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ABSTRACT

Objective: This study examined the effects of metformin, vitamin E, and coenzyme Q10 [CoQ10] 
administered individually and in combination in a neonatal rat model of Neonatal hypoxic-ischemic 
encephalopathy (HIE) induced on postnatal day [PND] 7 by unilateral carotid artery ligation followed 
by hypoxia. Behavioral, biochemical, neurological and histopathological parameters were evaluated 
through postnatal day 14.
Methods: We analyzed preclinical behavioral, histopathological, infarct volume, biochemical assays 
change in from multiple animal models, examining mechanisms of neuroprotection, pharmacokinetic 
profiles, safety data, and therapeutic window analyses for both individual and combination therapy 
approaches.
Results: The hypothermia group showed pronounced neurological impairment, motor and cognitive 
deficits, increased oxidative stress- ↑LPO, ↓SOD, ↓GSH, elevated blood brain barrier permeability, 
and larger infarct volumes. All treatment groups demonstrated improvement across these measures, 
with the hypothermia + metformin + vitamin E + CoQ10 combination producing the most robust 
neuroprotection, combination treatment shows significant (p < 0.05) data as compared to individual 
treatment groups. Triple therapy improved motor coordination and memory, reduced oxidative 
injury, lowered Evans Blue extravasation and cerebral edema, and markedly decreased infarct size. 
Histopathological findings confirmed reduced neuronal degeneration and better preservation of 
cortical and hippocampal regions.
Conclusions: The complementary mechanisms and synergistic interactions of metformin along 
with the therapeutic hypothermia support clinical translation of combination protocols. Overall, 
metformin, vitamin E and CoQ10 exhibited synergistic neuroprotective effects when used together, 
outperforming monotherapies. This combination represents a promising adjunct to therapeutic 
hypothermia for mitigating early hypoxic-ischemic brain injury in neonates.
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INTRODUCTION
Neonatal hypoxic-ischemic encephalopathy (HIE) [1,2], devel-
ops when the neonatal brain is subjected to insufficient oxygen-
ation and impaired cerebral blood flow during late gestation, 
labor, delivery, or the early postnatal phase. Its clinical mani-
festations are highly variable, encompassing mild signs such as 
irritability and transient hypotonia to severe forms of encepha-
lopathy characterized by frequent seizures, marked alterations 
in consciousness, and profound deficits in motor function [3]. 

The pathophysiology of HIE is driven by a complex, multi-stage 
cascade of cellular and molecular disturbances initiated imme-
diately after the hypoxic-ischemic insult [4]. This biphasic nature 
of injury provides a critical therapeutic window for neuroprotec-
tive interventions.

The long-term consequences of HIE are profound, with survi-
vors frequently experiencing cerebral palsy, intellectual disabil-
ity, epilepsy, and sensory impairments that significantly impact 
quality of life and impose substantial socioeconomic burdens on 
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families and healthcare systems [5]. Currently, therapeutic hypo-
thermia remains the only established neuroprotective treat-
ment for moderate to severe HIE in term and late preterm infants 
[6]. However, despite its proven efficacy, therapeutic hypother-
mia provides only modest neuroprotection, with approximately 
45–50% of treated infants still experiencing death or major dis-
ability, highlighting the critical need for adjunctive or alternative 
therapeutic strategies [7]. Furthermore, hypothermia primarily 
targets the secondary phase of injury through metabolic sup-
pression but does not directly address the underlying molecu-
lar mechanisms of neuronal death, including oxidative stress, 
inflammation, and excitotoxicity that contribute to ongoing 
brain damage [8,9].

Recent clinical trials investigating adjunctive therapies such 
as erythropoietin, melatonin, and xenon have shown mixed 
results, with some promising preclinical findings not translating 
to significant clinical benefits [10–13].

