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ABSTRACT:

Aims: The present study aimed to evaluate the protective antioxidant effects of ethanol leaf extract of Azadirachta indica (A.I) leaves in the retina of streptozotocin (STZ)-induced diabetic rats.
Study design:  This research was an experimental, randomized, controlled in vivo study
Place and Duration of Study:  Department of Biochemistry, Lead City university, Ibadan, Nigeria, between September 2024 and July 2025.
Methodology: Diabetes was induced in male Wistar rats by a single intraperitoneal injection of STZ (55 mg/kg). Diabetic rats were treated daily with A.I leaf extract at doses of 200 and 400 mg/kg for 21 days. Metformin (70 mg/kg) served as a positive control, while untreated diabetic rats served as negative control, and non-diabetic rats served as normal control groups. Retinal homogenates were assayed for malondialdehyde (MDA), reduced glutathione (GSH), superoxide dismutase (SOD) activity, catalase (CAT) activity, and total protein using standard colorimetric/kit methods. Fasting blood glucose (FBG) was monitored. Data were analyzed by one-way ANOVA followed by Tukey's post hoc test (P < 0.05).
Results: Streptozotocin-induced diabetes (n = 5 per group) significantly increased retinal malondialdehyde (MDA) from 2.115 ± 0.03175 to 2.292 ± 0.00354 μM and reduced total protein from 29.30 ± 1.68 to 17.95 ± 1.68 mg/g tissue (P < 0.05). Antioxidant markers also declined, including glutathione (GSH) (1.594 ± 0.4791 to 0.6349 ± 0.1350 mM), superoxide dismutase (SOD) (0.02875 ± 0.00984 to 0.002622 ± 0.00016 U/mg), and catalase (CAT) (6.179 ± 0.505 to 1.615 ± 0.684 U/mg) (P < 0.05). Treatment with A.I extract (200 mg/kg) reduced MDA to 2.069 ± 0.01343 μM and restored SOD (0.02957 ± 0.01220 U/mg) and CAT (4.083 ± 0.812 U/mg) toward control levels (P < 0.05 vs. diabetic), with partial recovery of GSH (0.6979 ± 0.02581 mM) and total protein (25.22 ± 2.21 mg/g tissue). The 400 mg/kg dose showed moderate effects, while metformin produced comparable improvements across all parameters. Although all treatments significantly improved oxidative stress markers compared with the untreated diabetic group (P < 0.05), no statistically significant differences were observed between the extract-treated groups and metformin (P > 0.05), indicating comparable efficacy.
Conclusion: Ethanol extract of A.I leaves exerts robust antioxidant protection in the diabetic retina by attenuating lipid peroxidation, restoring enzymatic and non-enzymatic antioxidant defenses, and preserving retinal protein integrity. These findings support its potential as an affordable natural therapeutic agent for mitigating oxidative stress in early diabetic retinopathy, warranting further mechanistic, dose-optimization, and translational studies.
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1. INTRODUCTION 

