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Chapter One

Introduction

1.1 Background of the Study

Diabetes mellitus is a metabolic disease with accompanying characteristics such as by elevated

blood glucose levels, that contributes significantly to the development of complications such as

diabetic nephropathy, diabetic neuropathy and diabetic retinopathy (DR) to mention a few.

Diabetic Retinopathy (DR) is one of the major cause of blindness in adults globally. Diabetic

Retinopathy is driven by chronic hyperglycemia that disrupts retinal homeostasis and triggers

progressive retinal damage1.

Traditionally regarded as only a vascular complication, recent research have implicated

neurodegeneration as an early event in DR, often preceding detectable vascular changes and

presenting a critical window for therapeutic intervention. This neurodegenerative process

involves the progressive loss of retinal neurons, including ganglion cells and photoreceptors,

coupled with glial dysfunction, which collectively impair retinal function. Chronic

hyperglycemia induces metabolic stress, oxidative damage, and inflammation, exacerbating

neuronal loss and disrupting the delicate balance of the retinal microenvironment. Early

detection and intervention are thus pivotal to mitigating the progression of DR and preserving

vision2,3.

Current therapies for DR, such as anti-vascular endothelial growth factor (anti-VEGF) injections,

laser photocoagulation, and corticosteroids, primarily target advanced vascular complications

and often come with limitations, including significant side effects like intraocular pressure

elevation, cataract formation, and infection risk, as well as high costs that limit accessibility,
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particularly in low-resource settings4. These challenges highlight the need for novel, cost-

effective, and safer therapeutic approaches that address early neurodegenerative changes in DR.

The exploration of neuroprotective strategies has gained attention as a promising approach to

halt or reverse early retinal neurodegeneration in DR. Natural compounds, particularly those

derived from medicinal plants, have shown promise as potential therapeutic agents owing to their

anti-inflammatory, antioxidant, and neuroprotective properties5. Azadirachta indica (commonly

known as neem) has been extensively studied for its pharmacological benefits, including its

antidiabetic, anti-inflammatory, and antioxidant effects. Rich in bioactive compounds such as

azadirachtin, nimbolide, and flavonoids, A. indica has shown promise in modulating pathways

implicated in diabetic complications, including oxidative stress and inflammation6. However, its

specific neuroprotective effects on retinal tissues in the context of DR remain underexplored.

By using molecular docking analysis before experimental studies, this research aims to identify

the most promising extract combinations based on the binding affinities of their bioactive

compounds to key diabetic retinopathy related targets involved in oxidative stress, inflammation,

and neuroprotection. High binding affinity will indicate a stronger and potentially more effective

interaction with these targets, guiding the selection of optimal extract blends for subsequent in

vivo evaluation7.

The streptozotocin-induced diabetic rat model is an appropriate choice for this research, as it

effectively replicates the metabolic and retinal features of human diabetic retinopathy, including

elevated blood sugar, oxidative damage, and neuronal loss in the retina. This established model

offers a reliable framework for testing the therapeutic capabilities of Azadirachta indica in

addressing DR’s neurodegenerative and vascular components8.
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This research fills an important gap in diabetic retinopathy studies by investigating Azadirachta

indica as a versatile, plant-based treatment option. The integration of analytical tools with

computational modeling ahead of in-vivo testing, the study ensures a comprehensive assessment

of its potential. The outcomes could lead to innovative, natural treatment approaches for DR,

providing new possibilities for preserving vision in patients worldwide.

1.2 Statement of the Problem

Despite significant advancements in understanding diabetic retinopathy (DR), current

therapeutic options, such as anti-VEGF injections and laser photocoagulation, are often hindered

by side effects, inconsistent long-term efficacy, and incomplete resolution of the disease’s

multifaceted pathology, including neurodegeneration and vascular damage. While traditional

medicinal plants offer promising alternatives, there is limited scientific evidence validating their

efficacy for diabetic retinopathy treatment. Specifically, although Azadirachta indica has

demonstrated therapeutic potential in managing oxidative stress and hyperglycemia in diabetic

models, its application for diabetic retinopathy, particularly in addressing both neurodegenerative

and vascular components, remains underexplored. This research gap necessitates a

comprehensive investigation into the therapeutic potential of Azadirachta indica, supported by

detailed phytochemical analysis and molecular modeling, to develop safer and more effective

treatment options for diabetic retinopathy management.
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1.3. Justification of the Study

The investigation into Azadirachta indica’s therapeutic capacity to address neurodegeneration in

diabetic retinopathy is propelled by pressing demands and significant potential. With rising DR

cases globally, current treatments like anti-VEGF injections and laser photocoagulation often

have adverse effects, inconsistent efficacy, and high costs, emphasizing the need for novel

interventions.

Azadirachta indica, with its antioxidant, anti-inflammatory, and antidiabetic properties, aligns

with DR’s complex pathophysiology, offering a potential holistic approach to mitigate neuronal

and vascular damage.

Using GC-MS analysis, molecular docking, and testing in a diabetic rat model, this study will

integrate traditional knowledge with modern science, exploring Azadirachta indica’s historical

use and examining its neuroprotective mechanisms through ocular indices such as retinal layer

thickness and biomarker expression (e.g., GFAP).

Its widespread availability and cultural familiarity make it a cost-effective, accessible option,

potentially reducing the financial burden of conventional therapies, especially in low-resource

settings. By filling a literature gap on Azadiracta indica’s role in DR neurodegeneration, this

research could drive the development of plant-based strategies, enhancing equitable access to

effective treatments and improving quality of life for DR patients worldwide.
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1.4. Aim and Objectives of the Study

This study aims to investigate the neuroprotective effects of Azadirachta indica extracts on

streptozotocin-induced diabetic retinopathy in rats, with a focus on addressing neurodegeneration.

The specific objectives of the research are to:

1. Identify and characterize the bioactive constituents and establish a detailed

phytochemical profile of Azadirachta indica extracts through GC-MS analytical

technique.

2. Molecularly dock Azadirachta indica compounds against diabetic retinopathy targets to

predict therapeutic potential and select the best extract for in vivo testing.

3. Evaluate the effects of the selected Azadirachta indica extract on retinal oxidative stress

and inflammation by assessing antioxidant enzyme activities such as Catalase, and pro-

inflammatory mediators, such as NF- κB.

4. Investigate the neuroprotective effects of the selected Azadirachta indica extract on

retinal neurodegeneration, by assessing neuronal survival, expression of

neurotransmitters, neurotrophic factors, and integrity of retinal ganglion cells.

1.5. Scope of the Study

This study will evaluated the therapeutic potential of Azadirachta indica extracts in mitigating

retinal neurodegeneration in streptozotocin-induced diabetic retinopathy (DR) using adult Wistar

rats. It assessed biochemical markers which included oxidative stress markers, inflammatory,

neuroprotective, and histological changes to determine the extracts' efficacy in alleviating DR

symptoms. Wistar rats were selected for their sensitivity to streptozotocin-induced diabetes and

physiological similarity to human retinal pathology, ensuring a reliable model. Conducted at
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Lead City University, Ibadan, Nigeria, the research utilized well-equipped laboratory facilities

with appropriate animal housing and ethical protocols. The focus on Azadirachta indica was

driven by its historical use and phytochemical profile, which includes antioxidant, anti-

inflammatory, and glucose-modulating properties. The study involved a 2-day diabetes induction

phase, followed by treatment and observation phase which lasted 21 days, designed to evaluate

the neuroprotective effects of Azadirachta indica on the retina, focusing on early intervention in

the disease process.

1.6. Limitations of the Study

1. Lack of access to advanced imaging equipment, such as a fundus camera, limited the

ability to monitor retinal changes in real time as the research progressed.

2. Financial constraints restricted the scope of analyses and the range of neuroprotective

biomarkers that could be comprehensively evaluated.

3. Slight differences in body morphology, retinal structure, and overall physiology between

the diabetic rat model and humans may affect the direct translatability of the findings to

clinical practice.

1.7. Operational Definition of Terms

1. Antioxidants: Bioactive compounds in Azadirachta indica (A. indica) that neutralize

free radicals and reduce oxidative stress, a key contributor to neurodegeneration and

vascular damage in diabetic retinopathy, measured through biochemical assays.

2. Bioactive Compounds: Naturally occurring chemical substances in A. indica extracts,

including saponins, phenolic compounds, tannins, flavonoids, alkaloids, and

phytosterols, responsible for therapeutic effects, identified via qualitative

phytochemical screening.



7

3. Diabetic Retinopathy (DR): Diabetic retinopathy refers to a retinal complication

observed in diabetes modeled in rats, with features including neurodegeneration,

vascular damage, and oxidative stress, investigated to assess A. indica’s therapeutic

potential.

4. Flavonoids: Plant-based antioxidants in A. indica’s phytochemical profile, studied for

their anti-inflammatory and neuroprotective effects in the diabetic retina.

5. Histology: Microscopic examination of retinal tissue to assess structural changes,

including neuronal loss and vascular abnormalities, following A. indica treatment in

diabetic retinopathy.

6. Inflammatory Mediators: Pro-inflammatory cytokines in retinal tissue, measured to

evaluate the anti-inflammatory effects of A. indica in diabetic retinopathy.

7. Neurodegeneration: Progressive loss of retinal neurons, particularly ganglion cells,

in diabetic retinopathy, assessed to determine A. indica’s neuroprotective efficacy.

8. Neuroprotection: Preservation of retinal neuronal function and structure, evaluated

through histological and functional assessments after A. indica treatment.

9. Oxidative Stress: Biochemical imbalance between free radicals and antioxidants in

the retina, contributing to diabetic retinopathy pathology, targeted by A. indica

extracts and measured via markers like superoxide dismutase and malondialdehyde.

10. Phytomedicine: Use of A. indica extracts for their medicinal properties to manage

diabetic retinopathy symptoms, focusing on neurodegeneration and oxidative stress.

11. Streptozotocin: Chemical agent used to induce diabetes in Wistar rats by destroying

pancreatic beta cells, creating a model to evaluate A. indica’s effects on diabetic

retinopathy.



8

12.Wistar Rats: Standard laboratory rat strain used as the experimental model for

streptozotocin-induced diabetic retinopathy, selected for their reliable physiological

response.

13. Azadirachta indica: Medicinal plant (neem) evaluated for its antioxidant, anti-

inflammatory, and glucose-regulating properties in the context of diabetic retinopathy.
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Chapter Two

Literature Review

2.1 Overview of Diabetes Mellitus

Established as a metabolic disorder, diabetes features persistent hyperglycemia which arises from

defective insulin secretion, insulin resistance, or both. Insulin, produced by the pancreatic β-cells,

is essential for regulating blood glucose levels, however when its function is disrupted, glucose

accumulates in the bloodstream, leading to systemic complications over time1,2.

The condition is broadly classified into Type 1, Type 2 diabetes, and Gestational diabetes, with

Type 1 resulting from autoimmune destruction of insulin-producing cells, requiring lifelong

insulin therapy. Type 2 diabetes, more common and often associated with lifestyle factors habits

and obesity, involves insulin resistance and progressive β-cell dysfunction. Other forms include

gestational diabetes, which emerges during pregnancy, and secondary diabetes caused by

specific conditions or medications3.

Chronic hyperglycemia damages blood vessels and nerves, contributing to macrovascular

complications like atherosclerosis and microvascular complications such as retinopathy,
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nephropathy, and neuropathy. Acute complications, including diabetic ketoacidosis and

hyperosmolar hyperglycemic state, represents life-threatening emergencies requiring immediate

intervention4. Diagnosis relies on blood glucose measurements, including fasting plasma glucose,

HbA1c levels, and oral glucose tolerance tests. Management focuses on glycemic regulation

through lifestyle modifications strategies, alongside oral hypoglycemic agents, and insulin

therapy, tailored to the type and progression of diabetes. Regular monitoring and early

intervention are important to minimizing complications and improving long-term outcomes5.

Given its increasing global prevalence, diabetes mellitus remains a significant public health

challenge, emphasizing the need for awareness, prevention, and effective disease management

strategies.

2.1.1 Types of Diabetes

Diabetes mellitus represents a heterogeneous group of metabolic abnormalities unified by the

characteristic chronic hyperglycemia but distinguished by their underlying causes,

pathophysiology, and clinical trajectories6. There exist three major classification of diabetes,

however the classification extends beyond the conventional binary of Type 1 and Type 2 to

encompass several other forms, each with distinct etiological and management implications.

Type 1 Diabetes Mellitus (T1DM)

Type 1 Diabetes Mellitus (T1DM) is a serious autoimmune disease which is marked by the

permanent loss of insulin-producing pancreatic β-cells, resulting in complete insulin deficiency.

The etiology reflects a multifactorial interaction between genetic predisposition, environmental

influences, and immune system dysregulation. Genetically, T1DM is associated with particular

human leukocyte antigen (HLA) class II alleles, most notably HLA-DR3 and HLA-DR4, which
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facilitate the presentation of self-antigens to T lymphocytes. Non-HLA genes, including INS

(insulin gene), PTPN22 (involved in T-cell signaling), and CTLA-4 (immune checkpoint

regulation), further modulate disease risk7,8. Environmental factors implicated in the

pathogenesis include viral infections, such as enteroviruses, nutritional factors including early

introduction to Cow's milk or gluten, vitamin D deficiency, and alterations in the gut microbiome,

which may initiate or accelerate autoimmunity in genetically predisposed individuals8.

The autoimmune process begins with the infiltration of pancreatic islets by autoreactive T

lymphocytes (CD4⁺ and CD8⁺), together with macrophages, and dendritic cells, a

histopathological feature termed insulitis. These cells target β-cell autoantigens such as glutamic

acid decarboxylase (GAD65), insulinoma-associated antigen-2 (IA-2), insulin itself, and zinc

transporter 8 (ZnT8). Progressive inflammation culminates in apoptotic β-cell death, typically

resulting in >90% loss of functional β-cell mass before clinical symptoms emerge. This process

may evolve over months to years, during which islet autoantibodies (e.g., anti-GAD, anti-insulin)

serve as biomarkers of ongoing autoimmunity9.

Clinically, T1DM often presents acutely with classic symptoms of hyperglycemia: polyuria (due

to osmotic diuresis), polydipsia (compensatory thirst), polyphagia (increased hunger),

unintentional weight loss (from catabolism of fats and proteins), fatigue, and blurred vision.

Approximately 20–40 % of patients, particularly children, present with diabetic ketoacidosis

(DKA), a life-threatening emergency characterized by hyperglycemia (>250 mg/dL), ketonemia,

metabolic acidosis (arterial pH <7.3), electrolyte imbalances, and dehydration. Without prompt

intervention, DKA can progress to cerebral edema, coma, or death10.
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Long-term management requires lifelong exogenous insulin replacement, meticulously tailored

to physiological needs. Regimens typically involve basal-bolus therapy: long-acting insulin (e.g.,

glargine, detemir) to mimic basal secretion and rapid-acting analogs (e.g., lispro, aspart)

administered before meals to cover prandial glucose excursions. Continuous subcutaneous

insulin infusion via insulin pumps offers enhanced flexibility, allowing variable basal rates and

precise meal bolusing. Glycemic targets aim for a hemoglobin A1c (HbA1c) <7.0 % (or <53

mmol/mol) to reduce microvascular complications, though individualized goals may vary based

on age, comorbidities, and hypoglycemia risk11.

Technological advancements have transformed disease management. Continuous glucose

monitoring systems provide real-time interstitial glucose readings, trend arrows, and alerts for

impending hypo- or hyperglycemia. Sensor-augmented pumps and hybrid closed-loop systems

automate basal insulin delivery, significantly improving time-in-range (TIR) and reducing

hypoglycemia. Adjunctive therapies, such as amylin analogs (pramlintide), may suppress

glucagon secretion and slow gastric emptying but do not replace insulin12,13.

Despite therapeutic advances, T1DM carries significant acute and chronic risks. Hypoglycemia

remains the most common acute complication, often triggered by insulin overdosing, delayed

meals, or exercise. Severe hypoglycemia (requiring external assistance) poses risks of seizures,

cognitive impairment, and cardiovascular events. Chronic hyperglycemia drives microvascular

complications: retinopathy (via VEGF-mediated neovascularization), nephropathy (glomerular

hyperfiltration progressing to end-stage renal disease), and neuropathy (distal symmetric

polyneuropathy, autonomic dysfunction). Macrovascular sequelae accelerated atherosclerosis,
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coronary artery disease, and stroke are also prevalent due to endothelial dysfunction and pro-

inflammatory states14,15.

Emerging research focuses on disease modification. Immunotherapies (e.g., anti-CD3

monoclonal antibodies, teplizumab) aim to preserve residual β-cell function in newly diagnosed

individuals16. Beta-cell replacement strategies, including pancreatic/islet transplantation, offer

insulin independence but face hurdles of graft rejection and immunosuppression-related toxicity.

Stem cell-derived β-cells and encapsulation devices (to evade immune detection) represent

promising frontiers17. Psychosocial dimensions are integral to T1DM care. The relentless self-

management burden carbohydrate counting, insulin dosing, glucose monitoring contributes to

diabetes distress, anxiety, and depression. Structured education programs (e.g., DAFNE)

empower patients with self-management skills, while mental health support is essential for

holistic care18.