The primary phase is characterized by immediate cell death 
through necrosis, particularly in regions with high metabolic 
demand such as the basal ganglia, thalamus, and perirolandic 
cortex [14,15]. The secondary injury phase is particularly rele-
vant to oxidative stress mechanisms, as reperfusion paradoxi-
cally increases reactive oxygen species generation while cellular 
antioxidant defenses remain compromised [15,16].

Reactive oxygen species play a central role in the patho-
genesis of hypoxic-ischemic brain injury, with their generation 
occurring through multiple pathways during both the pri-
mary and secondary phases of injury [17,18]. The activation of 
enzymes such as xanthine oxidase, NADPH oxidase, and cyclo-
oxygenase contributes to ROS production during the reperfu-
sion phase [18,19].

ROS-mediated damage extends beyond lipid peroxidation 
to include protein oxidation and DNA damage. A third phase 
may occur days later as inflammatory cells infiltrate damaged 
brain regions and activated microglia generate additional ROS 
through NADPH oxidase activation. This prolonged oxidative 
stress contributes to the expansion of brain injury beyond the 
initial areas of damage and provides multiple opportunities for 
therapeutic intervention [18,20–22].

Vitamin E and CoQ10 have emerged as particularly promis-
ing candidates due to their excellent safety profiles, favorable 
pharmacokinetic properties, and demonstrated neuroprotec-
tive effects in experimental models of HIE. Vitamin E, a lipo-
philic antioxidant that protects cellular membranes from lipid 
peroxidation, and CoQ10, which serves dual roles as a mito-
chondrial electron transport chain component and potent 
antioxidant, represent mechanistically distinct yet complemen-
tary approaches to combating oxidative stress in neonatal HIE 
[23–25]. Earlier, simultaneous administration of metformin and 
CoQ10 has been reported to enhance anti-inflammatory, antidia-
betic action [26–28], indicating CoQ10 contributes to metformin 
action.

Data on their combined effects on neonatal hypoxic- 
ischemic encephalopathy injury are lacking. Therefore, the aim 
of the present study is to evaluate the effects of metformin, 
vitamin E and CoQ10 in neonatal rat model of hypoxic-ischemic 
encephalopathy and associated cognitive complications.

MATERIALS AND METHODS

Metformin was obtained as a gift sample from Emcure 
Pharmaceutical, Pune, Maharashtra, whereas CoQ10 was pur-
chased by SV Agro Mumbai, Maharashtra. Vitamin E was pro-
cured from Matrix Life Science Private Limited (Aurangabad, 
Maharashtra). All other chemicals and reagents used in this work 
were of analytical grade.

Experimental Animals

A total of 120 Wistar rat pups were used in the study with  
40 rat pups (4 pups per group, 5 groups and 2 genders) each 
for oxidative stress markers, behavioral analysis and neurolog-
ical analysis. Animal care, anesthesia, and surgical procedures 
was performed in accordance with the guidelines for animal 
care and use, monitored for overall appearance, failure to 
thrive, and any neurological defects from birth until the end of 
the experiment.

Wistar rat pups (postnatal day 1) were used. Animal exper-
iment was carried out in Madhyanchal Professional University 
Bhopal (MP) India, after due permission of institutional animal 
ethics committee reference no. PCP/IAEC/44, which is registered 
with the committee for Control and Supervision of Experiments 
on Animal (CPCSEA), government of India. Animals were housed 
under standard laboratory conditions.

INDUCTION OF HIE

Induction of hypoxic-ischemic encephalopathy [HIE] was a 
induced in rat pups via unilateral carotid artery ligation followed 
by a low oxygen environment on PND 7 (Table 1).

Briefly, pups were anesthetized with 5% inhaled isoflurane 
followed by 2% for maintenance. The right common carotid 
artery was carefully isolated from the vagus nerve and ligated. 
The wound was closed with surgical glue and the pups were 
allowed to recover in a cold-water bath with a set temperature of 
37°C for 20 min and rectal temperature was recorded through-
out the duration. Pups were then placed in a hypoxic chamber 
(92% N, 8% O2) for 120 min [29].

