’s test. 
Where ap < 0.05 versus Sham; b p < 0.05 versus IR; c p < 0.05 versus MET; d p < 0.05 versus CoQ10.

RESULTS AND DISCUSSION
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group (17.10 ± 6.01) indicating improvement in spatial memory 
upon treatment; however, this improvement does not achieve a 
significant level (Fig. 3A). Similarly, no significant difference was 
observed in alone MET (36.41 ± 14.65) and CoQ10 (29.72 ± 7.15) 
as compared to coadministration group. Although alone treatment 
also showed better alteration response as compared to IR.

Minimizing LT
IR injury significantly (p < 0.05) enhances the LT on 

EPM indicating impairment in cognition. LT of the IR group 
was (49.33 ± 7.81) as compared to the Sham group (15.33 ± 
1.69). Significant reduction in LT was found with post stroke 
3-day treatment with MET (19.67 ± 1.43), CoQ10 (21.17 ± 
2.72), and coadministration (23.50 ± 10.37) as compared to the 
IR group (Fig. 3B).

Limiting brain infarction
BCCAO-induce IR injury showed significantly (p < 

0.05) higher brain infarcted area in TTC stained coronal brain 
slice (Fig. 2) in the IR group (30.99 ± 1.74) as compared to 
the Sham group (7.92 ± 0.79). Whereas, 3-day post injury 
coadministration of MET and CoQ10 significantly minimizing 
the infarcted area (9.83 ± 0.95) as compared to IR as well 
as to the alone MET-treated group (18.53 ± 1.33). While 
alone CoQ10 treated group (10.39 ± 0.85) also significantly 
(p  <  0.05) reduced the infarcted area as compared to the IR 
group (Fig. 1B).

Restoring BBB integrity
Three-day post stroke set up significantly (p < 0.05) 

enhances the BBB permeability in the IR group (7.28 ± 0.76) as 
compared to the Sham group (1.86 ± 0.45). Treatment groups 
significantly attenuate the EB level in MET (1.74 ± 0.37), 
CoQ10 (3.12 ± 0.56), and Coadministration (1.97 ± 0.31) as 
compared to the IR group. However, coadministration does not 
show a significant (p < 0.05) difference as compared to alone 
MET and CoQ10 treated groups (Fig. 1C).

Attenuating oxidative stress
IR injury markedly generated oxidative stress, which 

has been estimated as a significantly (p < 0.05) reduction in 
GSH level in the IR group brain (3.54 ± 0.79) as compared 
to the Sham group (17.46 ± 1.17) (Fig. 4A). Three-day post 
stroke coadministration of MET and CoQ10 significantly 
ameliorates the GSH level (14.92 ± 2.03) as compared to 
IR group. Coadministration also shows better improvement 
in GSH level as compared to alone MET (12.08 ± 1.56) and 
CoQ10 (8.51 ± 1.61). While, LPO levels were significantly (p 
< 0.05) augmented in the IR group (13.63 ± 1.15) as compared 
to the Sham group (4.92 ± 0.64) (Fig. 4B). Coadministration 
significantly reduces the LPO level (6.01 ± 0.55) as compared 
to IR and alone MET group (12.76 ± 1.05), indicating 
coadministration having a better effect over alone treatment.

Improving cellular injury
Histopathology of the brain of the Sham group 

indicates normal pyramidal neuron cells in hippocampus CA1, 

CA2, and CA3 areas. IR group indicated pyknosis, constraint 
nuclei, and vacuolation in CA1, CA2, and CA3 areas of 
the brain indicating cellular injury. Whereas, all treatment 
groups demonstrated less sign of pyknosis, constrain nuclei, 
and vacuolation. The coadministration group showed better 
improvement as compared to alone MET and C0Q10 treated 
animals (Fig. 5). 

The present study demonstrated the post injury acute 
treatment effect of alone MET, CoQ10, and coadministration 
on BCCAO-induced ischemic reperfusion (IR) injury in rat 
brains. The coadministration of MET and CoQ10 show reduced 
brain infarction, neurological deficit, oxidative stress, improved 
cognitive ability, and cellular signs of tissue injury. The outcome 
of the study demonstrated the MET effect are potentiated with 
coadministration of potent antioxidant CoQ10. 