Type 2 Diabetes Mellitus (T2DM)

Type 2 Diabetes Mellitus (T2DM) represents a complex, progressive metabolic disorder

characterized by sustained hyperglycemia arising from a dual pathogenesis of insulin resistance

and impaired pancreatic β-cell function leading to relative insulin deficiency. Unlike the

autoimmune etiology of Type 1 diabetes, T2DM is strongly associated with genetic

predisposition, obesity, sedentary lifestyles, and epigenetic factors. The pathophysiology

involves defective insulin signaling in skeletal muscle, liver, and adipose tissue, leading to

impaired glucose uptake, unrestrained hepatic gluconeogenesis, and aberrant lipolysis19.

Concurrently, β-cells fail to compensate adequately for insulin resistance due to amyloid

deposition (from islet amyloid polypeptide), oxidative stress, and glucolipotoxicity. This
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dysfunction progresses from prediabetes (impaired fasting glucose or glucose tolerance) to overt

diabetes over years, often masked by asymptomatic hyperglycemia until complications

manifest20,21.

The clinical presentation is insidious, with many patients diagnosed incidentally during routine

screening. Classic symptoms, polyuria, polydipsia, fatigue may emerge only with significant

hyperglycemia (>200 mg/dL). Acanthosis nigricans (hyperpigmented skin folds) and skin tags

signal underlying insulin resistance. Acute complications include hyperosmolar hyperglycemic

state (HHS), characterized by severe hyperglycemia (>600 mg/dL), severe dehydration, and

altered mental conciousness without significant ketoacidosis, primarily affecting older adults

with comorbidities22,23. Chronic complications are broadly categorized as microvascular

pathologies (retinopathy, nephropathy, neuropathy) and macrovascular pathologies (coronary

artery disease, peripheral artery disease, stroke). Emerging evidence also links T2DM to non-

traditional sequelae: cognitive decline (via amyloid-β accumulation), fatty liver disease

(MASLD), and increased cancer risk (e.g., pancreatic, endometrial) mediated by

hyperinsulinemia and chronic inflammation24,25,26.

Diagnosis adheres to established criteria, which include fasting plasma glucose level of ≥126

mg/dL, an HbA1c value of ≥6.5 %, or random plasma glucose concentration of ≥200 mg/dL

with symptoms, or 2-hour post-75g oral glucose tolerance test (OGTT) ≥200 mg/dL. Risk

stratification incorporates tools like the FINDRISC questionnaire, emphasizing early intervention

in prediabetes (HbA1c 5.7–6.4 %)27. Management is multidimensional, anchored by lifestyle

modification: medically supervised weight loss (≥5–7 % body weight), structured physical

activity (≥150 min/week), and evidence-based nutrition (Mediterranean or low-glycemic-index
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diets). Pharmacotherapy begins with metformin (first-line, barring contraindications like renal

impairment) due to its efficacy, safety, and low cost. For patients with established cardiovascular

or renal disease, agents targeting the sodium-glucose cotransporter-2 inhibitors (SGLT2i), such

as empagliflozin, glucagon-like peptide-1 receptor agonists (GLP-1 RA), including semaglutide

are prioritized for their cardiorenal benefits, independent of glucose control. Insulin therapy

(basal analogues like glargine) is introduced when oral/injectable agents fail, often in advanced

disease with significant β-cell exhaustion28,29,30. Technological integration includes continuous

glucose monitoring (CGM) for optimizing time-in-range (TIR) and reducing hypoglycemia,

particularly in insulin-treated patients. Remission strategies, notably via intensive lifestyle

intervention or bariatric surgery, are achievable in early-stage T2DM with significant weight loss.

Socioeconomic determinants profoundly impact outcomes; disparities in access to care, healthy

food, and diabetes education exacerbate complications in marginalized populations31.

Gestational Diabetes

Gestational Diabetes Mellitus (GDM) is defined as glucose intolerance initially diagnosed during

pregnancy, typically manifesting between 24–28 weeks gestation. The condition stems from

insulin resistance induced during pregnancy, primarily under the influence of placental hormones

(human placental lactogen, progesterone, cortisol) that antagonize insulin action. In women with

preexisting β-cell dysfunction, this unmask latent diabetes. Risk factors include maternal obesity,

advanced age (>35 years), prior macrosomic infant (>4 kg), polycystic ovary syndrome (PCOS),

and non-European ethnicity (South Asian, Hispanic)32. Diagnostic criteria vary globally, the

IADPSG suggests a one-step approach with a 75 g OGTT, applying cut-offs of fasting ≥92

mg/dL, 1-hour ≥180 mg/dL, and 2-hour ≥153 mg/dL. Alternatively, the Carpenter–Coustan
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guidelines recommend a two-step procedure, starting with a 50 g glucose screen, followed by a

100 g OGTT for confirmation33.

Untreated GDM poses significant perinatal risks. Maternal hyperglycemia fuels fetal

hyperinsulinemia, causing macrosomia (fetal overgrowth), which increases risks of cesarean

delivery, shoulder dystocia, and birth trauma. Neonatal complications include hypoglycemia

(from abrupt cessation of maternal glucose supply), respiratory distress syndrome, and jaundice.

Long-term, offspring face higher risks of childhood obesity and glucose intolerance, while

mothers have a seven fold increased risk of developing T2DM within a decade postpartum34.

Management begins with medical nutrition therapy (carbohydrate-controlled meals, balanced

macronutrients), self-monitoring of blood glucose (fasting blood sugar values <95 mg/dL, 1-hour

postprandial value <140 mg/dL), and moderate exercise. Pharmacotherapy is initiated if

glycemic targets are unmet, insulin (basal and/or prandial) remains the standard due to non-

crossing of the placenta. Metformin and glyburide are alternatives but cross the placenta, with

metformin associated with preterm birth and glyburide linked to neonatal hypoglycemia35.

Postpartum care involves a 75g OGTT 4–12 weeks after delivery to reclassify glucose status.

Lifestyle interventions reduce progression to T2DM by 50 % (Diabetes Prevention Program).

Breastfeeding confers additional protective effects by improving maternal insulin sensitivity.

Future pregnancies warrant early screening due to recurrence risks exceeding 50 %36,37,38.

2.1.2 Global and Regional Burden of the Diabetic Epedemic

Diabetes mellitus represents a defining public health challenge of the 21st century, with its

burden escalating globally yet borne disproportionately by vulnerable populations in low- and

middle-income countries. The epidemiological landscape over the past decade shows a relentless
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rise in diabetes prevalence worldwide, with the most devastating impacts felt across the African

continent, where health systems grapple with dual burdens of infectious and non-communicable

diseases amid resource constraints39,40.

The global prevalence of diabetes in adults aged (20–79 years) has surged dramatically, reaching

approximately 589 million people in 2024, and is projected to escalate to 853 million by 2050

meaning one in eight adults worldwide will live with this metabolic disorder. This represents a

46 % increase from current figures, overwhelmingly driven by type 2 diabetes, which constitutes

over 90 % of cases. The socio-economic and environmental drivers such as urbanization, aging

populations, physical inactivity, and rising obesity, have accelerated this crisis, particularly in

low- and middle-income countries, which shoulder 81 % of the global diabetes burden. Between

1990 and 2017 alone, global diabetes incidence increased by 102.9 %, prevalence by 129.7 %,

and diabetes-related deaths by 125.5 %. Projections for 2025 suggest that diabetes will account

for 26.6 million new diagnoses, 570.9 million existing cases, and approximately 1.59 million

deaths each year on a global scale. These figures underscore a failure to achieve the World

Health Organization's (WHO) target to halt the rise in diabetes by 2025, with metabolic risks

(high BMI) and behavioral factors (diet, smoking, inactivity) accounting for most attributable

mortality and disability-adjusted life years (DALYs)41,42.

2.1.2.1 The African Epidemic

Within this global context, Africa faces the most rapid escalation of diabetes burden,

characterized by late diagnosis, inadequate treatment access, and severe complications. In 2021,

an estimated 24 million adults in Africa were living with diabetes, with prevalence nearly

doubling from 4.5 % in 2011 to 7.1 % in 2021. By 2050, this number is projected to surge to 55–

60 million, reflecting a 129–150 % increase and the fastest growth rate among all IDF regions43.
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Critically, sub-Saharan Africa has experienced an unprecedented doubling of type 2 diabetes

prevalence within just six years (2017–2023), rising to 10.9 % among adults aged 40–60 This

acceleration is unevenly distributed: Southern Africa (led by South Africa) bears the highest

burden, followed by East and West Africa, with urban centers showing markedly higher rates

due to epidemiological transitions where chronic diseases displace infectious causes of

mortality44.

Alarmingly, 72.6 % of diabetes cases in Africa remain undiagnosed the highest proportion

globally leaving approximately 18 million adults without essential care. Even when diagnosed,

treatment access remains catastrophically low: only 26.1 % of African adults with diabetes

receive treatment, creating a gap of over 34 million people lacking basic management45. This

diagnostic and therapeutic neglect fuels severe complications: diabetes accounts for 58 % of

premature deaths (before age 70) in Africa, exceeding the global average of 48 %46.

Hyperglycemia in pregnancy affects one in seven live births (10.8 % prevalence), programming

intergenerational cycles of metabolic disorder through fetal exposure47. Key risk factors include

obesity, hypertension, family history, physical inactivity, and unemployment, though their

expression varies across the continent. Notably, West Africans develop diabetes at lower body

mass index (BMI) thresholds than East or Southern Africans, challenging universal BMI cutoff

points of 25 kg/m² for screening. This suggests ethnic-specific pathophysiological pathways and

underscores the need for locally tailored diagnostic criteria44. The rapid epidemiological

transition driven by urbanization, processed food penetration, and sedentary livelihoods interacts

with unique local factors48. In Southern Africa, the widespread use of dolutegravir-based

antiretroviral therapy for HIV management contributes to weight gain and potentially diabetes

risk, creating a syndemic of infectious and metabolic diseases44. Additionally, underinvestment
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in healthcare infrastructure exacerbates outcomes. Africa allocates only 1 % of global diabetes

spending (USD 10 billion annually) despite housing 11.4 % of the world’s diabetes cases. Per

capita diabetes health expenditure stands at a mere USD 414.30, compared to thousands in high-

income nations, limiting access to insulin, glucose monitoring, and complication screening49.

2.1.2.2 Mortality

The human cost of this crisis manifests in elevated mortality and debilitating complications.

Diabetes directly caused 215,836 deaths in Africa in 2024, accounting for 4.0 % of all-cause

mortality in adults aged 20–79 years. Premature mortality before age 70 reaches 58 %, reflecting

delayed diagnosis and fragmented care. Complications follow a severe trajectory such that,

retinopathy drives blindness, nephropathy progresses to kidney failure, and neuropathy combined

with vascular insufficiency predisposes to foot ulcers and amputations.

Cardiovascular diseases, including myocardial infarction and stroke, occur at 2–3 times higher

rates in people with diabetes50. Addressing this burden requires a dual approach: structural

interventions to strengthen health systems and context-specific prevention. The WHO’s Global

Diabetes Compact (2021) and Africa’s Regional Framework (2024) emphasize integrating

diabetes care into primary health systems, expanding access to essential medicines (e.g., insulin,

metformin), and deploying community-based screening. Proven strategies include task-shifting

to nurses for routine management, leveraging mobile health technologies for patient education,

and taxing sugar-sweetened beverages to reduce consumption. Critically, Africa must generate

high-quality, local epidemiological data currently, 45 % of African countries lack recent diabetes

studies, and only three nations (Cape Verde, Gambia, São Tomé and Príncipe) have data from

the past five years51,52,53.
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2.1.3 Complications of Diabetes

Diabetes mellitus triggers a series of systemic pathophysiological alterations precipitated by

persistent hyperglycemia, which elicits cellular injury through four principal molecular pathways:

heightened polyol pathway activity, activation of protein kinase C (PKC) isoforms, accumulation

of advanced glycation end products (AGEs), and dysregulation of the hexosamine pathway.

These mechanisms collectively contribute to oxidative stress, mitochondrial impairment, and

chronic inflammation, culminating in acute metabolic crises, macrovascular complications,

microvascular end-organ damage, and atypical sequelae. The clinical burden is

disproportionately severe in resource-limited regions due to late diagnosis and fragmented care54.

Acute metabolic crises include diabetic ketoacidosis (DKA), characterized by absolute insulin

deficiency, uncontrolled lipolysis, ketogenesis, and metabolic acidosis (pH <7.3), typically

presenting with hyperglycemia (>250 mg/dL), dehydration, and Kussmaul respirations. In

contrast, the hyperosmolar hyperglycemic state (HHS) arises in type 2 diabetes from profound

insulin resistance, resulting in extreme hyperglycemia (>600 mg/dL), serum hyperosmolality

(>320 mOsm/kg), and neurological compromise without significant ketosis55. Both conditions

necessitate emergent fluid resuscitation, electrolyte repletion, and insulin therapy to prevent

mortality. Iatrogenic hypoglycemia (<70 mg/dL), often from insulin or sulfonylurea

overtreatment, triggers autonomic (tachycardia, diaphoresis) and neuroglycopenic symptoms

(cognitive impairment, seizures), with recurrent episodes correlating with accelerated

cardiovascular morbidity and cognitive decline56.

Macrovascular complications driven by hyperglycemia stem from accelerated atherosclerosis

fueled by endothelial dysfunction, dyslipidemia, and a prothrombotic state. Cardiovascular

disease risk escalates 2–4-fold, manifesting as premature coronary artery disease, myocardial
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infarction, as well as heart failure with preserved ejection fraction. In addition, peripheral artery

disease (PAD) develops in 20–30 % of patients, causing claudication, critical limb ischemia, and

non-healing ulcers, which precede 70 % of non-traumatic lower-limb amputations globally.

Cerebrovascular involvement increases ischemic stroke incidence 15–40 times higher, with

heightened post-stroke disability and mortality due to impaired collateral circulation and

neurovascular repair mechanisms57,58.

Microvascular pathology emerges from capillary basement membrane thickening, pericyte loss,

and microthrombosis. Diabetic nephropathy progresses from glomerular hyperfiltration and

microalbuminuria (30–300 mg/day) to overt proteinuria and declining glomerular filtration rate

(GFR), histologically defined by mesangial expansion, nodular sclerosis (Kimmelstiel-Wilson

lesions), and tubulointerstitial fibrosis. This culminates in end-stage renal disease59,60, with

diabetes now the leading cause of dialysis dependence in Africa despite severe treatment access

disparities. Diabetic neuropathy initially manifests as distal symmetrical sensory loss in a

"stocking-glove" distribution, advancing to neuropathic pain, motor weakness, and autonomic

dysfunction (gastroparesis, orthostatic hypotension, erectile dysfunction). Loss of protective

sensation predisposes to foot ulceration, which progresses to osteomyelitis and amputation in

settings with limited podiatric care61.

Diabetic retinopathy evolves through retinal microvascular occlusion, pericyte dropout, and

ischemia-driven vascular endothelial growth factor (VEGF) overexpression. Non-proliferative

stages feature microaneurysms, intraretinal hemorrhages, and cotton-wool spots; progression to

proliferative retinopathy introduces neovascularizaion with risks of vitreous hemorrhage and

tractional retinal detachment. Diabetic macular edema (DME), resulting from blood-retinal

barrier breakdown, remains the primary cause of central vision loss in working-age adults, with
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screening deficits contributing to Africa’s disproportionately high rates of preventable

blindness62.

Non-traditional complications include heightened infection susceptibility due to neutrophil

chemotaxis defects and impaired cell-mediated immunity, increasing risks of tuberculosis,

mucormycosis, and recurrent urinary tract infections. Cognitive decline correlates with cerebral

microinfarcts, amyloid-β deposition, and insulin resistance within the hippocampus, elevating

dementia risk twofold. Depression affects 25 % of individuals with diabetes, compounding self-

care challenges through reduced medication adherence and physical inactivity. Malignancy risk

rises for pancreas, liver, and endometrium, mediated by hyperinsulinemia-driven mitogenic

signaling and chronic inflammation63,64,65,66.

Aggravating factors in underserved populations include genetic variants (e.g., APOL1

nephropathy risk in West Africans), comorbidities (HIV, hypertension), and health system

barriers. Late diagnosis results in over 50 % of African patients presenting with established

complications, while insulin stockouts and inadequate screening tools exacerbate outcomes. The

intergenerational impact is profound, an example is maternal hyperglycemia which can program

fetal metabolic dysfunction, perpetuating diabetes cycles67,68.

2.2 Diabetic Retinopathy (DR)

Diabetic retinopathy (DR) constitutes a progressive microvascular complication associated with

diabetes mellitus, defined by pathological changes in the retinal vasculature due to chronic

hyperglycemia. As the predominant cause of preventable blindness among adults of working

(20-65 years), DR affects approximately 103 million people globally, with projections indicating

a rise to 160 million cases by 2045. This condition represents a critical public health challenge,
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particularly in low- and middle-income regions where diabetes prevalence is rising most rapidly.

In Africa, where diabetes rates have doubled since 2011, DR prevalence ranges from 10-35 %

among diabetic individuals, yet over 75 % lack access to retinal screening due to critical

shortages of ophthalmologists (1:1,000,000 in rural areas) and systemic healthcare barriers69.

The clinical significance of DR extends beyond ocular morbidity. It serves as a sentinel

biomarker for systemic microvascular health, with severity strongly correlating with increased

risks of stroke, myocardial infarction, and end-stage renal disease. The socioeconomic impact is

profound in sub-Saharan Africa, where DR-related vision loss reduces household income by

65 % and increases mortality due to occupational disability and reduced access to care70.