During the hypoxia procedure, surface body temperature 
was controlled using cold water bath with a set temperature of 
37°C and rectal temperature was recorded throughout the time. 
Subsequently, pups were allowed to recover for 20 min followed 

Table 1 | Treatment groups in neonatal HIE models

S. no. Groups Treatment
Number of 

(Pups)

1. Group I SHAM Operated-Control 24

2. Group II HIE + Hypothermia [HYPO] 24

3. Group III HIE + Hypothermia + Metformin 
[MET] + Vitamin E

24

4. Group IV HIE + Hypothermia+ MET + CoQ10 24

5. Group V HIE + Hypothermia + MET +  
Vitamin E + CoQ10

24
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by administration of vehicle (0.9% saline) or vitamin E or met-
formin or CoQ10, after which pups were kept at room tempera-
ture (Table 2). Euthanasia on PND 14, pups were anesthetized 
with ketamine (100 mg/kg) and xylazine (10 mg/kg) via ip injec-
tion and then decapitated. The brain of each pup were dissected 
out, weighed, washed with chilled saline, and stored at 80°C for 
oxidative stress markers.

Behavioral Assessments

NORT (Novel Object recognition test) is a sensitive, reliable 
memory assessment tool that can detect suitable behavioral & 
cognitive effects. This test is based on the natural tendency of 
rodents to investigate a novel object instead of a familiar one 
[30]. NORT was performed to assess the ability to recognize two 
different objects. Y-Maze and elevated plus maze was performed 
to analyse the behavioral assessments [31,32].

Biochemical Assays

At PND 14, pups were sacrificed and decapitated; the brain was 
rapidly dissected out and washed with cold isotonic buffer, then 
1 gm of tissues was taken in 10 ml of cold isotonic buffer and 
homogenized at 3000 rpm for 5 min in a teflon shaft homog-
enizer. The homogenate was then centrifuged at 3500 rpm at 
2–8°C for 10 min. The homogenate (upper layer) was used for 
the estimation of GSH, LPO estimation. For SOD, to the 500 µl of 
homogenate (supernatant) 800 µl of ice-cold chloroform/etha-
nol (37.5/62.5 v/v) was added to inactivate manganese (Mn) and 
iron (Fe) superoxide dismutase isoforms and shaken for 30 sec, 
then centrifuged the mixture at 2500 rpm at 2–8°C for 10 min, 
then the homogenate (supernatant) was used for the estimation 
of SOD. 

Blood–Brain Barrier (BBB) Permeability  
Assessment

BBB integrity was evaluated by measuring of extra-vascular 
Evans’s blue (EB) concentration while the rats were anesthe-
tized. On PND 14, brain vascular permeability was measured 
by injection of Evans blue dye via tail vein, following the anaes-
thesia, 20 mg/kg of Evans blue dye 2% (1 ml/kg) in saline was 
injected thought the tail vein of the rat. After 30 min of injec-
tion, the thorax was opened under deep anaesthesia and 
animal were perfused with saline (200–300 ml) through left 
ventricle until colourless fluid flowed from the right atrium to 
remove the intravascular Evans blue dye. The brain was imme-
diately removed, weighed rapidly, and homogenized in 1 ml of 
0.1 mol/L phosphate buffer saline (PBS) and then centrifuged 
at 1000 g for 15 minutes. Trichloroacetic acid (0.7 mL of 100% 
solution) was added to 0.7 mL supernatant. The mixture was 
allowed to incubating 14°C for 18 h and after centrifuged again 
at 1000 g for 30 minutes. The amount of EB in the supernatant 

was determined spectrophotometrically at 610 nm by compari-
son against readings obtained from standard solution [33].