Targeting multiple pathological mechanisms using 
a combination of drugs is stroke shows better outcomes 
in earlier studies. Atif et al. [56] demonstrated combining 
vitamin-D hormone enhances the neuroprotective potential 
of progesterone in experimentally induced ischemic stroke in 
rats. The combination of vitamin-D hormone and progesterone 
activated brain-derived neurotrophic factor and enhances the 
anti-apoptotic protein Bcl-2 leading to functional recovery and 
reduction in brain infarcted area [56]. Similarly, a combination 
of progesterone and chloroquine also reduces the infarcted area 
as compared to alone treated. This combination also enhances 
the Bcl-2 protein level and suppressed Bax expression resulting 
neuroprotective action of this combination [57]. These earlier 
reports highlighted the beneficial outcomes of the combination 
of drugs over the alone treatment. Thereby, we combined 
CoQ10 with MET, to check whether this combination shows 
a beneficial effect in cerebral IR injury. MET would show 
neuroprotective potential by activating AMPK, while CoQ10 
can augment MET-mediated neuroprotection by exerting potent 
antioxidant defense.

AMPK activation has been widely reported for its 
beneficial role in various clinical complications [58–60]60]. 
However, earlier reports of MET-mediated AMPK activation 
role in stroke remain conflicting [25,61]. Li et al. [18] 
demonstrated the acute 3-day treatment prior to stroke induction 
exacerbated the infarct size, whereas chronic treatment for 3 
weeks showed neuroprotective action in the middle cerebral 
artery occlusion model in mice [18]. Moreover, another study 
indicates that pre-treatment MET at a dose of 200 mg/kg (7 
days) in rats had significantly attenuated the infarct size, LPO, 
MPO, and leukocyte infiltration. However, post treatment at the 
same dose and duration only reduces infarct size and doesn’t 
affect the LPO, MPO, and leukocyte infiltration, indicating the 

Figure 2. Infarcted area in brain slice after IR injury. 
Where A: Sham; B: IR; C: MET; D: CoQ10; E: MET+CoQ10. 
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beneficial effect of pretreatment [62]. On contrary, Zemgulyte 
et al. [63] indicated the neuroprotective action of post stroke 
MET treatment, but the dose and model used are different. 
This divergent effect of MET treatment explains the duration 
and extent of AMPK activation as an important factor for 
MET neuroprotective effect in cerebral IR injury. Three-day 
treatment in post-stroke setup (MET and CoQ10) significantly 
reduces the brain infarct area. AMPK is an energy sensor and 
activates the catabolic pathway such as glycolysis and fatty acid 
oxidation to produce energy for cell survival. AMPK activation 
is known to salvage mitochondrial damage [64–66] and would 

have of vital importance in restricting post-stroke brain damage 
[11,67]. The generation of oxidative stress is one of the key 
pathological mechanisms in stroke pathology leading to cellular 
injury. CoQ10, a potent antioxidant attenuates this free radical 
generation and associated neuronal cell death. Coadministration 
of MET and CoQ10 shows a greater reduction in infarcted 
brain area as compared to the IR group as well as to the MET 
individual treated group.

IR injury results in the generation of free radicals, the 
reactive oxygen species that cause damage and disruption of 
the lipid membrane. Lipid peroxidation further contributes to 

Figure 4. Oxidative stress (A): GSH; (B) LPO. 
Data were expressed as Mean ± SEM and analyzed by one-way ANOVA followed by Tukey’s test. 
Where ap < 0.05 versus Sham; b p < 0.05 versus IR; c p < 0.05 versus MET; d p < 0.05 versus CoQ10.

Figure 3. Cognitive parameters (A) % Alteration on Y-maze; (B): Transfer latency on EPM; (C): Discrimination Ratio on NORT. 
Data were expressed as Mean ± SEM and analyzed by one-way ANOVA followed by Tukey’s test.
Where ap < 0.05 versus Sham; b p < 0.05 versus IR; c p < 0.05 versus MET; d p < 0.05 versus CoQ10.
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inflammation, cell apoptosis in IR injury [65]. Furthermore, GSH 
depletion is another input to oxidative stress, resulting in cellular 
damage. The present study demonstrated coadministration of 
MET and CoQ10 significantly reduces the LPO as compared to 
IR and alone MET treatment, indicating coadministration has 
better antioxidant defense in IR injury. Similarly, GSH levels 
were significantly restored in the coadministration group as 
compared to IR and also indicated better results as compared 
to the alone treated group, exhibiting coadministration shows 
augmented effect as compared to alone treatment. MET 
treatment has been reported to enhance antioxidant defense by 
AMPK/Nrf2 (Nuclear factor-like 2) pathway [22]. Similarly, 
CoQ10 is also reported for enhancing the level of antioxidant 
enzyme [69] as well as activating the transcription factor Nrf-2 
[69]. Furthermore, CoQ10 can also regenerate Vitamin-E which 
can protect the cells from oxidative damage [69,70]. 