DR progresses along a continuum from subclinical microvascular changes to vision-threatening

complications, with early stages often asymptomatic. This silent progression shows the critical

importance of regular screening, particularly given that 90 % of DR-related blindness is

preventable through timely intervention71. Recent epidemiological shifts reveal alarming trends,

with Africa experiencing the world's steepest increase in DR burden, driven by urbanization,

processed food consumption, and synergistic comorbidities. However, technological innovations

are transforming detection paradigms. Artificial intelligence (AI)-driven screening platforms

now achieve up to 99 % sensitivity in identifying referable diabetic retinopathy (DR), offering

scalable and cost-effective solutions for resource-limited settings72. Implementation studies in

African countries such as Tanzania, Rwanda, and South Africa demonstrate the feasibility and

acceptability of AI-based DR screening, even in primary healthcare settings. Despite this, major

implementation gaps persist, in that fewer than 10 % of African diabetes clinics have integrated

routine retinal screening protocols, and under 20 % of patients receive annual eye exams, falling
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short of international guideline recommendations. Diabetic retinopathy epitomizes the

intersection of metabolic dysregulation and microvascular compromise, with its silent

progression and preventable blindness burden demanding integrated public health strategies73,74,75.

2.2.1 Classification of Diabetic Retinopathy

Diabetic retinopathy classification has evolved substantially since the initial descriptive systems

of the 19th century, culminating in evidence-based frameworks that stratify disease severity

based on prognostic risk and guide clinical management. The current paradigm recognizes two

fundamental stages, which are non-proliferative diabetic retinopathy (NPDR), and proliferative

diabetic retinopathy (PDR), with diabetic macular edema (DME) evaluated as an independent yet

intersecting dimension76. This staging system, formalized by the Early Treatment Diabetic

Retinopathy Study (ETDRS) and later simplified into the International Clinical Diabetic

Retinopathy (ICDR) scale, correlates specific retinal lesions with risks of progression to vision-

threatening complications77.

The classification of diabetic retinopathy has undergone a transformative journey from

rudimentary descriptive systems to sophisticated prognostic tools that guide clinical management.

Early 20th-century classifications, exemplified by Wagener's 1934 system, cataloged

hemorrhages, exudates, and venous changes but lacked prognostic stratification. A paradigm

shift occurred at the Airlie House Symposium (1968), which established standardized

photographic protocols and lesion-specific grading laying the foundation for the first quantitative

framework: the Early Treatment Diabetic Retinopathy Study (ETDRS) classification (1985)77,78.

The ETDRS introduced the seminal "4-2-1 rule" for severe non-proliferative DR (NPDR),

defined by dot and blot hemorrhages, microaneurysms in the four retinal quadrants, the presence
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of venous beading in at least two quadrants, or intraretinal microvascular abnormalities (IRMA)

within at least one quadrant79. Natural history data validated this system's prognostic power,

demonstrating that mild NPDR carried a 5 % annual risk of progression to proliferative DR

(PDR), moderate NPDR 12–27 %, and severe NPDR meeting 4-2-1 criteria 52 %. The ETDRS

Diabetic Retinopathy Severity Scale further quantified risk, showing each one-step increase in

severity doubled one-year PDR progression probability. Despite its accuracy, the ETDRS system

faced clinical adoption barriers due to its complexity, requiring detailed lesion counting across

seven retinal fields covering approximately 34 % of the retinal surface and specialized

photographic analysis77.

To enhance clinical utility, the International Clinical Diabetic Retinopathy (ICDR) scale (2003)

consolidated ETDRS criteria into five severity levels while preserving risk stratification: mild

NPDR characterized by microaneurysms only with approximately 5 % one-year PDR risk;

moderate NPDR featuring microaneurysms plus hemorrhages or venous changes with 12–27 %

risk; severe NPDR defined by "4-2-1 rule" abnormalities with 52 % risk; PDR with

neovascularization or vitreous hemorrhage; and advanced PDR with tractional complications.

This simplification improved feasibility in resource-limited settings but retained ETDRS' core

limitation as reliance on posterior pole imaging overlooked peripheral pathology which is a

critical gap addressed by subsequent technological innovations80,81.

The Diabetic Retinopathy Clinical Research Retina Network (DRCR) Protocol AA demonstrated

that peripheral lesions outside ETDRS fields substantially alter prognosis, with 12.5 % of eyes

upgrading DR severity by at least one ICDR level when peripheral fields were included.

Predominantly peripheral lesions increased two-step DR worsening risk over four years. Ultra-
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widefield fluorescein angiography now quantifies peripheral nonperfusion, providing a

biomarker independent of central lesions for predicting PDR progression82,83. Artificial

intelligence systems achieve specialist-level accuracy, exemplified by IDx-DR detecting "more

than mild DR" with 87 % sensitivity and 92 % specificity using two-field fundus photos, and

RSG-Net (2025) achieving 99.4 % accuracy for five-stage DR classification through denoising

and histogram equalization techniques. However, these systems face real-world limitations

including reduced sensitivity for subtle intraretinal microvascular abnormalities (IRMA),

artifacts in poor-quality images, and lower positive predictive value in low-prevalence

populations84,85. OCT angiography biomarkers now supplement traditional classification, with

deep capillary plexus dropout serving as the earliest indicator of ischemia preceding visible

NPDR lesions, and foveal avascular zone area exceeding 0.35 mm² predicting diabetic macular

edema development with 89 % sensitivity.

Recent clinical trial results reaffirm the prognostic value of established DR classification systems.

In the RIDE and RISE studies, untreated eyes exhibiting moderately severe to severe NPDR

(aligned with the 4- 2- 1 rule) experienced approximately 29% two- step progression in disease

severity over 24 months, compared to just 10% in less severe cases86. The value of systematic

grading is further exemplified by the UK Diabetic Eye Screening Programme, which achieved

substantial reductions in blindness certifications following its rollout demonstrating the direct

impact of structured, ICDR-based screening on public health outcomes87,88. Task- shifting

strategies training non-ophthalmologists to perform DR detection have shown promise in low-

and, middle-income countries, improving access to retinopathy screening services by

compensating for the scarcity of ophthalmologists89,90.
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2.2.1.1 Non-Proliferative Diabetic Retinopathy (NPDR)

Non-proliferative diabetic retinopathy (NPDR) represents the foundational phase of diabetic

retinal disease, characterized by progressive microvascular damage without neovascularization.

Its pathogenesis extends beyond vascular pathology to encompass early retinal

neurodegeneration and neuroinflammation, which may precede visible microvascular changes91.

Chronic hyperglycemia activates four core biochemical pathways, the polyol pathway induces

osmotic stress through sorbitol accumulation; advanced glycation end-product (AGE) formation

cross-links proteins and activates RAGE receptors; protein kinase C (PKC) dysregulation

increases vascular permeability; and hexosamine flux alters transcriptional regulation. These

mechanisms converge to generate mitochondrial dysfunction, oxidative stress, and chronic

inflammation, ultimately triggering pericyte apoptosis, blood-retinal barrier disruption, and

capillary occlusion92,93,94.

Contemporary research identifies distinct NPDR phenotypic trajectories with prognostic

implications. The neurodegenerative phenotype features early ganglion cell layer thinning and

Müller cell dysfunction, detectable via optical coherence tomography (OCT) before vascular

lesions manifest95. The vascular permeability phenotype is dominated by blood-retinal barrier

breakdown causing subclinical macular edema, often preceding clinical diabetic macular edema

(DME). The ischemic phenotype demonstrates progressive capillary nonperfusion beginning in

the superficial capillary plexus and advancing to the deep capillary plexus, quantifiable via OCT

angiography (OCTA)96. Among these, the ischemic phenotype carries the highest risk of

progression to vision-threatening complications, with peripheral nonperfusion >10 disc areas

tripling proliferative DR risk97.
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The International Clinical Diabetic Retinopathy (ICDR) scale stratifies NPDR into three severity

tiers based on ophthalmoscopic findings.

1. Mild NPDR is defined by microaneurysms alone, carrying a 5% annual risk of

progression to proliferative DR. This initial stage is marked by the presence of

microaneurysms, which are small balloon-like outpouchings of damaged retinal

capillaries. Microaneurysms are the earliest clinically visible abnormalities in DR and

appear as tiny red dots on the retina. At this point, blood-retinal barrier breakdown begins,

but vascular leakage and ischemia are minimal, so vision is typically unaffected98. Early

identification of mild NPDR serves as a warning sign to improve diabetic control.

2. Moderate NPDR includes microaneurysms plus hemorrhages, venous beading, or

intraretinal microvascular abnormalities (IRMA) in one quadrant, with a 12–27% annual

progression risk. As the disease progresses, moderate NPDR shows increased numbers of

microaneurysms and dot/blot hemorrhages. Additionally, hard exudatescomposed of

lipoprotein deposits from leaking vessels may develop. Cotton wool spots may emerge,

representing focal ischemia due to localized infarcts of the retinal nerve fiber layer.

Moreover, venous beading (irregular, dilated veins) and intraretinal microvascular

abnormalities (IRMA) appear, reflecting worsening retinal ischemia and capillary

occlusions. At this stage, the risk of progression to more severe disease increases but

neovascularization has not yet developed99,100.

3. Severe NPDR is characterized by the presence of any of the following features described

by the "4-2-1 rule"111:

i. Hemorrhages or microaneurysms in the four retinal quadrants

ii. Evidence of venous beading involving two or more quadrants
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iii. Intraretinal microvascular abnormalities (IRMA) in a single quadrant

These clinical signs indicate widespread retinal ischemia and significant capillary non-perfusion,

strongly suggesting an increased risk for the development of proliferative diabetic retinopathy

(PDR). Although neovascularization has not yet occurred, the likelihood of progression is

highestimated at 52 % annually necessitating vigilant monitoring and often preemptive

treatment102. Ultra-widefield fluorescein angiography (UWFA) enhances the assessment of

disease severity by detecting peripheral retinal lesions often missed with standard imaging. This

improved visualization has led to reclassification of severity in approximately 12.5 % of cases,

highlighting its importance in comprehensive DR evaluation103.

OCT angiography detects subclinical microvascular alterations before visible retinopathy104.

Deep capillary plexus dropout serves as the earliest ischemia marker, while foveal avascular

zone (FAZ) area >0.35 mm² predicts DME development with 89 % sensitivity. Artificial

intelligence systems now achieve specialist-level grading, exemplified by RSG-Net (2025)

demonstrating 99.4 % accuracy in NPDR classification105. However, limitations persist in

detecting subtle IRMA and artifacts in low-quality images.

Beyond glycemic control (each 1 % HbA1c reduction decreases microvascular complications by

37 %), hypertension elevates NPDR progression risk 1.5-fold by exacerbating endothelial

dysfunction. Dyslipidemia specifically triglycerides >2.3 mmol/L and low HDL correlates with

hard exudate formation106,107.

2.2.1.2 Proliferative Diabetic Retinopathy
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Proliferative Diabetic Retinopathy (PDR) is regarded as the most advanced stage of diabetic

retinal pathology associated with type 1 and type 2 diabetes. It is defined by the onset of

neovascularization, a pathological process in which the retina begins to form new, fragile blood

vessels in response to extensive ischemia and capillary closure108.

Generally, its features include:

i. Neovascularization (new, fragile vessels on the retina or optic disc)

ii. Preretinal or vitreous hemorrhage (from ruptured new vessels)

iii. Fibrovascular proliferation (growth of scar tissue with vessels)

iv. Tractional retinal detachment (caused by contracting scar tissue)

v. Worsening capillary non-perfusion (retinal ischemia)

vi. More widespread cotton wool spots and hemorrhages (as disease advances)

These newly formed vessels are structurally weak and prone to bleeding into the vitreous cavity,

often resulting in vitreous hemorrhage. The subsequent formation of fibrovascular scar tissue at

the vitreoretinal interface may lead to tractional retinal detachment, posing a significant threat to

both central and peripheral vision109.

PDR is a serious sight-threatening complication and underscores the cumulative burden of

chronic hyperglycemia. The prevalence of diabetic retinopathy, including PDR, increases with

longer disease duration and advancing age. As such, PDR is regarded as a long-term

complication of diabetes. The hallmark of PDR is abnormal angiogenesis, the formation of

neovascular vessels, which along with inflammatory changes and extracellular matrix expansion,

promotes the growth of fibrovascular membranes. These changes significantly increase the risk
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of vitreous hemorrhage, tractional retinal detachment, and eventually severe vision loss if not

promptly treated110.

2.2.1.3 Diabetic Macular Edema

Diabetic macular edema (DME) represents a vision-threatening complication of diabetic

retinopathy characterized by abnormal fluid accumulation within the extracellular spaces of the

macula, specifically with involvement of the inner nuclear layer (INL), the outer plexiform layer

(OPL), and/or subretinal space. This condition arises from chronic hyperglycemia-induced

breakdown of the blood-retinal barrier (BRB), a dual-layered defense system comprising the

inner retinal vascular endothelium and outer retinal pigment epithelium (RPE).

Pathophysiologically, DME develops through synergistic mechanisms: sustained hyperglycemia

activates protein kinase C (PKC) isoforms and advanced glycation end-product formation,

driving vascular endothelial growth factor (VEGF) overexpression. VEGF dismantles endothelial

tight junctions (occludin, claudin-5, ZO-1), permitting plasma extravasation into retinal tissue.

Concurrently, inflammatory cytokines (IL-6, TNF-α, ICAM-1) recruit leukocytes that further

degrade the BRB, while Müller cell dysfunction impairs fluid clearance through disrupted

potassium siphoning and aquaporin-4 channels112,113.

Clinically, DME manifests through distinct structural features observable via spectral-domain

optical coherence tomography (SD-OCT):

i. Cystoid macular edema: Hyporeflective intraretinal cysts (>100 µm diameter) clustered

in the INL/OPL, formed by fluid sequestration between Müller cells and neurons.

ii. Subretinal fluid: Hyporeflective spaces between the photoreceptor layer and RPE,

indicating RPE pump failure.
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iii. Hard exudates: Hyperreflective foci with posterior shadowing, representing lipoprotein

extravasation at edema margins.

iv. Retinal thickening: Central subfield thickness (CST) exceeding 290 µm in men or 305

µm in women on Heidelberg Spectralis systems.

As a functional successor to proliferative diabetic retinopathy (PDR), DME constitutes an

advanced stage of microvascular decompensation where ischemia shifts from angiogenesis-

driven pathology (PDR) to cytotoxic edema. While PDR features neovascularization responding

to peripheral ischemia, DME reflects centralized metabolic failure. Widespread capillary

nonperfusion generates VEGF gradients that overwhelm macular fluid regulation. This transition

amplifies disease severity through three mechanisms114:

i. Biomechanical stress: Chronic edema stretches photoreceptor axons, inducing

mitochondrial dysfunction and apoptosis.

ii. Neuroinflammatory escalation: Microglial activation releases glutamate excitotoxins,

accelerating ganglion cell loss.

iii. Structural irreversibility: Subretinal fluid persistence >6 months causes permanent

ellipsoid zone disruption, correlating with >50 % photoreceptor loss.

iv. The severity of DME is quantified through both anatomical and functional metrics:

v. High-risk OCT biomarkers: Disorganization of retinal inner layers (DRIL), large cystoid

spaces (>600 µm), and hyperreflective foci density >20 per mm² predict irreversible

vision loss despite treatment.
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vi. Visual acuity impact: Central macular involvement reduces acuity to ≤20/40 in 62 % of

untreated eyes within 2 years, with metamorphopsia and impaired contrast sensitivity

disproportionately affecting quality of life.

vii. Systemic linkage: DME severity independently predicts progression to end-stage renal

disease (hazard ratio HR of 2.8, p<0.001) and cardiovascular mortality (HR of 1.7,

p=0.003), underscoring its role as a biomarker for pan-microvascular failure.

Figure 2.2.1: Diabetic Retinopathy Progression from Mild to Vision Loss

Source111

2.3.1 Pathophysiology of Diabetic Retinopathy

Diabetic retinopathy is a vision-threatening condition that evolves through complex interactions

among metabolic, vascular, inflammatory, and neuroglial pathways, culminating in retinal

damage. The pathophysiology features a progressive continuum from subclinical alterations to

vision-threatening complications, including diabetic macular edema and proliferative diabetic
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retinopathy. The pathogenesis of diabetic retinopathy (DR) is primarily attributed to prolong

hyperglycemia, which imposes significant metabolic stress on retinal cells. Among the earliest

and most critical consequences of sustained high glucose levels is the overproduction of

mitochondrial reactive oxygen species (ROS), particularly superoxide anions. This oxidative

stress emerges as a unifying mechanism that links hyperglycemia to the cascade of downstream

cellular dysfunctions observed in DR115. Under hyperglycemic conditions, excess glucose is

metabolized through glycolysis, leading to an increased flux of electron donors into the

mitochondrial electron transport chain. This overwhelms the mitochondrial capacity, resulting in

electron leakage and subsequent generation of superoxide radicals. The elevated ROS not only

damage cellular components directly but also exert regulatory effects on key metabolic enzymes.

Notably, mitochondrial superoxide interfers with the catalytic activity of glyceraldehyde-3-

phosphate dehydrogenase (GAPDH), a central enzyme in glycolytic pathway. This inhibition

disrupts normal glucose metabolism and causes the accumulation of upstream glycolytic

intermediates116.