TTC [2,3,5-triphenyltetrazolium chloride] 
Staining for Infarct Volume

Rats were sacrificed, the brain promptly isolated, and coronal 
slices (2 mm) were cut and stained with 2% TTC for 30 min at 
room temperature. Slices were fixed in 10% formalin overnight 
and scanned. Each slice was evaluated for infarct area using 
Image J software 1.30 V. Areas of infarct for each slice calculate 
as infarct area multiplied by 100 and divided by the total area of 
that slice (Infarct area (mm3) × 100/total area (mm3) of that slice) 
all sections are added together to obtain the infarct area which 
was divided by the no. of brain slice to get the total infarct area 
of per brain in % [34].

Histopathological Evaluation

After pups have been decapitated, the brain was rapidly dis-
sected out, washed immediately with saline, and fixed in 10% 
buffered formalin. The brain, stored in 10% formalin, was embed-
ded in paraffin and sections (5 mm) were cut and stained using 
hematoxylin and eosin. Brain sections were observed under a 
microscope (LABOMED CXR 3) for any histological changes 
[35,36]. Hematoxylin and Eosin (H&E) staining was performed 
to assess neuronal morphology, edema, and inflammatory cell 
infiltration.

RESULTS

Behavioral Assessments

Effect of Drug on Neurological Deficit Measurement

Sensorimotor score was evaluated for neurological deficits and 
of which the experimental groups were identified and summa-
tions of test score were assessed. In all five parameters of neu-
rological deficit, low scoring in hypothermia [HYPO] group as 
compared to SHAM was observed. However, this reduction was 
significant only in three scorings for forepaw stretching, body 
proprioception & response to touching vibrissae (Table 3). 

Administration of metformin with vitamin E or CoQ10 
resulted in a measurable improvement in neurological per-
formance. The metformin + CoQ10 group demonstrated the 
strongest recovery in limb symmetry and spontaneous activ-
ity, reflecting enhanced motor coordination and muscle tone. 
In contrast, the metformin + vitamin E treated animals showed 
moderate improvements but did not fully restore propriocep-
tive or reflexive responses.

Notably, the triple therapy group along with the therapeu-
tic hypothermia (metformin + vitamin E + CoQ10) displayed 

Table 2 | Dosing in neonatal rat model

Drug MET CoQ10 Vitamin E Ketamine Xylazine

Dose 200 mg/kg 200 mg/kg 100 mg/kg 70 mg/kg 10 mg/kg

Site Oral Oral Oral Intramuscular Intra muscular

Volume 5 ml/kg 5 ml/kg 5 ml/kg 5 ml/kg 5 ml/kg

Drugs were administered orally for 14 days.
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Table 3 | Effect of drug on neurological deficit

Groups
Spontaneous 

activity  
(Median value) 

Symmetry in the 
movement of 4 limbs 

(Median value)

Forepaw 
outstretching

(Median value)

Body 
proprioception
(Median value)

Response 
to touching 

vibrissae
(Median value)

SHAM 2.50 2.50 3.00 2.50 3.00

HIE + Hypothermia [HYPO] 1.00 1.00 0.00a 0.50a 0.00a

HIE + Hypothermia + MET + Vit E 1.50 2.00 2.00 2.00 2.00

HIE + Hypothermia + MET + CoQ10 2.00 2.50ab 2.00 2.00 2.00

HIE + Hypothermia + MET + Vit E + CoQ10 2.00 2.00 2.00 2.00 2.00

All data was expressed as median value (n = 4). Statistical difference was determined by One-way ANOVA (non-parametric Krushill wallis test). Where  
ap < 0.05 vs SHAM, bp < 0.05 vs HYPO, cp < 0.05 vs MET and dp < 0.05 vs Vit E.