Diabetes mellitus (DM) is a highly prevalent and heterogeneous metabolic disorder characterized by dysregulation of insulin secretion and action, resulting in chronic hyperglycemia as its primary hallmark. Prolonged uncontrolled hyperglycemia serves as a major risk factor for secondary complications affecting the cardiovascular, renal, neurological, and ocular systems. Among these, diabetic retinopathy (DR) stands out as one of the most common microvascular complications of the retina, driven by sustained high glucose levels, and remains a leading cause of non-hereditary blindness in working-age adults worldwide (Teo et al., 2021, and Thomas et al. 2019).
The precise mechanisms underlying DR progression are multifaceted and not fully elucidated, but extensive evidence implicates oxidative stress, a state of imbalance between reactive oxygen species (ROS) production and antioxidant defenses as a central contributor to its pathogenesis (Kowluru and Chan 2007). Hyperglycemia triggers excessive ROS generation through pathways such as glucose autoxidation, polyol pathway flux, protein kinase C (PKC) activation, advanced glycation end-product (AGE) formation, and activation of the hexosamine pathway. Under normal conditions, ROS are neutralized by antioxidant enzymes including superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx). However, chronic hyperglycemia augments ROS while suppressing these enzymes, leading to oxidative damage to biomacromolecules like nucleic acids, proteins, and lipids (Kang and Yang, 2020; Calderon et al., 2017) This manifests as lipid peroxidation with accumulation of malondialdehyde (MDA), mitochondrial DNA impairment, faulty electron transport chain components, further ROS amplification, and mitochondrial membrane leakage that promotes apoptosis in retinal pericytes and endothelial cells. The retina is particularly vulnerable due to its high polyunsaturated fatty acid content, elevated oxygen consumption, and glucose oxidation rates compared to other tissues. Oxidative alterations appear early in DR and are not fully reversed by glycemic control alone (Kang and Yang, 2020; Haydinger et al., 2023). Despite advances in glycemic management, oxidative stress–mediated retinal damage in diabetic retinopathy remains insufficiently controlled, and existing therapeutic strategies do not adequately prevent early retinal neurodegeneration, particularly in resource-limited settings.
Achieving consistent metabolic regulation in diabetic patients remains challenging, necessitating alternative or adjunctive strategies to halt ocular complications. Natural antioxidants have demonstrated efficacy in mitigating early DR progression. For instance, green tea polyphenols and curcumin have restored SOD and CAT activities in diabetic rat retinas, protected capillaries from basement membrane thinning, and reduced inflammatory markers (Chandrasekaran, and   Madanagopalan, 2022, and Kumar et al., 2012). Similarly, lutein combined with docosahexaenoic acid normalized MDA and GPx levels while preserving ganglion cell numbers and nuclear layer integrity in diabetic animal models (Arnal et al., 2009). Given these limitations, plant-derived antioxidants represent a promising, cost-effective therapeutic approach for targeting oxidative stress in diabetic retinopathy.
Azadirachta indica  (A.I),  also known as neem, is a member of the Meliaceae family,  a versatile medicinal tree widely used in traditional African and Indian ethnomedicine for managing diabetes and related disorders (Vidhya et al., 2022). In Nigeria and other parts of sub-Saharan Africa, neem leaves, bark, and seeds are commonly employed in folk remedies for hyperglycemia, inflammation, and metabolic imbalances (Frimpong et al., 2024, and Christian et al., 2020). Pharmacological investigations have confirmed neem's hypoglycemic, anti-inflammatory, and potent antioxidant properties, attributed to bioactive compounds such as nimbolide, azadirachtin, flavonoids, limonoids, and gallic acid (Sarkar et al. 2021; Alzohairy, 2016). Preclinical studies in streptozotocin (STZ)-induced diabetic models have shown neem extracts reduce systemic lipid peroxidation, restore antioxidant enzymes (SOD, CAT, GPx), and improve redox balance in various tissues (Mohammed et al., 2023 and Gupta et al., 2016). Notably, nimbolide a key neem constituent has ameliorated STZ-induced diabetic retinopathy in rats by enhancing retinal antioxidants, reducing oxidative stress markers, increasing retinal thickness and cell counts, and inhibiting inflammatory pathways like TLR4/NF-κB ( Shu and Wei, 2021). 
In sub-Saharan Africa, including Nigeria, DR prevalence remains high, with pooled estimates around 25–36% among diabetic individuals (overall pooled 25.5% in sub-Saharan Africa, with variations such as in East Africa  about 32%, West Africa approximately 27%; Nigeria-specific pooled about 21.3%), driven by poor glycemic control and limited screening (Teo et al., 2021, and Achigbu et al., 2021). Conventional DR management (e.g., anti-VEGF therapy, laser) is effective but constrained by cost, accessibility, and incomplete early neuroprotection in resource-limited settings. Thus, affordable natural agents like neem hold promise as adjuncts (Teo et al., 2021). However, despite these promising findings, there is limited data on the direct effects of ethanol leaf extract of A.I on retinal oxidative stress parameters, particularly with emphasis on dose-dependent responses in retinal tissue. This represents a critical gap in understanding its therapeutic potential in diabetic retinopathy.
To the best of our knowledge, detailed evaluations of ethanol leaf extract of A.I on retinal oxidative stress in STZ-induced diabetic rats are limited, particularly regarding dose-dependent effects, representing a critical gap this study aims to address. This study was therefore designed to evaluate the protective antioxidant effects of ethanol extract of A.I leaves on retinal tissue of diabetic rats, with key markers including malondialdehyde (MDA) for lipid peroxidation, reduced glutathione (GSH), superoxide dismutase (SOD), catalase (CAT), and total protein concentration as an indicator of tissue integrity.