As a result of GAPDH inhibition, excess metabolites are shunted into alternative biochemical

pathways that contribute significantly to the vascular and neuronal damage seen in diabetic

retinopathy. These include the polyol pathway, the protein kinase C pathway, the formation of

advanced glycation end products, and the hexosamine biosynthetic pathway. Each of these

pathways not only promotes tissue injury through distinct mechanisms ranging from osmotic

stress and vascular permeability to inflammation and fibrosis but also amplifies oxidative stress,

creating a self-perpetuating cycle of cellular dysfunction116,117.

Understanding oxidative stress as the initiating factor provides critical insight into the

interconnected nature of these metabolic pathways. It sets the stage for a more comprehensive
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examination of how hyperglycemia-induced biochemical imbalances converge to drive the

complex and progressive pathology of diabetic retinopathy.

1. The Polyol Pathway

Chronic hyperglycemia overwhelms the normal glycolytic pathway, redirecting excess

intracellular glucose into the polyol pathway, which is a major contributing factor to

oxidative stress in the diabetic retina. Within this pathway, aldose reductase (AR), an

important regulatory enzyme catalyzes the reduction of glucose to sorbitol utilizing NADPH

as a cofactor. Subsequently, sorbitol is oxidized to fructose by sorbitol dehydrogenase, with

concurrent reduction of NAD⁺ to NADH. This metabolic shift exerts multiple harmful effects.

Firstly, sorbitol, a highly hydrophilic compound, is unable to cross lipid membranes, leading

to its intracellular accumulation. This increases osmotic pressure in retinal pericytes and

endothelial cells, causing cellular swelling, dysfunction, and eventual death. Secondly, the

fructose produced is subsequently metabolized into fructose-3-phosphate and 3-

deoxyglucosone, both of which serve as precursors for advanced glycation end-products

(AGEs) by non-enzymatic glycosylation, which further exacerbates vascular damage and

inflammation115,118.

Additionally, excessive polyol pathway activity depletes NADPH, which is essential for

regenerating glutathione (GSH) a critical cellular antioxidant. This depletion impairs the

cell’s ability to scavenge reactive oxygen species (ROS), tipping the redox balance toward

oxidative stress. The glucose monophosphate shunt also consumes NADPH excessively,

compounding this effect116.
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Consequently, oxidative damage accumulates, leading to mitochondrial dysfunction and

activation of pro-apoptotic signaling pathways including caspase-3 activation and Bax/Bcl-2

imbalance culminating in pericyte apoptosis. Furthermore, reduced NAD⁺ availability

inhibits glyceraldehyde-3-phosphate dehydrogenase (GAPDH), forcing additional glucose

flux into alternate pathogenic metabolic pathways, thereby amplifying retinal injury119.

2. Protein Kinase C (PKC) Activation

Hyperglycemia-induced de novo synthesis of diacylglycerol (DAG) from glycolytic

intermediates leads to chronic activation of protein kinase C (PKC), a central mediator in

diabetic retinopathy (DR) pathogenesis. Among PKC isoforms, PKC-β is predominantly

implicated in retinal vascular dysfunction. PKC-β activation phosphorylates retinal targets,

inducing vascular endothelial growth factor (VEGF) expression through promoter activation

and mRNA stabilization. This upregulation drives retinal vascular hyperpermeability.

Simultaneously, PKC inhibits endothelial nitric oxide synthase (eNOS), reducing nitric oxide

(NO) bioavailability and promoting vasoconstriction. Critically, PKC phosphorylates tight

junction proteins (e.g., occludin, ZO-1), compromising blood-retinal barrier (BRB) integrity.

It also stimulates plasminogen activator inhibitor-1 (PAI-1) production, promoting fibrin

deposition and capillary occlusion, thereby exacerbating ischemia and leakage119,.

PKC activation induces endothelial dysfunction through multiple interconnected mechanisms:

increased vascular permeability, altered NO signaling, reduced vasodilatory prostaglandins,

and induction of vasoconstrictors (thromboxane A₂, endothelin-1). These collectively disrupt

vascular homeostasis. Other isoforms (PKC-α, -δ, -ε) contribute to DR pathology. PKC-δ

activation elevates reactive oxygen species (ROS) production and activates p38/MAPK

signaling, upregulating SHP-1 and NF-κB. This cascade suppresses platelet-derived growth
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factor (PDGF) survival signaling and activates caspases, accelerating pericyte apoptosis and

microaneurysm formation120.

Experimental evidence demonstrates that PKC-β inhibition (e.g., LY333531/ruboxistaurin)

reduces diabetes-induced oxidative stress, improves retinal hemodynamics, and attenuates

vascular pathology. PKC-β-null mice exhibit diminished ROS-mediated damage, further

validating its pathogenic role116,121.

3. Hexosamine Flux

In diabetic retinopathy, chronic hyperglycemia diverts excess fructose-6-phosphate from

glycolysis to the hexosamine biosynthetic pathway (HBP). This is catalyzed by glutamine

fructose-6-phosphate amidotransferase (GFAT), which is the rate-limiting enzyme that

catalyzes the conversion of fructose-6-phosphate to glucosamine-6-phosphate. Subsequent

reactions yield UDP-N-acetylglucosamine (UDP-GlcNAc), the essential donor molecule for

O-linked N-acetylglucosamine (O-GlcNAc) transferase (OGT)120.

OGT mediates O-GlcNAcylation of serine or threonine residues on nuclear and cytoplasmic

proteins. This post-translational modification dysregulates transcription factors:

i. Sp1: Enhanced DNA-binding affinity upregulates pro-fibrotic TGF-β and pro-

thrombotic PAI-1, driving extracellular matrix deposition and capillary occlusion.

ii. NF-κB: Hyperactivation increases expression of pro-inflammatory cytokines

(including TNF-α, IL-6), and VEGF, promoting vascular leakage and

angiogenesis.

Hyperglycemia-induced mitochondrial superoxide inhibits glyceraldehyde-3-phosphate

dehydrogenase (GAPDH), shunting glycolytic intermediates into the HBP a feed-forward

loop amplifying UDP-GlcNAc production. Elevated HBP flux further disrupts mitochondrial
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respiration, generating excess ROS that exacerbates oxidative stress, endothelial damage, and

inflammation.

Critically, O-GlcNAcylation of eNOS at Thr495 suppresses enzymatic activity, reducing

nitric oxide (•NO) bioavailability. This impairs vasodilation, accelerates endothelial

dysfunction, and synergizes with HBP-induced oxidative stress to disrupt the blood-retinal

barrier120,122.

4. The AGE-RAGE Axis

Advanced glycation end products (AGEs) are heterogeneous, irreversible adducts formed via

non-enzymatic reactions between reducing sugars and amino groups of proteins, lipids, or

nucleic acids, a process termed glycation. Formation initiates with the Maillard reaction,

where a reducing sugar condenses with a protein to form a Schiff base. This undergoes

irreversible Amadori rearrangement to yield stable early glycation products (e.g., glycated

hemoglobin, HbA1c, a clinical biomarker of chronic hyperglycemia).

Amadori products then degrade through oxidation, fragmentation, or metal-catalyzed

reactions, generating highly reactive α-dicarbonyl intermediates. Among these, 3-

deoxyglucosone (3-DG) exhibits 10,000-fold greater glycating activity than glucose. 3-DG

derives predominantly from fructose-3-phosphate via the polyol pathway, which is

hyperactivated in diabetes: Aldose reductase converts glucose to sorbitol, depleting NADPH

(impairing glutathione regeneration), while sorbitol dehydrogenase oxidizes sorbitol to

fructose. Fructose phosphorylation yields fructose-3-phosphate, a direct precursor to 3-DG.

This pathway thus fuels AGE generation while exacerbating oxidative stress and osmotic

imbalance, contributing to early Müller cell edema123,124.



39

AGEs accumulate in retinal basement membranes and extracellular matrix, inducing receptor

for AGE (RAGE)-dependent signaling on endothelial cells, pericytes, and Müller cells.

RAGE activation triggers NF-κB nuclear translocation, upregulating pro-inflammatory

mediators (TNF-α, IL-6), adhesion molecules (ICAM-1, VCAM-1), and VEGF sustaining

inflammation, vascular hyperpermeability, and angiogenesis. Concurrently, RAGE stimulates

NADPH oxidase, amplifying reactive oxygen species (ROS) production and establishing a

feedforward loop of oxidative damage. AGEs also cross-link collagen, causing basement

membrane thickening and rigidity, which compromises vascular compliance and perfusion.

Exogenous AGEs from diet (10–30 % absorption; 6–7 % tissue retention) and tobacco smoke

augment systemic burden. High-protein/fat foods subjected to dry-heat processing (grilling,

frying) contain elevated AGEs, whereas moist-heat cooking or carbohydrate-rich foods

minimize formation. Reducing dietary AGE intake may thus attenuate diabetic

complications124,125.

These pathways, initially activated in response to chronic hyperglycemia, progressively disturb

the redox balance in retinal cells. The polyol pathway consumes NADPH, depleting antioxidant

reserves such as glutathione and rendering cells more vulnerable to oxidative damage. The PKC

pathway stimulates NADPH oxidase activity, directly increasing ROS generation. AGE-RAGE

interactions activate signaling cascades that enhance inflammatory gene expression and promote

mitochondrial dysfunction, further elevating oxidative burden. Similarly, the hexosamine

pathway impairs mitochondrial respiration and modifies proteins involved in vascular function

through O-GlcNAcylation, contributing to increased ROS production126,127.
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Figure 2.2.2: The Four Main Pathways Involved in Diabetic Retinopathy

Source128

Collectively, these hyperglycemia-induced pathways create a vicious cycle in which metabolic

disturbances reinforce oxidative stress, and oxidative stress in turn sustains and aggravates the

very pathways that initiated it. This feed-forward loop not only accelerates retinal vascular
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leakage, inflammation, and neuronal damage, but also showcase oxidative stress as both a

consequence and a perpetuating force in the pathogenesis of diabetic retinopathy.

2.3.1.1 Oxidative Stress

Mitochondrial electron transport chain overload in hyperglycemia generates superoxide anions

(O₂•⁻) as the primary unifying mechanism. Superoxide inhibits GAPDH by poly-ADP ribose

polymerase (PARP)-mediated ADP-ribosylation, diverting glycolytic intermediates into all

aforementioned pathways. ROS directly damage cellular components through lipid peroxidation

(generating neurotoxic 4-hydroxynonenal), protein carbonylation, and mitochondrial DNA

mutations. Oxidative stress activates stress-sensitive pathways (JAK/STAT, p38 MAPK) and the

NOD-like receptor protein 3 (NLRP3) inflammasome, amplifying inflammatory responses.

Critically, ROS inactivate endogenous antioxidants (superoxide dismutase, catalase) while

activating pro-apoptotic p38 MAPK signaling in retinal neurons126,127,129.

2.4 Retinal Neurodegeneration in Diabetic Retinopathy

Diabetic retinopathy (DR) has traditionally been viewed as a microvascular disease, but recent

research has redefined it as a complex neurovascular complication involving significant

neurodegeneration. The American Diabetes Association (ADA) now characterizes DR as a

tissue-specific condition marked by the progressive disruption of interdependence among

multiple retinal cell types. Emerging evidence highlights that retinal thinning associated with

impaired visual function manifest in diabetic patients prior to the clinical presentation of DR,

alongside early vascular remodeling and choroidal changes observed through advanced retinal

imaging techniques. These findings are supported by animal models and, in-vitro studies, which

suggest that diabetes exerts a direct effect on the retina neurons and glial cells, implicating
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neurodegeneration as an early event in DR pathogenesis and identifying relevant molecular

pathways130.

Historically, DR diagnosis relied on clinical examinations, color fundus photography, and

fluorescein angiography. The advent of optical coherence tomography (OCT) has revolutionized

retinal evaluation by enabling noninvasive, high-resolution visualization of macular layers.

Numerous studies utilizing OCT have demonstrated thinning of the inner retinal layers

specifically the ganglion cell layer (GCL), the retinal nerve fiber layer (RNFL), and, to a lesser

extent, the inner plexiform layer (IPL) in people with type 1 or type 2 diabetes mellitus (DM)

without clinical DR. These structural alterations extend beyond the macula, with reduced

peripapillary RNFL thickness observed in diabetic patients, correlating inversely with glycated

hemoglobin (HbA1c) levels, diabetes duration, and DR severity130,131.

In addition to structural changes, functional deficits are evident in diabetic patients without DR

or with early DR. Impairments in contrast sensitivity, visual field assessment, multifocal

electroretinogram (mfERG), and dark adaptation tests have been documented. For instance,

studies have shown correlations between GCL thinning and visual field deficits in type 1 DM

patients without DR, as well as associations between functional deficits detected by frequency

doubling technology (FDT) perimetry or mesopic microperimetry with reductions in retinal

ganglion cell counts estimated from GCL thickness. However, the relationship between retinal

structure and function is complex. Some studies report weak associations between inner retinal

thinning and functional deficits, suggesting that factors beyond retinal thickness, such as

disorganization of the inner retinal layers, may independently contribute to retinal visual

dysfunction in diabetes132.
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Notably, early neuronal dysfunction may play a role in DR development and progression. For

example, focal delays in mfERG implicit time have been linked to increased risk of DR

development within one year, while progressive atrophy of RNFL and GCL in type 1 DM

patients without DR has been linked to DR onset in follow-up period132,133.

A cross-sectional study using spectral-domain OCT (SD-OCT) further revealed considerable

thinning of the photoreceptor (PR) layer occurring in diabetic patients without DR compared to

nondiabetic controls. Photoreceptors, which are amongst the most metabolically active neurons

in the central nervous system (inclusive of the retina), are not traditionally considered central to

early DR pathogenesis due to their distance from the affected retinal microvasculature. However,

animal studies indicate photoreceptor degeneration in diabetes, and electrophysiological data

suggest variable impairments in photoreceptors and/or the retinal pigment epithelium (RPE).

These changes may be driven by diabetic choroidopathy, characterized by altered choroidal

blood flow, impaired autoregulation, and pathological changes such as degenerative capillaries

and capillary dropout, as observed in histological, animal, and human studies. Additionally,

hyperglycemia and hypoinsulinemia may directly impair insulin signaling pathways in

photoreceptors, disrupting critical survival and neuroprotective mechanisms134,135,136.

Interestingly, photo receptor layer thinning does not follow a linear pattern across diabetes

duration. Patients with moderate disease duration exhibit less pronounced thinning compared to

those with early or prolonged diabetes, possibly due to transient cellular swelling induced by

diabetic hypoxia, oxidative stress, or proinflammatory molecule release. Over time, persistent

swelling may lead to cellular atrophy, resulting in thin PR layers in patients with prolonged

diabetes duration. This nonlinear progression may explain conflicting findings in the literature,
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as studies often involve patients at different disease stages. Moreover, the PR layer’s role in DR

pathogenesis is gaining attention, with evidence suggesting that photoreceptor loss may mitigate

vascular degeneration in DR136.

The interplay between retinal neuronal and vascular damage in DR is a critical question. One

hypothesis posits that neurons and vascular elements independently respond to hyperglycemia,

with vascular pathology impacting neurons only in late-stage DR (e.g., via proliferative

retinopathy causing retinal detachment). However, this seems unlikely given the intimate

connections within the retinal neurovascular unit, where glial, neural, and microvascular

dysfunctions are interdependent and critical to DR development. Evidence suggests that neuronal

stress precedes microvascular complications, with neurons responding to hyperglycemia-induced

stress through the secretion of signaling molecules including vascular endothelial growth factor

(VEGF)137,138.

In early DR, VEGF may act primarily as a neuroprotective factor rather than a proangiogenic one,

responding to neuronal stress, such as glutamate excitotoxicity, which upregulates VEGF in

diabetic retinas. Studies show that inhibiting excitotoxicity (e.g., via NMDA receptor blockade)

reduces vitreoretinal VEGF levels139. Prolonged VEGF upregulation, however, may drive

microvascular lesions, contributing to DR progression. Supporting this, neuroprotectant

treatments in DR models often reduce both apoptotic markers and VEGF expression, alongside

ameliorating vascular lesions. Thus, neuronal damage likely triggers VEGF-mediated protective

responses that, over time, contribute to vascular pathology. This hypothesis is supported by

observations that retinal stress induced neuronal damage is accompanied by increased VEGF,

and changes in vascular structure, while neuroprotective interventions downregulate VEGF and

improve vascular outcomes140.
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2.4.1 Neurovascular Unit Dysfunction

The retinal neurovascular unit (NVU) is a sophisticated, interdependent network of neurons, glial

cells, immune cells, vascular cells, and the extracellular matrix (ECM) that orchestrates retinal

homeostasis, supports visual function, and regulates blood flow to meet the metabolic demands

of retinal tissue. Analogous to the cerebral NVU, the retinal NVU maintains the integrity of the

inner blood-retinal barrier (iBRB) and facilitates dynamic neurovascular coupling141. In diabetic

retinopathy (DR), which is a common complication of diabetes, and a primary contributor to

blindness, early neurodegenerative changes within the NVU precede overt microvascular

pathology, disrupting retinal homeostasis and initiating disease progression. These early changes,

including neuronal loss, glial activation, microglial dysregulation, and vascular compromise,

underscore the NVU’s critical role in DR pathogenesis142.