Table 4 | Effect of treatment on oxidative stress markers

Groups SOD (IU/mg TP) GSH (µg/mg TP) LPO (µM/mg TP)

SHAM 13.04 ± 0.32 83.20 ± 1.49 6.16 ± 0.47

HIE + Hypothermia [HYPO] 3.71 ± 0.07a 11.05 ± 0.48a 15.24 ± 0.61a

HIE + Hypothermia + MET + Vit E 9.10 ± 0.60 24.68 ± 2.91a 8.76 ± 0.29ab

HIE + Hypothermia + MET + CoQ10 9.07 ± 2.40 21.96 ± 4.02a 8.15 ± 0.07b

HIE + Hypothermia + MET + Vit E + CoQ10 11.56 ± 0.88b 69.73 ± 5.06bcd 8.70 ± 0.58ab

All data were expressed as Mean ± SEM. Statistical difference were determined by One-way ANOVA followed be 
Bonferroni’s Multiple Comparison test. Where the values are expressed as Mean ± SEM (n = 4). Where ap < 0.05 vs SHAM, 
bp < 0.05 vs HYPO, cp < 0.05 vs MET + Vit E and dp < 0.05 vs MET + Vit E + CoQ10.

Figure 1 | Graph depicting SOD level in the brain. All data 
were expressed as Mean ± SEM. Statistical difference were 
determined by One-way ANOVA followed be Bonferroni’s 
Multiple Comparison test. Where the values are expressed as 
Mean ± SEM (n = 4). Where ap < 0.05 vs SHAM, bp < 0.05 vs HYPO, 
cp < 0.05 vs MET + Vit E and dp < 0.05 vs MET + Vit E + CoQ10.

Figure 2 | Graph depicting GSH level in the brain. All data 
were expressed as Mean ± SEM. Statistical difference were 
determined by One-way ANOVA followed be Bonferroni’s 
Multiple Comparison test. Where the values are expressed as 
Mean ± SEM (n = 4). Where ap < 0.05 vs SHAM, bp < 0.05 vs HYPO, 
cp < 0.05 vs MET + Vit E and dp < 0.05 vs MET + Vit E + CoQ10.

the most pronounced enhancement across all five neuro-
logical domains. This group approached near-normal scores, 
indicating substantial protection of neural pathways involved 
in sensory-motor processing. The improvement suggests a 
synergistic neuroprotective effect that effectively counteracts 
hypoxia-induced neuronal injury.

BIOCHEMICAL ASSAYS

Effect of Treatment Drug on Oxidative 
Stress Markers

Challenging the animals with HIE followed by treatment with 
hypothermia significantly caused oxidative damage (Table 4) 
as indicated by increased in lipid peroxidation (MDA level), 
it caused by oxidative damage significant in brain cortex of 
HYPO group while decreased superoxide dismutase (SOD), 
and glutathione (GSH) activity in whole brain region. Pre-
treatment with MET (200 mg/kg), Vit E (100 mg/kg) and CoQ10 
(200 mg/kg) significantly restored depleted GSH (glutathione) 
and catalase activity as well as attenuated elevated lipid per-
oxidation of the brain, as compared to their respective control 
and HYPO group (Figures 1–3).

Effect on Treatment on BBB Permeability

The analysis of BBB permeability was measured by Evans Blue 
[EB] dye content in rat brain which was measured by spectros-
copy method. The EB dye content was higher in the brain of 
the HYPO group compared with sham group and all treatment 
group, while combination treatment shows significant lower 
level at EB dye as compared to individual treatment groups. 
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Figure 3 | Graph depicting LPO level in the brain. All data 
were expressed as Mean ± SEM. Statistical difference were 
determined by One-way ANOVA followed be Bonferroni’s 
Multiple Comparison test. Where the values are expressed as 
Mean ± SEM (n = 4). Where ap < 0.05 vs SHAM, bp < 0.05 vs HYPO, 
cp < 0.05 vs MET + Vit E and dp < 0.05 vs MET + Vit E + CoQ10. 