2. material and methods 

2.1 Leaf Extract	
Powdered leaves of A.I were macerated in ethanol (1 L per 150 g powder) for 72 hours at room temperature with periodic agitation. The mixture was filtered through Whatman No. 1 paper and concentrated under reduced pressure at 40–45 °C using a rotary evaporator. The resulting crude ethanol extract was stored at 4 °C and used at doses of 200 and 400 mg/kg body weight. The selected doses (200 and 400 mg/kg) were based on previous studies demonstrating the antioxidant, and antidiabetic efficacy of A.I in experimental models (Ezeigwe et al., 2020; Yarmohammad et al., 2021; Abdel et al., 2022).
2.2 Study Design
Diabetes was induced in male Wistar rats (9–10 weeks old, average body weight 150 g) by a single intraperitoneal injection of streptozotocin (STZ, 55 mg/kg body weight), freshly prepared in ice-cold 0.1 M citrate buffer (pH 4.5). Hyperglycemia was confirmed 72 hours after injection by measuring fasting blood glucose levels from the tail vein using an Accu-Chek glucometer. Rats with fasting blood glucose levels greater than 150 mg/dL were considered diabetic and included in the study. A total of five groups (n = 5 per group) were used: a non-diabetic control group, an untreated diabetic group, diabetic rats treated with ethanol leaf extract of A.I at 200 mg/kg (low dose), diabetic rats treated with ethanol leaf extract of A.I at 400 mg/kg (high dose), and diabetic rats treated with metformin (70 mg/kg) as the standard control. Rats were assigned to groups using a simple randomization method by randomly allocating animals to different groups to minimize bias. All treatments were administered by oral gavage twice daily for 21 days. Non-diabetic controls received distilled water only. Fasting blood glucose was monitored every 3 days throughout the study using Accu-Chek® glucometer, with the device calibrated before each use to ensure accuracy and sensitivity. At the end of the 21-day treatment period, rats were euthanized, eyes were enucleated, retinas were dissected, rinsed in ice-cold phosphate-buffered saline (PBS), blotted dry, weighed, homogenized in PBS (1:9 w/v), centrifuged at 10,000 rpm for 15 min at 4 °C, and the supernatants were stored at −80 °C until biochemical analysis. All experimental procedures were conducted in accordance with the Guide for the Care and Use of Laboratory Animals and the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, and were approved by the Institutional Animal Ethics Committee of Lead City University (Approval No: LCU-REC/25/266).
2.3 Biochemical Assays
2.3.1 Total Protein Concentration
Protein content was determined by a modified Biuret method (Gornall et al., 1949). Samples were diluted four-fold (20 µL sample + 80 µL distilled water). Biuret reagent (300 µL) was added, and mixtures were incubated at room temperature for 30 min. Absorbance was read at 540 nm against a reagent blank. Concentrations were calculated from a bovine serum albumin standard curve and adjusted for dilution.
2.3.2 Determination of Antioxidants
Malondialdehyde (MDA), Glutathione (GSH), Superoxide dismutase (SOD), and Catalase (CAT), were estimated using commercially available assay kits from Elabscience.
2.4 Statistical Analysis
The results are expressed as mean ± standard deviation (SD). Group comparisons were performed by one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test using GraphPad Prism software (version 10.6.2). Statistical significance was set at P < 0.05.