Furthermore, the generation of oxidative stress also 
causes damage to BBB, leading to enhanced permeability. BBB 
limits the passage of large molecules and toxins, enhanced 
permeability results in inflammation, and cellular injury. The 
MET treatment can improves the BBB integrity by enhancing the 
level of tight junction proteins like occluding, zonula occludens-1 
(ZO-1), and claudin-5 [71,72]. Matrix metalloproteinases 
(MMPs) which are activated by increased levels of ROS result 
in degrading the tight junction proteins, thus contributing to BBB 
disruption. Earlier reports indicate that CoQ10 reduces the MMPs 
in various pathological conditions through its potent antioxidant 
mechanism [73]. The present study also coincides with the earlier 
reports and both MET and CoQ10 significantly improve the BBB 
integrity [36,71]. Coadministration also significantly restores the 
BBB permeability as compared to the IR group and the alone 
MET group.

The depletion of GSH in IR injury leads to oxidative 
damage in hippocampus [74], which is responsible for learning 
and memory function and the most vulnerable brain region 

to ischemia [75–77]. The current study also underscores the 
cellular injury in brain histology as pyknosis and vacuolation 
in the CA1, CA2, and CA3 areas of the hippocampus. All 
treatment groups show marked reduction of pyknosis and 
vacuolation in the hippocampus area. It could be the result 
of the biogenesis of mitochondrial proteins like Peroxisome 
proliferator-activated receptor gamma co-activator 1⍺ (PGC-
1⍺) & Transcription factor A, mitochondrial (TFAM), which are 
correlated with a decrease in cell death of hippocampus neurons 
[17,78]. This hippocampus injury is related with learning and 
memory impairment, which can be assessed by using Y-maze. 
Ahmadi-Soleimani et al. [79]  demonstrated that CoQ10 exerts 
anticholinesterase activity in hippocampus of the treated rats. 
Furthermore, the author correlated this activity with reducing 
oxidative stress in the hippocampus of rats, suggesting a role of 
CoQ10 to protect cholinergic neurons from damage and preserve 
acetylcholine levels. This preservation of acetylcholine would 
help maintain normal neurotransmission in the hippocampus, 
thereby improving memory and cognitive function.

Y maze is commonly used to assess spatial working 
memory [80]. Herein we demonstrated less spontaneous 
alteration behavior of IR group rats on Y-maze. On the other 
hand, the treatment groups show higher spontaneous alteration 
response, indicating improvement in cognitive ability. 
Similarly, on NORT, treatment groups exhibited a higher 
discrimination ratio as compared to IR groups, indicating the 
ability to discriminate familiar and novel objects. In addition, 
LT of EPM was significantly reduced in all treatment groups. 
This improvement in spontaneous alteration, discrimination 
ratio, and less LT leading to mitigation of learning and memory 
impairment associated with post-stroke injury. However, in 
both spontaneous alteration on Y-maze and discrimination ratio 
on the NORT test significant levels were not obtained in any of 
the treatments as well as in LT on EPM. 

This outcome could be the result of only a 3-day post-
injury treatment, which suggests the need for more extensive 
treatment in post-stroke subjects. Similarly, the neurological 
score was marked reduced in coadministration groups as 
compared to IR and alone-treated groups. Furthermore, the 
limitation of this study is that it does not evaluate the effect of 
this coadministration on musculoskeletal problems, which is one 
of the common disabilities in stroke survivors. In addition, this 
study exhibits cognitive improvement after coadministration 
treatment, but the estimation of acetylcholinesterase as the 
biomarker of cognition could add more value to the outcome. 

CONCLUSION
The results of this study indicate acute post stroke 

treatment of MET and CoQ10 prevents neuronal cell injury and 
improves associated cognitive impairments. Coadministration 
also exhibits better neuroprotective potential in post-stroke 
injury as compared to the individual-treated group. However, 
coadministration does not attain a significance level as 
compared to individual treatment groups. This indicates that 
3-day treatment of post stroke injury is not adequate to achieve 
synergistic or additive effects. Further studies are required to 
evaluate the long-term treatment effect of this combination on 
post stroke injury, Moreover, the outcome of musculoskeletal 

Figure 5. Histopathology of hippocampus area of brain (400x). 
Where long arrow indicates the pyknosis, constrain nuclei and short arrow 
indicates the vacuolation.



	 Mandloi et al. / Journal of Applied Pharmaceutical Science 15 (01); 2025: 206-215	 213

impairment & estimation of cognitive biomarkers would be 
interesting. 
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