Table 5 | Effect of treatment drug on BBB permeability

Groups Evans blue dye (µg/ml)

SHAM 2.38 ± 0.02

HIE + Hypothermia [HYPO] 4.54 ± 0.09a

HIE + Hypothermia + MET + Vit E 3.13 ± 0.11b

HIE + Hypothermia + MET + CoQ10 2.39 ± 0.19abc

HIE + Hypothermia + MET + Vit E + CoQ10 2.24 ± 0.09bc

All data were expressed as Mean ± SEM. Statistical difference were deter-
mined by One-way ANOVA followed be Bonferroni’s Multiple Comparison 
test. The values are expressed as Mean ± SEM (n = 4). Where ap < 0.05 vs 
SHAM, bp < 0.05 vs HYPO, cp < 0.05 vs MET + Vit E and dp < 0.05 vs MET + 
Vit E + CoQ10.

Table 6 | Effect of treatment drug on infarct volume

Groups % Brain infarct area

SHAM 6.11 ± 1.36

HIE + Hypothermia [HYPO] 44.11 ± 0.76a

HIE + Hypothermia + Met + Vit E 25.07 ± 1.37ab

HIE + Hypothermia + Met + CoQ10 11.00 ± 0.63abc

HIE + Hypothermia + Met + Vit E + CoQ10 5.64 ± 0.21bcd

All data were expressed as Mean ± SEM. Statistical difference were  
determined by One-way ANOVA followed be Bonferroni’s Multiple 
Comparison test. The values are expressed as Mean ± SEM (n = 4). Where 
ap < 0.05 vs SHAM, bp < 0.05 vs HYPO, cp < 0.05 vs MET + Vit E and  
dp < 0.05 vs MET + Vit E + CoQ10.

Figure 4 | Graph depicting % brain infarct area All data were 
expressed as Mean ± SEM. Statistical difference was determined 
by One-way ANOVA followed be Bonferroni’s Multiple 
Comparison test. The values are expressed as Mean ± SEM 
(n = 4). Where ap < 0.05 vs SHAM, bp < 0.05 vs HYPO, cp < 0.05 vs 
HYPO + MET + Vit E and dp < 0.05 vs HYPO + MET + CoQ10.

Figure 5 | Effect of MET, Vit E and CoQ10 on brain infarction Where A: SHAM; B: HYPO; C: HYPO + MET + Vit E; D: HYPO + MET + CoQ10; 
E: HYPO + MET + Vit E + CoQ10.

EB quantification revealed severe BBB disruption in the HIE + 
Hypothermia group, with dye extravasation nearly doubling 
compared to sham animals.

MET + Vit E and MET + CoQ10 treatments significantly 
reduced dye leakage, indicating partial restoration of endothe-
lial integrity. CoQ10 containing therapy again outperformed Vit E 
alone, likely due to its mitochondrial stabilizing effect on endo-
thelial cells.

The MET + Vit E + CoQ10 therapy along with the therapeu-
tic hypothermia demonstrated the most profound reduction in 
EB extravasation, surpassing all other groups and returning BBB 
permeability levels close to those of uninjured controls. These 
findings strongly support the combination’s protective influ-
ence on vascular and tight junction structures (Table 5).

TTC Staining for Infarct Volume

Ischemia injury causes infraction in the brain regions. In the 
HYPO group show severe cerebral infarction due to exten-
sive damage inflicted by HYPO injury as compared with SHAM 
group. Pre-treatment with MET, Vit E and CoQ10 showed signif-
icant reduction in infarct area as compared with HYPO group. 
Whereas pre-treatment with MET + Vit E + CoQ10 along with 
hypothermia showed significant reduction in infarct area as 
compared with HYPO and MET, Vit E and CoQ10 treated group 
(Table 6, Figure 4). 

Infarct analysis (Coronal brain sections 2 mm), stained 
with 2% TTC, showing stained brain slices infarct area after 15 
min bilateral common carotid artery occlusions followed by 
24 h reperfusion in SHAM, HYPO and treatment groups pups 
(Figure 5). The red area represents the non-ischemic (viable 
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tissue) area (Figure 6), whereas the white area indicates isch-
emic area (non-viable tissue) in the coronal section. 