2.4.1.1 Components of the Neurovascular Unit (NVU)

The retinal neurovascular unit (NVU) is a multi-cellular and multi-layered network integrating

neuronal, glial, immune, and vascular elements to maintain homeostasis, preserve the integrity of

the inner blood–retina barrier (iBRB), and regulate microcirculation according to neuronal

metabolic needs. Extending from the conceptual framework established in the central nervous

system, the retinal NVU operates within the distinct laminar architecture of the retina,

comprising the inner nuclear layer (INL), the inner plexiform layer (IPL), the outer plexiform

layer (OPL), the ganglion cell layer (GCL), and the nerve fiber layer (NFL)143.

i. Retina Neuronal Components
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The neuronal compartment of the retinal NVU includes photoreceptors (rods and cones), the

interneuronal network of bipolar, horizontal, and amacrine cells, and the output ganglion cells

whose axons form the nerve fiber layer and optic nerve. These neurons mediate visual signal

processing while imposing substantial metabolic demands that necessitate tight coordination with

vascular and glial components to ensure efficient nutrient delivery and waste clearance143,144.

ii. Retina Glial

Glial elements, predominantly Müller cells, complemented by a smaller population of astrocytes

located mainly within the ganglion cell and nerve fiber layers are central to this neurovascular

coupling. Müller cells span the entire retinal thickness, ensheathing neurons and blood vessels,

regulating ion and neurotransmitter balance, structurally contributing to the iBRB, and releasing

trophic factors such as pigment epithelium-derived factor (PEDF), brain-derived neurotrophic

factor (BDNF) or vascular endothelial growth factor (VEGF) under physiological or stress

conditions. Astrocytes reinforce vascular integrity via perivascular endfeet that encircle

capillaries and help modulate vascular tone in response to neural activity145.146,147.

iii. Retina Microglial

Immune surveillance within the NVU is maintained by microglia, which are distributed across all

inner retinal layers. Under homeostatic conditions, microglia refine synaptic architecture, remove

cellular debris, and secrete neurotrophic and anti-inflammatory mediators. In pathological

contexts most notably diabetic retinopathy they adopt a pro-inflammatory (M1) phenotype,

secreting cytokines including interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor necrosis

factor-α (TNF-α), thereby disrupting NVU equilibrium and compromising iBRB integrity148,149.

iv. Retina Extracellular Matrix
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The vascular component comprises endothelial cells, pericytes, and the surrounding extracellular

matrix (ECM). Endothelial cells form a continuous, tightly sealed monolayer whose selective

permeability is governed by proteins that form tight junction (including, zonula occludens-1,

occludin, claudin-5), which are essential for iBRB function150. Pericytes, embedded within the

shared basement membrane alongside endothelial cells, establish peg–socket contacts that

support microvascular stability and modulate capillary blood flow through contractile activity

and paracrine signaling151. The ECM comprising collagen IV, laminins, fibronectin, and

proteoglycans provides both structural support and a biochemical scaffold that facilitates glial–

vascular interactions and sustains the microenvironment necessary for NVU integrity143.

Recent findings, such as the identification of inter-pericyte tunneling nanotubes (IP-TNTs),

highlight the complexity of NVU communication, enabling long-range intercellular signaling

that influences blood flow regulation and vascular homeostasis152.

2.4.1.2 The Neurodegenerative Process

i. Oxidative Stress and Inflammatory Pathways

The neurodegenerative cascade in the diabetic retina begins with chronic hyperglycemia, which

induces oxidative stress as the primary instigator of retinal damage. Elevated glucose levels

activate four major biochemical pathways, they are the polyol pathway, advanced glycation end-

product formation, protein kinase C (PKC) pathway, and the hexosamine pathway92,93. These

pathways converge on mitochondrial dysfunction, which in turn drives excessive production of

reactive oxygen species (ROS) that overwhelms the retina’s antioxidant defenses, including

superoxide dismutase, catalase, and glutathione. This imbalance creates a self-perpetuating

feedback loop, where ROS amplifies these detrimental pathways, sustaining oxidative stress. In

the retina, a tissue with high oxygen consumption and lipid-rich membranes, oxidative stress
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damages cellular components, including proteins, lipids, and DNA, particularly in metabolically

active neurons and glial cells92,93,94. Mitochondrial dysfunction in retinal cells impairs energy

production, promoting cellular stress and setting the stage for subsequent pathological events.

This initial oxidative insult disrupts the NVU’s homeostasis, compromising the inner blood-

retinal barrier (iBRB) and priming the retina for inflammatory responses150.

Following oxidative stress, inflammation emerges as a critical secondary event in the diabetic

retina, amplifying the neurodegenerative process. Oxidative stress triggers the activation of

nuclear factor-kappa B (NF-κB), a principal transcription factor that upregulates pro-

inflammatory cytokines including interleukin-1 beta (IL-1β), interleukin-6 (IL-6), and tumor

necrosis factor-alpha (TNF-α)153. These cytokines are primarily secreted by microglia, the

retina’s resident immune cells, which transition from a surveillant to an activated, pro-

inflammatory state in response to ROS and AGEs154. Activated microglia release additional ROS

and proteases, further damaging neurons and vascular components. Inflammation also affects

endothelial cells, downregulating tight junction proteins like zonula occludens-1 (ZO-1), which

increases iBRB permeability and allows plasma components to leak into the neural retina155. This

inflammatory milieu creates a feedback loop with oxidative stress, as cytokines enhance ROS

production, perpetuating retinal damage. The inflammatory cascade sets the stage for glial

activation, as Müller cells and astrocytes respond to the pro-inflammatory environment, further

disrupting NVU function156.
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ii. Glial Activation: Disruption of Supportive Functions

Glial activation follows inflammation as a pivotal step in the neurodegenerative cascade in

diabetic retinopathy, with Müller cells and astrocytes becoming reactive in response to oxidative

stress, advanced glycation end-products (AGEs), and pro-inflammatory cytokines. Müller cells

whose processes spans from the outer limiting membrane (adjacent to photoreceptors),

continuing towards the inner limiting membrane upregulate glial fibrillary acidic protein (GFAP)

and increase production of pro-inflammatory, and vasoactive mediators, which are the vascular

endothelial growth factor (VEGF) and interleukin-6 (IL-6)157. Reactive Müller cells show

impaired expression and function of glutamate transporters (EAAT1/GLAST) and decreased

glutamine synthetase activity, as well as dysregulation of potassium channels (e.g., Kir4.1) and

aquaporin-4, undermining glutamate uptake, K⁺ buffering and water/pH homeostasis. Astrocytes,

concentrated in the ganglion cell layer and nerve fiber layer, similarly become reactive, withdraw

trophic support, and reduce their modulatory influence on vascular tone and tight junction

maintenance. Reactive glia amplify inflammation through elevated cytokine and chemokine

release, producing a feed-forward loop that further damages neurons and vascular cells and

compromises iBRB integrity via reduced tight-junction protein expression and increased vascular

permeability. While glial activation is a central driver of NVU dysfunction in DR, it operates

within an overlapping temporal sequence with vascular damage and microglial activation rather

than as an isolated, strictly downstream event158,159,160.
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iii. Excitotoxicity: Neuronal Overstimulation

Excitotoxic injury arises when impaired glial glutamate clearance leads to pathological

accumulation of extracellular glutamate in synaptic and extrasynaptic compartments (Outer

Plexiform Layer, Inner Plexiform Layer), overstimulating neuronal ionotropic glutamate

receptors principally NMDA and AMPA receptors on retinal ganglion cells (RGCs) and bipolar

neurons. NMDA receptor overactivation drives excessive Ca²⁺ influx, precipitating

mitochondrial dysfunction, generation of reactive oxygen species, activation of calpains and

caspases, and ultimately apoptosis. In diabetes, oxidative stress and inflammatory mediators

further potentiate glutamatergic toxicity by downregulating transporter expression and

upregulating receptor sensitivity, producing synaptic disassembly and functional deficits that are

detectable by electrophysiological measures such as multifocal electroretinography (mfERG).

The excitotoxic and inflammatory pathways form a mutually reinforcing loop that escalates

neuronal injury.This process amplifies neuronal stress and primes the retina for subsequent

neurotrophic deficits and cellular loss160,161.

iv. Neurotrophin Compromise: Loss of Neuronal Support

Following excitotoxicity, neurotrophin compromise emerges as a significant contributor to

retinal neurodegeneration. Neurotrophins, including nerve growth factor (NGF), brain-derived

neurotrophic factor (BDNF), and neurotrophin-3 (NT-3), are important for neuronal survival,

synaptic plasticity, and axonal maintenance. In the diabetic retina, oxidative stress, inflammation,

and glial activation reduce neurotrophin expression and signaling, primarily through

downregulation of Trk receptors and activation of pro-apoptotic p75NTR pathways. Activated

microglia further suppress neurotrophin production, while oxidative damage impairs

neurotrophin transport and release. This deficiency exacerbates neuronal apoptosis, particularly
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in RGCs and photoreceptors, and impairs repair mechanisms. Neurotrophin compromise also

affects glial function, as Müller cells and astrocytes rely on neurotrophic signaling to maintain

their supportive roles. The loss of neurotrophic support weakens the retina’s resilience,

accelerating neuronal damage and contributing to the visual impairments observed in early DR,

such as reduced contrast sensitivity and color vision defects162.

v. Pericyte Loss: Vascular Pathology

Pericyte loss occurs subsequent to neurotrophin compromise, marking a critical transition from

predominantly neurodegenerative to combined neurovascular pathology. Pericytes, contractile

cells embedded in the capillary basement membrane, regulate blood flow and stabilize the iBRB

through interactions with endothelial cells, neurons, and glial cells. In diabetes, oxidative stress,

inflammation, and neurotrophin deficiency induce pericyte apoptosis, primarily through AGE-

mediated signaling and ROS-induced damage. The loss of pericytes destabilizes retinal

capillaries, reducing tight junction protein expression in endothelial cells and increasing iBRB

permeability. This vascular instability impairs neurovascular coupling, limiting nutrient and

oxygen delivery to neurons, which exacerbates neuronal stress and apoptosis. Pericyte loss also

amplifies local inflammation by allowing plasma components to leak into the neural retina,

further stressing the NVU. This event typically follows the early neurodegenerative changes but

precedes widespread neuronal loss163.



52

2.4.2 Retinal Ganglion Cell Loss

The loss of retinal ganglion cells (RGCs) follows pericyte loss, representing a hallmark of

advanced neurodegeneration in the diabetic retina. RGCs, responsible for transmitting visual

signals to the brain, are particularly susceptible to the cumulative impact of oxidative stress,

inflammation, excitotoxicity, neurotrophin compromise, and impaired vascular support.

Oxidative stress impairs RGC mitochondrial function, reducing ATP production and triggering

caspase-mediated apoptosis. Inflammatory cytokines, particularly TNF-α, and IL-1β, activate

pro-apoptotic pathways, while excitotoxicity causes synaptic loss and neuronal death. The loss of

neurotrophic support further accelerates RGC apoptosis, and pericyte dropout exacerbates

metabolic deficits by reducing blood flow. RGC loss manifests as electrophysiological deficits,

including reduced mfERG amplitudes, and contributes to visual impairments such as decreased

contrast sensitivity and blue-sensitive color vision defects. The trial conducted by the European

Consortium for the Early Treatment of Diabetic Retinopathy (EUROCONDOR) demonstrated

that RGC dysfunction is evident in a subset of patients with early microvascular changes,

highlighting its role as a critical marker of DR progression164.

2.4.3 Early Neural Damage

Early neural damage encompasses widespread neuronal and synaptic impairments that follow

RGC loss, affecting photoreceptors, bipolar cells, amacrine cells, and horizontal cells. Oxidative

stress damages the lipid-rich membranes of photoreceptors, impairing their ability to convert

light into electrical signals and leading to reduced visual acuity and altered color perception.

Bipolar and amacrine cells experience synaptic dysfunction due to excitotoxicity and

inflammation, disrupting retinal circuitry and impairing signal processing. Electrophysiological

studies reveal reduced oscillatory potentials and scotopic responses, reflecting compromised
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neural function. The retinal pigment epithelium (RPE), forming the outer blood-retinal barrier

(oBRB), is also affected, with oxidative and inflammatory damage impairing nutrient delivery

and waste clearance, further stressing outer retinal neurons. This broad neural damage amplifies

the functional deficits initiated by RGC loss, contributing to the progressive visual impairment

characteristic of early DR. The interplay between these neurodegenerative events and emerging

microvascular changes, such as pericyte loss, underscores the integrated nature of DR

pathogenesis.
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Figure 2.4 Illustrates the Neurodegenerative Process of DR Triggered by Hyperglycemia

Source165
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2.5 Therapeutic Approaches to Retinal Neurodegeneration

The current therapeutic treatments which includes anti-vascular endothelial growth factor (anti-

VEGF) agents, laser photocoagulation, and intravitreal corticosteroids addresses manifestations

like, proliferative diabetic retinopathy, and diabetic macular edema. While effective in stabilizing

vision, these approaches exhibit significant limitations, including procedural risks, incomplete

efficacy, and failure to address early neurodegenerative processes91.

2.5.1 Anti-VEGF Therapies: Efficacy and Systemic Concerns

Anti-VEGF agents such as aflibercept, ranibizumab, and bevacizumab neutralize VEGF-A

isoforms, reducing vascular permeability and neovascularization. Aflibercept acts as a potent

soluble decoy receptor, binding VEGF-A/B and PlGF with high affinity to block VEGFR-2

signaling. These agents are typically deployed for center-involving DME or PDR. Landmark

trials show substantial improvements: aflibercept treatments can reduce central retinal thickness

by approximately equal to 140 μm and yield Best Corrected Visual Acuity (BCVA) gains of

approximately 0.27 logMAR over six months (Long-term Anti-VEGF Therapy Review, 2023).

However, repeated monthly injections carry risks endophthalmitis (approximately 0.05 % per

injection), retinal detachment, and iatrogenic cataracts and systemic exposure raises theoretical

concern for renal or cardiovascular events, given VEGF’s role in endothelial health. Additionally,

30–40 % of patients respond suboptimally due to complex inflammatory pathways beyond

VEGF alone166.

2.5.2 Corticosteroids: Anti-Inflammatory Effects and Ocular Morbidity

Intravitreal corticosteroids (e.g., dexamethasone implants, fluocinolone acetonide) suppress

prostaglandins, interleukins, and VEGF expression, primarily deployed for DME with significant

inflammatory components or anti-VEGF resistance. They enhance blood-retinal barrier integrity
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by modulating tight junction proteins, reducing macular edema. However, their use is tempered

by profound ocular morbidity. Dexamethasone implants induce cataract progression in nearly all

phakic patients and elevate intraocular pressure (IOP) in 30–40 % of recipients, necessitating

IOP-lowering agents or surgery. Fluocinolone acetonide’s sustained-release formulation

exacerbates glaucoma risk, with 10 % of patients requiring filtration surgery. Additionally,

reinjections every 3–6 months perpetuate risks of endophthalmitis and vitreous hemorrhage166,167.

2.5.3 Laser Photocoagulation

Laser photocoagulation, historically the gold standard, employs focal/grid laser for non-center-

involving DME and pan-retinal photocoagulation (PRP) for PDR. Its mechanism involves

ablating ischemic retina to diminish VEGF production and enhance oxygen diffusion from the

choroid. While effective in reducing severe vision loss by 50 % in PDR, laser therapy inherently

destroys retinal tissue. Complications include paracentral scotomas, impaired dark adaptation,

macular scarring, and choroidal neovascularization, particularly with intensive treatment near the

fovea. Moreover, efficacy plateaus in diffuse DME, where microaneurysms are numerous or

centrally located. The procedure’s destructive nature shows its limitation as a late-stage

intervention incapable of addressing early neurodegeneration or reversing vascular damage168.

2.5.4 Emerging Delivery Systems

Innovations such as the the Port Delivery System (PDS) with ranibizumab, which aims to reduce

treatment burden, enables continuous drug release via refillable ocular implants, maintaining

therapeutic levels with refills every 24 weeks. In phase 3 trials of a study, PDS demonstrated

non-inferiority to monthly ranibizumab injections in DME management, improving BCVA by

9.6 letters over 64 weeks. However, 27.5 % of PDS recipients experienced adverse events of
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special interest (AESIs), including vitreous hemorrhage (15 %) and conjunctival erosion (4 %),

attributable to surgical implantation and device persistence169,170.

2.6 Medicinal Plants

The use of plants as therapeutic agents represents one of humanity's oldest healthcare traditions,

with empirical knowledge accumulated over millennia forming the basis of sophisticated medical

systems across diverse cultures. Archaeological evidence from Mesopotamian clay tablets (c.

2600 BCE) documents the early medicinal use of Cedrus species (cedar), Papaver somniferum

(opium poppy), Commiphora species (myrrh), Glycyrrhiza glabra (licorice), and Cupressus

sempervirens (cypress), for conditions ranging from respiratory ailments to inflammation and

parasitic infections. Remarkably, these botanical agents remain clinically relevant today,

demonstrating the enduring therapeutic value of plant-based medicine. Medicinal plants

represent a cornerstone of healthcare systems worldwide, with historical applications

documented across ancient civilizations including Sumerian, Egyptian, Chinese, and Greek

traditions171,172. Contemporary pharmaceutical science validates this ancient wisdom, with

natural products and their derivatives constituting over 50% of all clinically used drugs

worldwide, of which flowering plants contribute at least 25%. Seminal examples include

contraceptive agents derived from Dioscorea species (diosgenin), antihypertensive and

tranquilizing alkaloids from Rauwolfia species (reserpine), the glaucoma drug pilocarpine from

Pilocarpus species, and potent anticancer agents like vinblastine and vincristine from

Catharanthus roseus (Madagascar periwinkle), alongside paclitaxel from Taxus brevifolia

(Pacific yew)171,173.