3. results and discussion

Effect of Azadirachta indica on Fasting Blood Glucose (FBG)
FBG levels were significantly elevated in all diabetic groups at baseline compared with the control group (P < 0.05). Treatment with A.I (200 and 400 mg/kg) and metformin (70 mg/kg) significantly reduced FBG compared with the untreated diabetic group (P < 0.05). No significant differences were observed among the A.I-treated groups and metformin (P > 0.05), indicating comparable glycemic control across treatments (Fig. 1A).
Effect of Azadirachta indica on Retinal Total Protein concentration
Retinal total protein concentration decreased significantly in untreated diabetic rats (17.95 ± 1.68 mg/g tissue) compared with controls (29.30 ± 1.68 mg/g tissue, P < 0.05). Treatment with A.I at 200 mg/kg (25.22 ± 2.21 mg/g tissue), 400 mg/kg (22.54 ± 0.68 mg/g tissue), and metformin (22.64 ± 1.81 mg/g tissue) significantly increased retinal protein relative to the diabetic group (P < 0.05). Comparisons among the treatment groups showed no statistically significant differences (P > 0.05), indicating that A.I extract matched metformin in protecting retinal protein integrity (Fig. 1B).
Effect of Azadirachta indica on Retinal Superoxide dismutase (SOD) activity
Retinal SOD activity was significantly decreased in untreated diabetic rats (0.00262 ± 0.00016 U/mg) compared with controls (0.02875 ± 0.00984 U/mg, P < 0.05). Treatment with A.I at 200 mg/kg (0.02957 ± 0.0122 U/mg) and metformin (0.03286 ± 0.0121 U/mg) significantly restored SOD relative to the diabetic group (P < 0.05). The 400 mg/kg dose (0.00510 ± 0.0012 U/mg) did not significantly differ from untreated diabetic rats (P > 0.05). No significant differences were observed between the 200 mg/kg extract and metformin (P > 0.05), indicating comparable antioxidant efficacy (Fig. 1C).
Effect of Azadirachta indica on Retinal Catalase (CAT) activity
Retinal CAT activity was significantly reduced in diabetic rats (1.615 ± 0.684 U/mg) compared with controls (6.179 ± 0.505 U/mg, P < 0.05). Treatment with A.I at 200 mg/kg (4.083 ± 0.812 U/mg), 400 mg/kg (5.444 ± 0.617 U/mg), and metformin (5.734 ± 1.485 U/mg) significantly increased CAT activity relative to diabetic rats (P < 0.05). CAT activity in all treatment groups was comparable to controls (P > 0.05), with no significant differences among the treatments (P > 0.05), demonstrating similar antioxidative efficacy across groups (Fig. 1D).
	
Effect of Azadirachta indica on Retinal Malondialdehyde (MDA) concentration
Retinal MDA levels were significantly elevated in the diabetic group (2.292 ± 0.0035 μM) compared with controls (2.115 ± 0.0317 μM, P < 0.05). Treatment with A.I at 200 mg/kg (2.069 ± 0.0134 μM), 400 mg/kg (2.211 ± 0.043 μM), and metformin (2.130 ± 0.015 μM) significantly reduced MDA levels relative to untreated diabetic rats (P < 0.05). Differences among the treatment groups were not statistically significant (P > 0.05), indicating comparable inhibition of lipid peroxidation (Fig. 1E).
Effect of Azadirachta indica on Retinal Glutathione (GSH) concentration
GSH was significantly reduced in untreated diabetic rats (0.6349 ± 0.1350 mM) compared with controls (1.594 ± 0.4791 mM, P < 0.05). Treatment with A.I at 200 mg/kg (0.6979 ± 0.0258 mM), 400 mg/kg (0.7240 ± 0.1648 mM), and metformin (0.8365 ± 0.0520 mM) significantly increased GSH relative to the diabetic group (P < 0.05). No significant differences were observed among the treatment groups (P > 0.05), suggesting comparable efficacy in restoring glutathione levels (Fig. 1F).