Histopathological Evaluation

Hematoxylin and Eosin (H&E) analysis of brain tissues from 
SHAM, HYPO and treated rats displayed normal histopatholog-
ical structure of the hippocampus. There was a reduction in the 
pyramidal cell count in Cornu ammonis (CA) (CA1, CA2, and CA3) 
regions in the HYPO group compared to the SHAM and other 
treatment groups (Figure 7). Pyramidal cells also displayed dis-
arrangements, degeneration, and pyknosis of their nuclei, as 
well as the loss of pyramidal cells, which left empty spaces filled 
with vacuolations in the surrounding neutrophils. This group’s 
hippocampus revealed a significant decrease in the number of 
cells in all layers, as well as granular cell disarrangements, the 
appearance of numerous apoptotic cells, and darkly coloured 
nuclei with cytoplasm vacuolation [36,37].

In treatment group there was increased in the pyramidal 
cell count in CA1 area compared with SHAM control group. 
Histopathological examination revealed severe neuronal loss, 
cytoplasmic vacuolation, shrunken hyperchromatic nuclei and 
extensive cellular disorganization in the HIE + Hypothermia 
group, particularly in CA1–CA3 hippocampal regions (Table 7).

Therapeutic groups displayed varying degrees of neuronal 
preservation:

•• MET + Vit E showed moderate protection

•• MET + CoQ10 demonstrated greater neuronal survival with 
reduced pyknosis

•• Triple therapy[MET + Vit E + CoQ10] resulted in nearly normal 
hippocampal architecture

The triple-treated animals exhibited significantly higher 
pyramidal cell counts, reduced vacuolization, and minimal 
inflammatory infiltration. Overall structural integrity resembled 
the sham group, confirming strong histological neuroprotection.

Figure 6 | Cerebral infarction. A: SHAM; B: HYPO; C: HYPO + 
MET + Vit E; D: HYPO + MET + CoQ10; E: HYPO + MET + Vit E + 
CoQ10.

Light microscopic examination of hematoxylin and Eosin 
(H & E) stained sections in all groups showed (Red arrow) 
number of pyknotic nuclei, white arrow showed necrotic part 
and green arrow showed vacuole. SHAM – Operated group 
showing normal histological picture and no neuronal loss was 
observed. In HYPO marked degeneration and disarrangement 
in pyramidal cell structure, increased intracellular space, pyk-
notic nuclei, vacuolations and neuronal loss was observed. 
MET treatment group showing moderate reversal of neuronal 
damage and few vacuolations. Vit E group showing marked 
reversal of neuronal damage and partial neuronal loss was 
observed. Whereas triple therapy [MET + Vit E + CoQ10] group 
showing protection of brain cells from ischemic damage, 
improvement in cellular structure and more effective as com-
pared with individual treatment.

DISCUSSION

The developing neonatal brain exhibits heightened susceptibil-
ity to oxidative stress due to several unique developmental char-
acteristics that distinguish it from the mature brain. The high rate 
of brain growth during the perinatal period is associated with 
elevated oxygen consumption and metabolic activity, creating 
an environment prone to oxidative stress when oxygen deliv-
ery is compromised. Additionally, the process of myelination,  

Table 7 | Effect of treatment drug on histopathology

Group CA 1 CA 2 CA 3

SHAM 80.17 ± 7.33 96.17 ± 9.75 85.50 ± 2.14

HIE + Hypothermia 
[HYPO]

39.67 ± 5.46a 40.17 ± 8.53a 48.33 ± 2.81a

HIE + Hypothermia + 
MET + Vit E

46.17 ± 7.04a 54.67 ± 7.56a 58.83 ± 2.81a

HIE + Hypothermia + 
MET + CoQ10

51.00 ± 6.90a 68.67 ± 9.48a 69.17 ± 3.78a

HIE + Hypothermia + 
MET + Vit E + CoQ10

67.50 ± 9.82b 87.33 ± 7.15 76.83 ± 3.91

All data were expressed as Mean ± SEM. Statistical difference were deter-
mined by One-way ANOVA followed be Bonferroni’s Multiple Comparison 
test. Where the values are expressed as Mean ± SEM (n = 4). Where  
ap < 0.05 vs SHAM, bp < 0.05 vs HYPO, cp < 0.05 vs MET + Vit E and dp < 0.05 
vs MET + Vit E + CoQ10.