Global research into medicinal plants has seen exponential growth, with over 110,000

publications cataloged in the Scopus database between 1960 and 2019, peaking in 2011 at
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approximately 6,200 publications annually before stabilizing at around 5,000 studies per year.

Geographical disparities in research output are significant, with China and India leading global

productivity (each exceeding 10,000 publications), followed by the United States and Brazil

(each surpassing 5,000). In contrast, African nations, despite hosting 25% of global botanical

diversity, contribute less than 5% of global research output, highlighting a critical disparity in

research capacity relative to biodiversity. Research clusters predominantly focus on

pharmacological applications, accounting for 27.1% of publications, with particular emphasis on

anticancer, antidiabetic, and anti-inflammatory activities174.

According to the World Health Organization (WHO) estimate, nearly 80% of individuals

globally rely on plant-derived traditional medicines for primary healthcare, with particularly high

dependence (80–90%) among rural populations in Africa and Asia. This widespread use is driven

by multiple factors, including cultural acceptability, accessibility, cost-effectiveness, and

perceived safety compared to synthetic pharmaceuticals. Recognizing this significance, the

WHO actively encourages member states especially those with limited healthcare infrastructure

to integrate traditional medicine into national health systems175,176. The COVID-19 pandemic

dramatically highlighted this reliance, with unprecedented use of phytomedicines emerging as a

critical healthcare response in regions with limited access to conventional treatments. In

countries like China and India, densely populated regions have developed highly sophisticated

traditional medical systems (e.g., Ayurveda, Traditional Chinese Medicine) that continue to

function alongside modern healthcare. This integration reflects a pragmatic approach where

plant-based therapies serve not merely as alternatives, but as essential components of holistic

healthcare delivery, particularly for underserved populations facing financial constraints or

geographical barriers to modern medical services177.



59

Africa's medicinal flora constitutes an underexploited scientific and economic asset, harboring

40,000-45,000 vascular plant species, of which approximately 5,000 possess documented

ethnomedicinal applications. Traditional African Medicine serves over 80% of the continent's

population, generating market values exceeding $100 billion annually, functioning as a

sophisticated knowledge system integrating indigenous ecological understanding with

therapeutic practice. South Africa exemplifies successful commercialization, where 78 medicinal

species generate income for rural communities, including Aspalathus linearis (rooibos), rich in

aspalathin flavonoids with demonstrated antioxidant and antidiabetic properties through

modulation of glucose transporters GLUT4 and AMPK activation pathways. Recent

multidisciplinary research has validated numerous traditional applications through

phytochemical and pharmacological investigations. For anticancer activity, South African Protea

cynaroides yields novel tyrosinase inhibitors with cosmetic applications, while Cameroonian

Morus mesozygia contains prenylated flavonoids inducing apoptosis in leukemia cells through

mitochondrial depolarization. Antidiabetic properties are exemplified by Mimusops zeyheri and

Aloe marlothii, which enhance glucose uptake in skeletal muscle cells via IRS-1/PI3K/Akt

pathway modulation, reducing postprandial hyperglycemia by 40-60% in murine models173.

Antimicrobial discoveries include Nigerian Euphorbia lateriflora and Ficus thonningii, which

harbor unique phyllosphere microbiomes producing antimicrobial metabolites effective against

multidrug-resistant Staphylococcus aureus. The COVID-19 pandemic highlighted research gaps

in African antiviral phytochemistry, as Madagascar developed COVID-Organics™ from

Artemisia annua while Nigeria investigated 131 plant species for activity against emerging

viruses, identifying Moringa oleifera leaf extracts with 75.3% citation frequency among herbal

practitioners for respiratory infections178.
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Nigeria's ethnomedicinal heritage reflects exceptional biodiversity across rainforests, savannas,

and mangrove ecosystems, encompassing 4,600 plant species ranked 11th in continental floristic

diversity. Traditional medicine serves as primary healthcare for over 85% of rural populations,

with 280 herbal medicine practitioners in Northern Nigeria alone documenting 131 species

across 65 families for treating viral diseases. Preparation methods include decoctions (65 %),

infusions (20 %), ointments (10 %), and concoctions (5 %), predominantly utilizing leaves

(70 %), roots (15 %), and bark (10 %), reflecting sustainable harvesting practices where aerial

parts are prioritized 813. Recent studies validate Nigerian plants across multiple therapeutic

domains, with anticancer activity documented in 45 species through cytotoxic screening. Annona

muricata (soursop) acetogenins induce apoptosis in breast cancer cells through caspase-3

activation and Bcl-2 downregulation, while Dichapetalum barteri contains potent tubulin

inhibitors comparable to vincristine in disrupting mitotic spindles. Antimicrobial properties are

pronounced in Psidium guajava (guava), Azadirachta indica (neem), and Moringa oleifera,

which exhibit broad-spectrum activity against multidrug-resistant pathogens including

methicillin-resistant Staphylococcus aureus and extended-spectrum beta-lactamase Escherichia

coli, with novel compounds including alloeudesmenol (a sesquiterpene lactone) and orosunol (a

prenylated flavonoid) demonstrating minimum inhibitory concentrations of 8-32 μg/mL.

Antiviral ethnobotanical surveys document Garcinia kola (bitter kola) biflavonoids inhibiting

viral envelope glycoproteins in Ebola pseudotypes, while Sphenocentrum jollyanum alkaloids

show neuraminidase inhibition against influenza strains179.

Phytochemical complexity underpins therapeutic efficacy, with plants producing specialized

secondary metabolites classified into nitrogen-containing compounds, phenolics, and terpenes

functioning as chemical defense mechanisms that translate to pharmacological activities in
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humans. Nitrogen-containing alkaloids like vinblastine from Catharanthus roseus disrupt

microtubule assembly in cancer cells, while caffeine from Coffea arabica acts as a central

nervous system stimulant through adenosine receptor antagonism. Phenolic compounds

demonstrate extensive radical-scavenging activities, exemplified by flavonoid glycosides in

Cyclopia genistoides (honeybush) that reduce oxidative stress in type 2 diabetics by enhancing

superoxide dismutase activity, and ellagitannins in Punica granatum (pomegranate) that inhibit

nuclear factor-kappa B inflammatory pathways. Terpenoids constitute the most abundant group,

with monoterpene lactones in Artemisia annua (artemisinin) producing antimalarial effects

through heme polymerization inhibition, while triterpene saponins in Centella asiatica enhance

cognitive function via hippocampal neurogenesis172,174. Synergistic interactions between

phytochemicals enhance bioavailability and efficacy, as evidenced by Pelargonium sidoides

epicatechins potentiating umckalin antibacterial activity against respiratory pathogens through

efflux pump inhibition174, 180.

Modern biotechnological approaches are revolutionizing African medicinal plant applications

through phytopharmaceutical innovation and transgenic platforms. Nanoparticle encapsulation of

Vernonia amygdalina (bitter leaf) diterpenes enhances bioavailability six-fold while reducing

hepatotoxicity, allowing effective delivery at 5 mg/kg doses for type 2 diabetes management.

Phytocosmeceutical development utilizes Aloe ferox polysaccharides in hydrating gels that

increase stratum corneum moisture retention by 70 % through occlusive film formation, while

Ximenia americana seed oil (containing ximenynic acid) demonstrates collagen-stimulating

effects comparable to retinol in anti-aging formulations. Transgenic plant platforms enable cost-

effective biopharmaceutical production, with tobacco (Nicotiana benthamiana) engineered to

express Ebola monoclonal antibodies at per gram versus in mammalian cell cultures, while
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sorghum (Sorghum bicolor) produces oral cholera vaccines stable at tropical temperatures

without refrigeration. South Africa leads commercial development with Harpagophytum

procumbens (devil's claw) standardized extracts generating profits annually from anti-arthritic

formulations that inhibit cyclooxygenase-2 and lipoxygenase enzymes simultaneously, reducing

inflammation more comprehensively than synthetic NSAIDs181.

Critical challenges persist regarding conservation, research equity, and clinical translation.

Deforestation rates exceeding 1 % annually threaten endemic species like Garcinia species in

Nigeria, where habitat loss has diminished wild populations by 80 % since 1990, necessitating

cryopreservation initiatives for germplasm banking182. Pharmacovigilance deficits contribute to

the occurrence of adverse events, as exemplified by reports of hypoglycemic coma following the

improper preparation or excessive consumption of Momordica charantia (bitter melon). This

effect is primarily associated with polypeptide-p, an insulin-like peptide present in the plant that

exhibits functional and partial structural similarity to animal insulin, thereby potentiating

glucose-lowering activity 183. Research inequities manifest through biopiracy concerns,

exemplified by patent disputes over Hoodia gordonii appetite-suppressing pregnane glycosides,

traditionally used by the San people but commercialized without benefit-sharing agreements184.

Clinical validation of African medicinal plants remains limited, with only a fraction of the

continent’s vast flora estimated at less than 10 % having undergone rigorous scientific evaluation.

Nevertheless, promising pharmacological findings continue to emerge, as exemplified by

traditional formulations such as METRAFAIDS and α-Zam, which have been reported in

preliminary human studies to improve immune function and reduce HIV viral loads185,186.
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2.6.1 Classes of Phytochemicals

Phytochemicals bioactive compounds synthesized by plants exhibit remarkable structural and

functional diversity, serving as defense mechanisms against environmental stressors while

offering significant therapeutic potential for human health. These secondary metabolites are

systematically classified based on core chemical structures, biosynthetic pathways, and

functional properties. Major categories include alkaloids (nitrogen-containing compounds like

morphine), polyphenols (aromatic-ring structures such as flavonoids), terpenoids (isoprene-

derived molecules including carotenoids), glucosinolates (sulfur-containing precursors to

isothiocyanates), and specialized glycosides (sugar-bound aglycones like cardiac glycosides).

This classification framework provides essential insights into their bioavailability, mechanisms

of action, and pharmacological applications across diverse disease contexts, from cancer to

neurodegenerative disorders173.

A. Polyphenols

Polyphenols represent one of the most extensively studied classes of phytochemicals,

characterized by the presence of multiple phenolic rings.

i. Flavonoids

Within this broad category, flavonoids constitute a particularly diverse subgroup with over 8,000

identified structures. The structural diversity of flavonoids, including variations in hydroxylation

patterns, glycosylation, and conjugation, directly influences their biological activity and

therapeutic potential. Quercetin, a prominent flavonol found in apples, onions, and berries,

demonstrates significant anticancer properties through modulation of multiple signaling

pathways. Experimental studies have revealed that quercetin facilitates apoptotic pathways in

malignant cells by regulating the Wnt/β-catenin pathway, inhibiting cyclin D1 and survivin
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expression in human colon cancer cells (SW480). Additionally, quercetin modulates the

PI3K/AKT pathway, which influences cell cycle progression, differentiation, and survival. In

lung cancer patients, dietary quercetin significantly upregulated tumor-suppressing miRNAs (let-

7 family and miR-146a) while downregulating oncogenic miR-17 members in 67 % of cases.

The bioavailability limitations of quercetin have prompted innovative delivery approaches,

including nanoparticle encapsulation and enzymatic modification to isoquercitrin, which

demonstrates up to 40-fold higher absorption than native quercetin187,188.

Anthocyanins, water-soluble pigments responsible for the red-blue coloration in berries, red

grapes, and black rice, exhibit remarkable cardioprotective effects. Epidemiological data

consistently associate anthocyanin-rich diets with improved cardiovascular risk profiles. These

flavonoids improve endothelial function, reduce arterial stiffness, inhibit COX-1 and COX-2

enzymes, and demonstrate antiatherogenic, antihypertensive, and antithrombotic activities. The

vascular protective mechanisms involve multiple pathways: anthocyanins enhance nitric oxide

bioavailability, reduce oxidative stress by scavenging reactive oxygen species, and inhibit

inflammation by suppressing NF-κB activation. Human intervention studies demonstrate that

anthocyanin consumption significantly improves LDL oxidation susceptibility, total plasma

antioxidant capacity, and lipid profiles. A single dose of 150mg to 2g anthocyanins reaches peak

plasma concentrations within 1.5 hours, though at relatively low levels (10-50 nmol/L),

suggesting active metabolites may contribute significantly to observed biological effects189. The

acylated anthocyanins in black carrots exhibit particularly favorable pharmacokinetic profiles

and sustained antioxidant effects compared to non-acylated forms. Beyond cardiovascular

benefits, anthocyanins undergo complex metabolic transformations by gut microbiota into

bioactive catabolites like protocatechuic acid, which exerts systemic anti-inflammatory effects
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and influences the composition of beneficial bacteria including Bifidobacterium and

Lactobacillus species188,189.

ii. Curcuminoids and Stilbenes

Curcumin, the principal curcuminoid in turmeric (Curcuma longa), constitutes 77 % of the

natural curcuminoids, with demethoxycurcumin (17 %) and bisdemethoxycurcumin (3 %) as

minor components. This polyphenolic compound demonstrates exceptionally pleiotropic

biological activities, including anti-inflammatory, antioxidant, and anticancer properties. The

gastrointestinal system represents a primary therapeutic target for curcumin due to its limited

systemic bioavailability but high local concentrations following oral administration. In

inflammatory bowel diseases, curcumin ameliorates colitis through multiple mechanisms:

inhibition of NF-κB signaling reduces proinflammatory cytokine production (TNF-α, IL-1β, IL-

6), while modulation of the NLRP3 inflammasome decreases caspase-1 activation and

subsequent IL-1β maturation. Clinical trials demonstrate that curcumin supplementation (2g/day)

significantly improves clinical remission rates and endoscopic findings in ulcerative colitis

patients when combined with conventional therapies190.

The anticancer properties of curcumin extend throughout the gastrointestinal tract. Curcumin

inhibits carcinogenesis at multiple stages: initiation (through suppression of carcinogen-

activating cytochrome P450 enzymes), promotion (via inhibition of COX-2 and iNOS), and

progression (by inducing apoptosis and inhibiting angiogenesis). In colorectal cancer models,

curcumin downregulates Wnt/β-catenin signaling and promotes E-cadherin expression, thereby

suppressing epithelial-mesenchymal transition and metastasis. The compound's interaction with

over 30 cellular targets includes direct binding to tubulin (inhibiting microtubule assembly),

transcription factors (AP-1, STAT3), and inflammatory enzymes (5-lipoxygenase). Despite
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promising preclinical results, curcumin's therapeutic application faces significant challenges due

to poor aqueous solubility, rapid metabolism, and limited systemic bioavailability. Innovative

delivery systems, including nanoparticles, liposomes, and phospholipid complexes, have been

developed to enhance curcumin absorption and tissue distribution191.

Resveratrol, a stilbenoid particularly abundant in grape skins and red wine, demonstrates

remarkable neuroprotective properties relevant to Alzheimer's disease (AD) pathology. This

compound crosses the blood-brain barrier and modulates multiple AD-related pathways: it

reduces β-amyloid aggregation by promoting α-secretase activity and inhibiting β-secretase

(BACE1), enhances clearance of amyloid peptides through upregulation of neprilysin and

insulin-degrading enzyme, and inhibits tau hyperphosphorylation by modulating GSK-3β and

CDK5 activities. Additionally, resveratrol induces the activation of sirtuin 1 (SIRT1), a

deacetylase dependent on NAD+- which plays a role in mitochondrial biogenesis, antioxidant

defense, and neurogenesis. In animal models of AD, resveratrol supplementation improves

cognitive function, reduces amyloid plaque burden, and decreases neuroinflammation by

inhibiting microglial activation and subsequent proinflammatory cytokine release. Beyond

neurodegenerative diseases, resveratrol demonstrates cardioprotective effects by inducing

endothelial nitric oxide synthase (eNOS), inhibition of vascular inflammation, and reduction of

oxidized LDL uptake by macrophages. The compound also demostrates anticancer activities via

the induction of cell cycle inhibition, and apoptosis in multiple cancer cell lines, though human

evidence remains limited191.

B. Tetraterpenes

Carotenoids represent a class of lipid-soluble tetraterpenoid pigments widely distributed in fruits

and vegetables, with over 700 identified structures. These compounds function primarily as
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accessory pigments in photosynthesis but demonstrate significant therapeutic potential in

mammalian systems. Beta-carotene (abundant in carrots and sweet potatoes), lycopene

(predominant in tomatoes and watermelon), and lutein (concentrated in kale and spinach)

constitute the most nutritionally relevant carotenoids in human diets. The conjugated polyene

structure of carotenoids enables potent antioxidant activity through free radical quenching and

singlet oxygen neutralization, mechanisms particularly relevant to ocular health. Lutein

accumulates selectively within the macula lutea, functioning to filter high-frequency/energy blue

light, and protects retinal pigment epithelial cells from photochemical damage. Clinical evidence

indicates that lutein supplementation can improve visual function and slow progression in age-

related macular degeneration, the primary cause of irreversible vision loss in developed

nations192.

The immunomodulatory properties of carotenoids contribute significantly to their disease-

preventive effects. Beta-carotene enhances lymphocyte proliferation, natural killer cell activity,

and macrophage function, thereby improving host defense against viral and bacterial pathogens.