3.1 Discussion

Diabetes mellitus is a chronic metabolic disorder characterized by persistent hyperglycemia, which inflicts progressive damage on multiple organ systems, with the retina being one of the most vulnerable targets due to its microvascular and neuronal sensitivity (Donthula and Daigavane 2024). It has been reported that sustained hyperglycemia elevates reactive oxygen species (ROS) production in retinal cells, overwhelming endogenous antioxidant defenses and initiating a cascade of oxidative stress, lipid peroxidation, protein damage, and neurodegeneration central to diabetic retinopathy (DR) pathogenesis (Kang and Yang, 2020; Mimura and Noma, 2025).
In the present study, untreated diabetic rats exhibited persistent hyperglycemia throughout the experimental period, confirming successful streptozotocin induction. Treatment with A.I ethanol extract (200 and 400 mg/kg) and metformin (70 mg/kg), as a positive control, significantly reduced fasting blood glucose compared with untreated diabetic rats (P < 0.05). No significant differences were observed between the A.I-treated groups and metformin (P > 0.05), indicating comparable glucose-lowering efficacy across all treatments. This effect aligns with prior evidence that neem preparations can improve glucose homeostasis through pancreatic protection, enhanced glucose uptake, and modulation of hepatic glucose output (Ezeigwe et al., 2020; Yarmohammadi et al., 2021).
Untreated diabetic rats exhibited a significant loss of retinal total protein, reflecting oxidative damage and proteolysis. Treatment with both A.I extract doses and metformin significantly restored retinal protein relative to the diabetic group (P < 0.05), and comparisons among the treatment groups showed no statistically significant differences (P > 0.05), indicating that A.I extract matched metformin in preserving retinal protein integrity. Preservation of retinal protein suggests protection against early structural and functional disruption in diabetic retinopathy (Kowluru and Mishra, 2015; Rossino and Casini, 2019).
Lipid peroxidation, as indicated by elevated malondialdehyde (MDA), represents a sensitive downstream consequence of unchecked ROS in the diabetic retina. All treatments significantly reduced MDA levels compared with untreated diabetic rats (P < 0.05). Differences among the A.I extract doses and metformin were not statistically significant (P > 0.05), indicating comparable inhibition of lipid peroxidation. The 200 mg/kg extract and metformin effectively restored MDA to levels similar to non-diabetic controls, while the 400 mg/kg dose showed a slightly weaker effect, consistent with hormetic or biphasic responses observed in botanical extracts, where moderate concentrations optimize antioxidant activity while higher levels may trigger mild pro-oxidant effects or altered bioavailability (Pingali et al., 2020; Barreiro-Sisto et al., 2021).
Retinal  glutathione (GSH) was depleted in diabetes, and although treatments increased levels, recovery was partial within the 21-day period, likely reflecting the tightly regulated synthesis and metabolic turnover of glutathione, which depends on precursor availability and enzymatic control mechanisms (Lin et al., 2024; Moreno-Sánchez et al., 2018). Treatment with A.I extract (200 and 400 mg/kg) and metformin significantly increased GSH relative to diabetic rats (P < 0.05), with no significant differences among the treatments (P > 0.05), indicating comparable efficacy in glutathione restoration. Previous studies have highlighted the complexity of GSH metabolism in neural environments, where recycling and compartmental distribution influence antioxidant recovery (Sreekumar et al., 2021; Moreno-Sánchez et al., 2018).
Antioxidant enzyme activities were differentially modulated by treatment. SOD activity was significantly restored by the 200 mg/kg extract and metformin compared with untreated diabetic rats (P < 0.05), whereas the 400 mg/kg dose did not produce a significant improvement (P > 0.05), suggesting an optimal dose window. CAT activity, in contrast, was significantly enhanced by both extract doses and metformin (P < 0.05), with no significant differences among the treatments (P > 0.05), demonstrating comparable antioxidative efficacy across all treatment groups (Skourtis et al., 2020; El-Beltagy et al., 2021; Ezeigwe, 2020).
Overall, metformin (70 mg/kg) consistently restored fasting glucose, retinal protein, and antioxidant defenses, validating its role as a positive control. The A.I extract demonstrated comparable efficacy, highlighting its potential as a therapeutic agent for oxidative stress–mediated retinal damage in diabetes.
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Fig. 1. Effect of A.I  treatment on Fasting blood glucose levels (A), oxidative stress and antioxidant parameters: Retinal tissue total protein concentration (B), superoxide dismutase (SOD) activity (C), catalase (CAT) activity (D), malondialdehyde (MDA) concentration (E), and glutathione (GSH) concentration (F). 
Data are expressed as mean ± SD (n = 5).  p < 0.05.

	

4. Limitations of the Study
This study has some limitations. The sample size was relatively small, which may affect the generalizability of the findings. The study duration (21 days) may not fully reflect long-term effects, and the absence of histopathological and molecular analyses limits the depth of interpretation of the observed biochemical changes. 

5. Conclusion

To the best of current knowledge, this study provides novel evidence on the effects of ethanol leaf extract of A.I on retinal oxidative stress markers in a streptozotocin-induced diabetic retinopathy model. The findings demonstrate that A.I, particularly at 200 mg/kg, effectively restores antioxidant enzyme activities (SOD and CAT), reduces lipid peroxidation (MDA), and partially improves glutathione levels, indicating enhanced redox balance in diabetic retinal tissue. The observed dose-dependent response suggests that neem phytochemicals may modulate protective pathways, potentially involving Nrf2-mediated antioxidant signaling, to counteract oxidative stress and interrupt early retinal damage. Despite these promising outcomes, further studies are required to elucidate the precise molecular mechanisms, determine optimal dosing strategies, and evaluate long-term efficacy and safety. Additionally, investigations involving isolated bioactive compounds and combination therapies may help refine its therapeutic potential. Overall, A.I extract represents a promising, cost-effective adjunct for mitigating oxidative stress in diabetic retinopathy, particularly in resource-limited settings; however, clinical validation through well-designed randomized controlled trials remains essential.
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