Figure 7 | Histopathology of brain.
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which is actively occurring in the neonatal brain, involves the 
synthesis of lipid-rich myelin sheaths that are particularly vul-
nerable to lipid peroxidation [11]. This study demonstrates that 
metformin, vitamin E, and CoQ10 offer significant neuroprotec-
tion against neonatal HIE. The triple therapy showed synergis-
tic benefits by targeting mitochondrial dysfunction, oxidative 
stress, neuroinflammation, and BBB breakdown. The combined 
antioxidant and mitochondrial support provided by these 
agents appears to be the key mechanism.

Metformin further augmented neuroprotection by ame-
liorating mitochondrial dysfunction, reducing inflamma-
tory signaling, and enhancing cellular resilience against 
metabolic collapse. However, the most profound protective 
effects emerged from the triple-combination regimen, which 
exhibited synergistic restoration of antioxidant defenses (SOD, 
GSH), marked suppression of lipid peroxidation (LPO), and nor-
malization of BBB integrity as evidenced by reduced Evans blue 
extravasation [38].

The treatment groups demonstrated significant reductions 
in infarct volume on TTC staining, accompanied by preservation 
of pyramidal neuron density within the CA1–CA3 hippocampal 
regions, areas critically vulnerable to hypoxic-ischemic injury. 
Histopathological analyses confirmed reduced neuronal pyk-
nosis, diminished cytoplasmic vacuolation, and attenuation of 
inflammatory cell infiltration in combination-treated animals, 
indicating effective mitigation of both necrotic and apoptotic 
pathways. Behavioral assessments including neurological deficit 
scoring, Y-maze performance and NORT outcomes further cor-
roborated that antioxidant therapy yielded functional improve-
ments consistent with enhanced neuronal survival and synaptic 
integrity [39].

Collectively, the results underscore that neonatal HIE is 
driven by a convergent cascade involving oxidative stress, mito-
chondrial impairment, excitotoxicity, neuroinflammation, BBB 
disruption, and secondary energy failure [40,41]. The superior 
efficacy of metformin + vitamin E + CoQ10 suggests that target-
ing multiple pathophysiological checkpoints simultaneously is 
substantially more effective than monotherapy approaches. The 
observed synergistic interaction supports the hypothesis that 
combination antioxidant therapy can broaden the therapeutic 
window, enhance mitochondrial resilience, stabilize membrane 
structures and better preserve neurovascular unit function.

CONCLUSION
The ultimate goal of providing comprehensive neuroprotec-
tive therapy that combines the proven benefits of therapeutic 
hypothermia with the complementary mechanisms of antioxi-
dant protection represents a realistic and achievable advance in 
neonatal care. The evidence presented in this research strongly 
supports the continued development of vitamin E and CoQ10, 
both individually and in combination, as promising therapeutic 
strategies for one of the most devastating conditions affecting 
newborn infants. Further studies are required to evaluate the 
long-term treatment effect of this combination & estimation of 
cognitive biomarkers would be interesting. In conclusion, the 
triple therapy of metformin, vitamin E, and CoQ10 significantly 
mitigates hypoxic-ischemic brain injury by targeting key mech-
anisms underpinning oxidative, metabolic, and inflammatory 
damage. The results support the emerging paradigm that com-
bination antioxidant therapy represents a promising, mecha-
nistically rational, and clinically relevant strategy for improving 
neurological outcomes in neonatal HIE.
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