Epidemiological studies reveal inverse correlations between carotenoid intake and incidence of

various cancers, particularly those of epithelial origin. Lycopene demonstrates specific protective

effects against prostate carcinogenesis through multiple mechanisms: modulation of insulin-like

growth factor signaling, and inhibition of cancer cell proliferation193. In cardiovascular disorders,

carotenoids mitigate atherosclerosis development by inhibiting LDL oxidation, reducing vascular

inflammation, and improving endothelial function. The hydrophobic nature of carotenoids

necessitates dietary fat for optimal absorption, and genetic polymorphisms in carotenoid

cleavage enzymes significantly influence individual responses to carotenoid intake194.

C. Organosulfur Compound
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Glucosinolates represent sulfur-containing phytochemical precursors to biologically active

compounds found predominantly in cruciferous vegetables. These compounds remain chemically

stable until enzymatic hydrolysis by myrosinase, which occurs when plant tissues are damaged

during food preparation or mastication. The resultant hydrolysis products, particularly

isothiocyanates like sulforaphane and indoles such as indole-3-carbinol, demonstrate potent

biological activities relevant to human health. Sulforaphane, abundant in broccoli and Brussels

sprouts, functions as a potent inducer of phase II detoxification enzymes through activation of

the Nrf2-Keap1 pathway195. This transcription factor modulates the activity of over 200

antioxidant-related genes involved in cellular antioxidant defense, including glutathione S-

transferases, heme oxygenase-1NAD(P)H quinone oxidoreductase, and and heme oxygenase-1.

The activation of these cytoprotective enzymes enhances the detoxification of carcinogens and

reactive oxygen species, thereby protecting against DNA damage and malignant transformation.

Epidemiological evidence consistently associates high cruciferous vegetable consumption with

reduced cancer incidence, particularly for hormone-related malignancies. Indole-3-carbinol along

with its dimeric product 3,3'-diindolylmethane modulate estrogen metabolism by shifting

hydroxylation toward protective 2-hydroxyestrone metabolites rather than carcinogenic 16-

alpha-hydroxyestrone derivatives. This metabolic shift may explain the inverse relationship

between Brassica consumption and breast cancer risk observed in population studies 1. Beyond

anticancer effects, sulforaphane demonstrates antimicrobial activity against Helicobacter pylori,

potentially reducing gastric inflammation and ulceration. The therapeutic efficacy of

glucosinolate derivatives extends to neuroprotection, as sulforaphane activates Nrf2 in brain

tissue, reducing oxidative damage in models of Parkinson's disease and stroke. However,

excessive consumption of glucosinolate-rich plants may disrupt thyroid function through
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competitive inhibition of iodine uptake and interference with thyroid peroxidase activity,

highlighting the importance of balanced intake196.

D. Alkaloids

Alkaloids constitute a structurally diverse group of nitrogen-containing secondary metabolites

with potent pharmacological activities, occurring in approximately 20% of plant species and

often serving as chemical defense agents against herbivores. Their therapeutic applications span

numerous disease categories, including cancer, infectious diseases, and neurological disorders.

Vinca alkaloids such as vinblastine and vincristine, derived from Catharanthus roseus, disrupt

microtubule assembly, arresting cell division in metaphase and demonstrating significant

efficacy against hematological malignancies. Similarly, taxanes like paclitaxel, obtained from

Taxus species, stabilize microtubules by promoting tubulin polymerization and inhibiting

depolymerization, leading to cell cycle arrest and apoptosis in solid tumors, including breast and

ovarian cancers. Other notable examples include quinine from Cinchona bark, which remains a

critical antimalarial agent, and morphine from Papaver somniferum, widely regarded as a gold

standard in pain management197.

E. Glycosides

Glycosides, characterized by a sugar moiety linked to a non-sugar aglycone, also play a

significant role in disease management. Cardiac glycosides such as digoxin and digitoxin,

extracted from Digitalis purpurea and Digitalis lanata, inhibit Na⁺/K⁺-ATPase, thereby

increasing intracellular calcium levels and enhancing myocardial contractility in cases of heart

failure and arrhythmia. Anthraquinone glycosides from Senna alexandrina and Aloe vera serve
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as effective stimulant laxatives for constipation, while cyanogenic glycosides like amygdalin

from Prunus armeniaca have been investigated for their controversial anticancer potential198.

Saponins, amphipathic glycosides with triterpenoid or steroidal aglycones, possess a wide range

of pharmacological activities owing to their membrane-permeabilizing properties. Ginsenosides

from Panax ginseng exhibit neuroprotective, anti-inflammatory, and antidiabetic effects, making

them valuable in managing metabolic and neurodegenerative disorders. Diosgenin from

Dioscorea species serves as a key precursor in the synthesis of corticosteroids and demonstrates

anticancer potential through apoptosis induction and cell cycle modulation. Moreover, quillaja

saponins from Quillaja saponaria have been successfully employed as vaccine adjuvants,

enhancing antigen-specific immune responses in modern immunotherapy protocols198,199.

2.7 Pharmacological Overview of Azadirachta indica (Neem)

Azadirachta indica, commonly known as neem, Azadirachta indica. A. Juss (neem), a member

of the Meliaceae family, represents one of nature's most sophisticated biochemical factories,

producing over 300 structurally diverse secondary metabolites with significant therapeutic

potential. This evergreen tree, native to the Indian subcontinent but now pan-tropical, has been

dubbed "the village pharmacy" due to its extensive ethnomedicinal applications spanning over

4,500 years. The pharmacological richness of neem arises from its complex array of bioactive

compounds, predominantly concentrated in seeds and leaves but distributed throughout all

tissues. These compounds belong primarily to two major classes: isoprenoids (including

limonoids, diterpenoids, and triterpenoids) and non-isoprenoids (flavonoids, polysaccharides,

and polyphenolics). Modern chromatographic and spectroscopic techniques, which includes

high-performance liquid chromatography (HPLC-MS), coupled with mass spectrometry, gas

chromatography–mass spectrometry (GC-MS), and nuclear magnetic resonance spectroscopy
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(NMR), GC-MS, and NMR spectroscopy, have enabled the identification, and characterization

of these compounds, revealing their multifaceted mechanisms of action against diverse

pathological conditions200,201.

2.7.1 Botanical Description and Ethnomedicinal Uses

Azadirachta indica, universally recognized as neem, margosa, or Indian lilac, represents a

botanical cornerstone within the Meliaceae family, exhibiting evolutionary adaptations that

underpin its ecological dominance and ethnopharmacological significance. The tree typically

achieves heights of 15–20 meters, with exceptional specimens reaching 35–40 meters under

optimal conditions, developing a broad, spreading crown with a diameter often exceeding 20

meters. Its evergreen nature is punctuated by partial leaf shedding during pronounced dry

seasons, a drought-avoidance strategy critical for survival in semi-arid tropics. The compound,

imparipinnate leaves, ranging from 20–40 cm in length, consist of 20–30 serrated, lanceolate

leaflets (3–8 cm long), exhibiting a characteristic dark green hue and possessing a bitter taste

attributable to bioactive limonoids such as azadirachtin and nimbin. The fragrant, white bisexual

flowers aggregate in axillary panicles up to 25 cm long, each inflorescence bearing 250–300

individual flowers approximately 5–6 mm long, facilitating cross-pollination by insects attracted

to their honey-like scent. Fruit development yields smooth, olive-like drupes (14–28 mm long),

transitioning from green to golden yellow upon ripening200. These drupes encase a fibrous,

bittersweet pulp (mesocarp) surrounding one to three elongated seeds, which serve as the

primary source of the commercially and medicinally vital neem oil, characterized by its intense

garlic-peanut odor and yellowish-brown to dark green coloration depending on extraction

methodologies.
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Figure 2.7: Azadirachta indica Leaves and Fruits

Source202.
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Ecophysiological adaptations render neem exceptionally resilient, thriving across diverse soil

types (pH 4–10), including nutrient-poor, stony substrates, though it demonstrates intolerance to

waterlogging. Its deep-penetrating taproot system, sometimes doubling the tree's height in young

specimens, facilitates access to deep groundwater, enabling survival in regions with annual

rainfall as low as 400 mm. This xerophytic proficiency, combined with an ability to neutralize

acidic soils through alkaline leaf litter (pH 8.2), has promoted its intentional introduction and

subsequent naturalization across tropical and subtropical zones globally. The tree's capacity for

prolific suckering, particularly following root injury, and rapid regrowth after coppicing or

pollarding, further enhances its survival and utility in agroforestry systems designed for soil

conservation and reclamation of degraded lands200, 203.

Historically entrenched within the healing paradigms of South Asia, neem's ethnomedicinal

legacy, documented as early as the Atharva Veda and extensively within Ayurvedic compendia

like the Charaka Samhita and Sushruta Samhita, designates it as "Arista" (reliever of sickness)

and "Sarba-rogaribarini" (curer of all ailments). Its incorporation into the Siddha system of

medicine, purportedly originating in the submerged continent of Kumari Kandam over 10,000

years BC, underscores its prehistoric therapeutic integration, where it was venerated for smallpox

management and spiritual purification rituals. Every phytocomponent leaves, bark, seeds, oil,

flowers, fruits, twigs, and gum holds distinct medicinal value within these traditions. Neem twigs,

employed as dentifrices ("datun") for millennia, leverage their antimicrobial and anti-

inflammatory properties (attributed to nimbidin and margolone) to combat oral pathogens,

prevent gingivitis, pyorrhea, and dental caries, a practice sustained across South India and the

Middle East204,205. Topical application of neem oil, extracted via cold-pressing or solvent
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extraction from seeds, addresses a spectrum of dermatological conditions. Its complex

phytochemistry, rich in triterpenoids (azadirachtin, nimbin, salannin), flavonoids (quercetin),

sterols (beta-sitosterol, stigmasterol), and fatty acids , where oleic acid constitutes 25-54 %,

palmitic acid (16-33 %), stearic acid (9-24 %), and linoleic acid (6-16 %), confers potent

antiseptic, antifungal, antihistaminic, and wound-healing activities. Consequently, diluted or pure

oil formulations treat eczema, psoriasis, acne, scabies, fungal infections, and non-healing ulcers,

often blended with carrier oils like sesame or coconut to mitigate potential irritation in sensitive

individuals. Internal consumption, though less common and requiring stringent dosage control

due to toxicity risks, utilizes leaf decoctions or seed oil for managing malaria (through

antipyretic and antiplasmodial actions), intestinal helminthiasis, diabetes mellitus (via insulin

sensitization), piles, and historically, as a contraceptive and abortifacient200,206.

Contemporary pharmacological investigations substantiate these traditional claims, elucidating

molecular mechanisms. In vitro and in vivo studies confirm azadirachtin and nimbolide as potent

modulators of carcinogenesis, inducing apoptosis in malignant cells via p53 activation,

suppression of NF-κB mediated inflammation, and inhibition of angiogenesis by downregulating

VEGF expression207. The antioxidant prowess of neem leaf and bark extracts, demonstrated

through significant free radical scavenging (50 % inhibition at 26.5–30.6 μg/mL) and

enhancement of endogenous antioxidant enzymes like superoxide dismutase, provides a

mechanistic basis for its hepatoprotective, nephroprotective, and anti-ulcerogenic effects

observed in experimental models208. Neem's immunomodulatory capacity, linked to

polysaccharides and limonoids, enhances macrophage phagocytosis and lymphocyte

proliferation, offering rationale for its adjunctive use in chronic infections and autoimmune

inflammation, though caution is warranted in clinical autoimmune conditions due to potential
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exacerbation209. Recent work has particularly focused on neem's potential against SARS-CoV-2,

with in silico and in vitro studies suggesting nimbolide and azadirachtin may inhibit viral main

protease (Mpro) and spike protein-ACE2 interaction, though clinical validation remains

pending210.

Within the African continent, and Nigeria specifically, neem's introduction in the early 20th

century has evolved into profound ethnobotanical integration, driven by its adaptability to the

Sahelian and Sudanian savannah ecologies. Nigerian ethnomedicine extensively utilizes aqueous

leaf extracts for malaria prophylaxis and treatment, leveraging gedunin and azadirachtin's

interference with Plasmodium falciparum's asexual blood stages and gametocyte development.

Bark decoctions serve as antihypertensive agents in traditional Hausa and Yoruba medicine, an

application increasingly supported by evidence of neem's angiotensin-converting enzyme (ACE)

inhibitory activity and vasodilatory effects mediated by nitric oxide release. Topical pastes

derived from crushed leaves or neem oil are applied to wounds, burns, and tropical ulcers,

capitalizing on broad-spectrum antimicrobial efficacy against pathogens like Staphylococcus

aureus (including MRSA) and Pseudomonas aeruginosa, alongside anti-inflammatory and tissue-

regenerative properties206, 211. Recent Nigerian field studies document the use of neem smoke

fumigation for repelling mosquitoes and neem cake (seed residue after oil extraction) as a soil

amendment in subsistence farming, reducing nematode loads and fungal infestations in crops like

cowpea and maize, thereby enhancing food security while minimizing synthetic pesticide

dependence212, 213.

Studies carried out in Nigeria have validated traditional uses of neem, exploring its therapeutic

potential across multiple domains. Research in streptozotocin-induced diabetic Wistar rats

demonstrated that aqueous leaf extract of Azadirachta indica mitigates biochemical markers of
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nephropathy, suggesting antioxidant-mediated kidney protection in diabetes214. Also, studies

have demonstrated that terpenoids isolated from Azadirachta indica inhibited Akt signaling and

suppressed tumor progression in hepatocellular carcinoma–induced male Wistar rats, reinforcing

their potential as natural anticancer agents215.

2.7.2 Bioactive Constituents and Pharmacological Efficacy

The therapeutic potential of Azadirachta indica (neem) is attributed to its complex phytochemical

architecture, with over 140 bioactive compounds identified across various plant parts. These

constituents are broadly categorized into isoprenoids and non-isoprenoids, each contributing

distinct biological activities. The isoprenoid group encompasses terpenoids, including limonoids,

while non-isoprenoids include flavonoids, glycosides, and aliphatic compounds. Among the most

biologically significant limonoids is azadirachtin, a highly oxygenated tetranortriterpenoid

concentrated primarily in neem seeds. This compound features a decalin system fused to a furan

ring and exhibits epoxidation at multiple sites, contributing to its structural complexity200.

Azadirachtin, the principal reference compound for a broad spectrum of neem-derived limonoids,

exhibits remarkable bioactivity. Another key limonoid, nimbolide, is structurally defined by an

α,β-unsaturated enone moiety that enables Michael addition reactions with biological

nucleophiles216. Predominantly found in neem leaves and flowers, nimbolide exerts potent

pharmacological effects at nanomolar concentrations, with its enone system playing a pivotal

role in mediating its high reactivity and diverse biological activities217.

Gedunin, a protolimonoid with a 7-deacetoxy-7-oxogedunin skeleton, is primarily isolated from

neem seeds. Its biological activity stems from its ability to inhibit heat shock protein 90 (HSP90),

thereby disrupting protein folding pathways crucial for cellular stress responses214. Nimbin and

its derivatives constitute another important class of neem limonoids, with nimbin itself being the
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first isolated neem compound identified in 1942218. Nimbin possesses a partially degraded

triterpenoid structure with several acetylated hydroxyl groups. The compound nimbidin, a

mixture of tetranortriterpenes, contains sulphurous elements that enhance its lipid solubility and

biological activity. Salannin features a hexanor-triterpenoid structure with a characteristic

dihydrofuranacetal moiety and demonstrates potent insect antifeedant properties. Beyond

limonoids, neem contains significant quantities of flavonoids including quercetin, kaempferol,

and rutin219. These polyphenolic compounds possess multiple phenolic hydroxyl groups arranged

in ortho-dihydroxy configurations that confer potent electron-donating capabilities essential for

free radical scavenging. Quercetin-3-O-rutinoside (rutin) in particular demonstrates remarkable

stability due to glycosylation at the 3-position. The flavonoid β-sitosterol, a phytosterol

structurally similar to cholesterol, modulates membrane fluidity and interacts with sterol-

responsive elements in mammalian cells. Additional constituents include polysaccharides with

immunomodulatory properties, phenolic acids such as gallic and caffeic acids, and various

volatile sulfur compounds responsible for neem's characteristic aroma. The geographical location,

harvest time, and extraction methodology significantly influence the phytochemical profile of

neem preparations, with ethanol and methanol extracts generally yielding higher concentrations

of bioactive limonoids and flavonoids compared to aqueous extracts220.

2.7.3 Therapeutic Properties and Mechanisms

i. Antioxidant

The antioxidant capacity of neem constituents represents a fundamental mechanism underlying

many therapeutic applications. Nimbolide demonstrates exceptional free radical quenching

capabilities, exhibiting concentration-dependent antiradical scavenging activity superior to

ascorbate in in vitro systems. This efficacy stems from its conjugated enone system that
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facilitates electron delocalization following radical neutralization. Azadirachta indica (A. indica)

leaf extract significantly enhances cellular antioxidant defenses through multiple pathways221. In

yeast models (Saccharomyces cerevisiae), neem leaf extract extends chronological lifespan by

reducing intracellular reactive oxygen species (ROS) levels by 35-40 % while simultaneously

enhancing resistance to exogenous oxidative stressors. The mechanism involves substantial

upregulation of oxidoreductase enzymes, particularly catalase encoded by the CTT1 gene.

Genetic ablation experiments confirm that ctt1Δ yeast strains lose their enhanced oxidative stress

resistance when treated with A. indica leaf extract, establishing catalase induction as a crucial

mechanism222.

ii. Anti-inflammatory

Neem constituents modulate inflammatory cascades through pleiotropic mechanisms involving

enzyme inhibition, cytokine suppression, and signaling pathway interruption221. In vitro assays

reveal that methanol extracts of A. indica significantly inhibit cyclooxygenase-2 and 15-

lipoxygenase enzymatic activities 95 % and 66 % inhibition respectively at 25 milligrams per

milliliter while also demonstrating strong free radical scavenging as well as stimulating human

epidermal keratinocyte proliferation at concentrations between 2.5 and 5 milligrams per

millilitre223. This dual inhibition of arachidonic acid metabolism provides advantages over

pharmaceutical NSAIDs that typically target single pathways224. Nimbolide exerts potent anti-

inflammatory effects at nanomolar concentrations by suppressing nuclear factor kappa B (NF-κB)

activation. It achieves this by inhibiting IκB kinase (IKK) activity, thereby preventing IκBα

phosphorylation and subsequent degradation. This blockade impairs nuclear translocation of NF-

κB dimers and their binding to κB elements in proinflammatory gene promoters225. Consequently,

nimbolide reduces tumor necrosis factor-alpha (TNF-α) production by 70-80 % in
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lipopolysaccharide (LPS)-stimulated macrophages and downregulates inducible nitric oxide

synthase (iNOS) expression, limiting nitric oxide (NO) generation226.

Clinical applications of these anti-inflammatory properties include dermatological conditions. In

double-blind, placebo-controlled trials, neem-based ointments demonstrate significant efficacy

against eczema, psoriasis, and acne vulgaris. Patients applying neem formulations exhibit 50-

60 % reductions in erythema, scaling, and induration compared to placebo groups, with

histological analyses showing decreased epidermal hyperplasia and dermal lymphocyte

infiltration. The anti-inflammatory effects extend to periodontal disease management. Neem bark

extracts incorporated into mouthwashes reduce gingival inflammation by inhibiting PGE2

synthesis in periodontal tissues while simultaneously suppressing growth of Porphyromonas

gingivalis and Aggregatibacter actinomycetemcomitans through antibacterial actions227.

Chewing neem twigs releases bioactive compounds that reduce the production of interleukin-1β

(IL-1β), and interleukin-6 (IL-6) in gingival crevicular fluid by 40-50% compared to

conventional toothbrushing. In rheumatoid arthritis models, oral administration of neem leaf

extract reduces paw edema and decreases joint inflammation scores by through suppression of C-

reactive protein and interleukin-16 (IL-16) production. The broad-spectrum anti-inflammatory

activities position neem as a valuable therapeutic agent for diverse inflammatory conditions

affecting skin, joints, and mucosal surfaces228.

iii. Anti-cancer

In human cervical cancer cells (HeLa), A. indica leaf extract pretreatment reduces basal ROS

levels by approximately 45 % and diminishes senescence-associated β-galactosidase activity,

indicating attenuated cellular aging. This occurs through NRF2-mediated activation at the

transcriptional level of phase II detoxifying enzymes such as NAD(P)H quinone oxidoreductase
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1 (NQO1) and heme oxygenase-1 (HO-1). A. indica flavonoids contribute significantly to these

effects; quercetin chelates transition metals through its 3',4’-dihydroxy catechol structure in the

B-ring and the 3-hydroxy-4-keto configuration in the C-ring, preventing Fenton chemistry-driven

hydroxyl radical formation229. Gallic acid derivatives in A. indica leaves exhibit hydrogen atom

transfer capabilities with stoichiometric factors of 3-4 due to multiple phenolic groups, enabling

effective chain-breaking antioxidant activity in lipid peroxidation systems. In vivo studies

demonstrate that neem extracts normalize markers of lipid peroxidation which include 4-

hydroxynonenal (4-HNE), and malondialdehyde (MDA) in renal and hepatic tissues while

restoring glutathione (GSH) levels and superoxide dismutase (SOD) activity. This

comprehensive antioxidant activity provides protection against stomach tumors induced by

benzo(a)pyrene, and skin papillomas induced by 7,12-dimethylbenz[a]anthracene in rodent

models. The ability of A. indica components to maintain cellular redox balance contributes

substantially to their chemopreventive properties against carcinogen-induced neoplasia across

multiple organ systems229-232.

iv. Antidiabetic Activities

A. indica have been reported to exhibit significant hypoglycemic and insulin-sensitizing

properties through multiple mechanisms targeting glucose absorption, hepatic glucose production,

insulin secretion, and peripheral glucose utilization. Administration of A. indica leaf extract

reduces fasting blood glucose by 45-50% in streptozotocin-induced experimental animals within

4 hours, with effects sustained over 12 hours. This acute hypoglycemic activity occurs through

inhibition of intestinal α-glucosidases, which slows the breakdown of carbohydrates, and reduces

the rise in blood sugar glucose after meals (postprandial hyperglycemia)233. A. indica leaf

flavonoids, particularly quercetin-3-O-rutinoside, inhibit rat intestinal α-glucosidase with IC50
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values of 0.12mg/mL, comparable to pharmaceutical acarbose. Longer-term administration (4-6

weeks) of neem bark extract enhances insulin sensitivity through peroxisome proliferator-

activated receptor gamma (PPARγ) agonism. This nuclear receptor activation promotes

adipocyte differentiation and enhances GLUT4 translocation to cell membranes, increasing

glucose uptake in skeletal muscle and adipose tissue234.

A. indica -derived compounds have been reported to exhibit multifaceted antidiabetic effects. In

streptozotocin-induced diabetic rats, nimbolide administered at 50 mg/kg/day for 60 weeks

significantly reduced pancreatic oxidative stress, increased antioxidant enzyme activities

(superoxide dismutase, catalase, glutathione peroxidase), and downregulated pro-apoptotic Bax

while upregulating anti-apoptotic Bcl-2, thereby preserving β-cell structure and improving

fasting blood glucose levels235. The comprehensive effects on glucose homeostasis and

complication prevention support the traditional use of neem in diabetes management across

multiple traditional medicine systems.

2.7.4 Therapeutic Applications across Disease States

The diverse bioactive components of A. indica enable applications across numerous disease

conditions beyond those previously discussed. In oncology, nimbolide demonstrates exceptional

chemopreventive and antitumor efficacy across multiple cancer types. In prostate cancer models,

nimbolide (5μM) inhibits cancer cell proliferation by 80-90 % through initiation of G2/M cell

cycle arrest mediated via regulation of cyclin-dependent kinase regulatory pathways. This occurs

through downregulation of cyclin B1, and D1, as well as proliferation of cell nuclear antigen

while upregulating p21Cip1 and p27Kip1236. Additionally, nimbolide induces apoptosis via

mitochondrial pathways, decreasing Bcl-2 expression while increasing Bax, Bak, and Apaf-1,

leading to caspase-9 and caspase-3 activation. In colorectal carcinoma, nimbolide inhibits tumor
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invasion and metastasis by downregulating matrix metalloproteinase-9 (MMP-9) expression by

60-70 % through suppression of NF-κB signaling237. A. indica leaf glycoprotein (NLGP)

enhances tumor immunogenicity by activating dendritic cells and promoting CD8+ cytotoxic T-

lymphocyte responses against tumor-associated antigens.

For infectious diseases, neem extracts exhibit broad-spectrum antimicrobial activity238. Ethanolic

neem leaf extracts demonstrate strong activity against Staphylococcus aureus, including

methicillin-resistant strains (MRSA), with minimum inhibitory concentrations (MICs) ranging

from approximately 32 mg/mL against S. aureus and 37.5 mg/mL against MRSA, and associated

inhibition zones on diffusion assays239. A. indica extracts also exhibit potent antibiofilm

activity, achieving over 80% inhibition of S. aureus and P. aeruginosa biofilms at concentrations

between 6.25 and 50 mg/mL240. The antimicrobial potential of A. indica is supported by a

growing body of evidence demonstrating broad-spectrum efficacy against bacterial, fungal, viral,

and parasitic pathogens, including clinically significant drug-resistant strains. Studies report

notable inhibitory effects against Staphylococcus aureus, Enterococcus faecalis, Streptococcus

mutans, and Candida albicans, with particular effectiveness against biofilm-associated forms.

This dual ability to target planktonic cells and disrupt established biofilms highlights neem’s

relevance in managing persistent infections. Evidence also suggests that its mechanisms of action

involve disruption of microbial cell membranes, inhibition of key enzymes, and interference with

biofilm matrix stability. However, the absence of standardized extraction protocols, solvent

systems, and plant part selection presents challenges for reproducibility and inter-study

comparisons. Moreover, while in vitro studies are extensive, in vivo and controlled clinical trials

remain limited, restricting direct translation to therapeutic use241.
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Computational screening of neem-derived phytochemicals against the Nipah virus envelope

glycoprotein identified several candidates with notable antiviral potential. Among the 4,175

compounds assessed, quercetin, cianidanol, and kaempferol exhibited the most favorable binding

energies (approximately –7 kcal/mol) and high MM-GBSA binding free energies (–43 to –47

kcal/mol), surpassing the performance of the reference antiviral agent ribavirin. Interaction

analysis revealed stable hydrogen bonding and hydrophobic contacts with key glycoprotein

residues essential for viral attachment and entry. Molecular dynamics simulations have

confirmed the structural stability of the ligand–protein complexes over 100 ns, with minimal

conformational fluctuations and consistent RMSD values. ADME/T profiling studies also

indicates favorable pharmacokinetic properties, including good oral bioavailability and low

predicted toxicity, supporting their potential as lead compounds for the development of anti-

Nipah therapeutics242.

2.7.4 Neuroprotective Effects

Neurodegenerative diseases represent a devastating group of conditions characterized by

progressive neuronal loss, cognitive decline, and functional impairment. Disorders including

Alzheimer's disease, Huntington's disease, amyotrophic lateral sclerosis, and Parkinson's disease

collectively affect over 57 million individuals globally, with prevalence projected to triple by

2050 due to demographic aging and environmental factors. Pathologically, these

neurodegenerative diseasese share common features including protein misfolding and

aggregation (Aβ plaques in AD, α-synuclein in PD, mutant huntingtin in HD), mitochondrial

dysfunction, oxidative stress, neuroinflammation, and synaptic failure243. Contemporary

therapeutics provide only symptomatic relief without halting progression, creating an urgent

need for disease-modifying strategies244. Emerging evidence indicates significant neuroprotective
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properties of neem constituents across various experimental models of neurological disorders.

Nimbolide, a tetranortriterpenoid derived from Azadirachta indica, has emerged as a promising

natural scaffold in Alzheimer’s disease (AD) drug discovery, particularly through computer-

aided design approaches. Molecular docking and pharmacoinformatics analyses indicate that

nimbolide exhibits notable binding affinity toward key AD-related targets, including

acetylcholinesterase (AChE) and amyloid-β aggregation modulators. These interactions suggest a

potential to enhance cholinergic neurotransmission and mitigate amyloid pathology, both central

to AD progression. The compound’s favorable predicted pharmacokinetic parameters, including

drug-likeness and blood–brain barrier permeability indices from in silico evaluations, further

support its candidacy for central nervous system drug development. Although these findings

remain primarily computational, they provide a rationale for experimental validation of

nimbolide as a multifunctional lead compound in the management of Alzheimer’s disease245.

Azadiradione, a compound from Azadirachta indica, acts as a potent activator of heat shock

factor 1 (HSF1), enhancing cellular proteostasis by upregulating molecular chaperones and

proteasomal components critical for clearing misfolded proteins. In Parkinson’s disease models,

azadiradione demonstrated neuroprotection by preserving dopaminergic neurons and improving

motor function. It also extended lifespan and maintained fitness in Drosophila models, indicating

good safety. Mechanistically, azadiradione activates AMPK and inhibits mTORC1, promoting

autophagy and cellular clearance, while boosting antioxidant enzymes to reduce oxidative stress.

It also suppresses AKT signaling, potentially limiting neurodegenerative processes246.

Similarly, a study reported that Azadirachta indica extract have been shown to alleviate

neuropathic pain resulting from chronic constriction injury of the sciatic nerve in rat models.

Treatment significantly reduces mechanical allodynia and thermal hyperalgesia, which are key
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manifestations of neuropathic pain. These analgesic effects are associated with decreased

oxidative stress and lowered inflammatory markers in the injured nerve tissue, suggesting that

the neuroprotective actions of the extract are mediated through antioxidant and anti-

inflammatory pathways247.

Azadirachta indica leaf extract exhibits notable neuroprotective effects in streptozotocin-induced

diabetic peripheral neuropathy, as evidenced by improvements in nerve conduction velocity

along with biochemical and histological analyses in the rodent model. Pre-treatment with the

extract at 500 mg/kg significantly attenuated neuronal degeneration and functional deficits

induced by hyperglycemia. The extract’s antioxidative properties likely reduced reactive oxygen

species accumulation, limiting lipid peroxidation and preserving neuronal membrane integrity in

peripheral nerve tissues. Additionally, its anti-inflammatory effects may have downregulated

pro-inflammatory cytokines, preventing neuronal apoptosis and demyelination commonly

observed in diabetic peripheral neuropathy. The prophylactic administration of neem extract

prior to diabetes induction suggests enhanced neuronal resilience, contributing to improved

survival and function of peripheral neurons. These findings underscore the therapeutic potential

of Azadirachta indica as a neuroprotective agent targeting the multifactorial oxidative and

inflammatory mechanisms underlying diabetic peripheral neuropathy248.

2.8 Applications of Computational Methodologies

The application of computational methodologies has fundamentally transformed investigative

paradigms across metabolic and neurodegenerative disorders, enabling unprecedented resolution

in deciphering pathological mechanisms. In type 1 diabetes (T1D) research, hybrid agent-based

modeling integrated with mathematical frameworks has elucidated the spatiotemporal dynamics

of β-cell destruction, revealing that extending cytotoxic CD8+ T-cell lifespan beyond 48 hours
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accelerates diabetes onset by 32 % in simulations249. Complementing this approach, fractional-

order calculus applied to Sorensen’s glucose-insulin model has enhanced hypoglycemia

prediction accuracy by 34 %, enabling artificial pancreas algorithms that reduce glycemic

variability by 22 % in silico250. These computational frameworks address T1D’s multifactorial

etiology by integrating immune cell kinetics with metabolic regulation, bridging theoretical

predictions and clinical applications.

Antiviral computational strategies have concurrently illuminated environmental triggers of T1D,

particularly Coxsackievirus B4 (CVB4) involvement in autoimmune initiation. Molecular

docking and 300-ns molecular dynamics simulations of 37 flavonoids against CVB4’s 2C protein

(PDB:1Z8R) identified luteolin (CID_5280445) as a high-affinity binder (-9.2 kcal/mol),

interacting via persistent hydrogen bonds with Asp215 and hydrophobic contacts with Phe179

and Val214. In silico ADMET profiling indicated that luteolin is non-toxic and capable of

crossing the blood-brain barrier, highlighting its potential as an antiviral agent against CVB4

implicated in T1D pathogenesis251.

The integration of computational botany with disease research has further expanded therapeutic

possibilities by uncovering bioactive phytochemicals through omics-driven analyses of

medicinal plants under stress. Integrative multi-omics analyses of Azadirachta indica have

elucidated the biosynthetic pathways and key enzymes, such as cytochrome P450s and

oxidosqualene cyclases, responsible for the production of pharmacologically important

triterpenoids like azadirachtin. Transcriptomic and metabolomic data reveal dynamic regulation

of these pathways under developmental and environmental cues, enabling targeted metabolic

engineering to enhance compound yield. These insights support drug discovery efforts by

facilitating the scalable production of bioactive neem derivatives, which have demonstrated
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therapeutic potential in animal models for anti-inflammatory, antidiabetic, and neuroprotective

applications252.

Molecular docking combined with molecular dynamics simulations has become a powerful

approach for evaluating plant-derived bioactive compounds in neurodegenerative disease

research, improving the accuracy of target interaction predictions. Using this integrated

methodology, Soyasapogenol B was identified as a promising multitarget inhibitor with high

affinity for cholinesterases, acetylcholinesterase (short form AChE), butyrylcholinesterase

(BuChE), and monoamine oxidases (MAO-A and MAO-B), glycogen synthase kinase-3β (GSK-

3β), and NMDA receptors. Binding affinities of Soyasapogenol B surpassed those of reference

inhibitors, supported by molecular dynamics simulations showing stable ligand-protein

complexes over 100 ns. Key interactions included hydrogen bonding with catalytic residues in

AChE and BuChE, hydrophobic contacts stabilizing complexes with GSK-3β, and interactions

with critical amino acids in NMDA and MAO enzymes, underscoring its potential as a

multitarget agent for neurodegenerative therapy development253. Similarly, these computational

insights provide mechanistic justification for traditional uses while guiding derivative

optimization.

In a previous study, the neuroprotective potential of dietary supplements containing rosmarinic

acid and β-sitosterol was evaluated using both in silico molecular docking and in vivo analyses

in Alzheimer's disease (AD) models. Molecular docking simulations revealed that rosmarinic

acid exhibited superior binding affinity to acetylcholinesterase (AChE) through hydrogen

bonding interactions with catalytic triad residues Ser200 and His440. In contrast, β-sitosterol

demonstrated potent inhibition of amyloid-β aggregation via hydrophobic interactions with

central hydrophobic clusters. In vivo validation showed that dietary supplementation with these
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compounds reduced cholinergic neurotransmission deficits by 40%, decreased tumor necrosis

factor-alpha (TNF-α) levels by 58 %, and down-regulated amyloid precursor protein expression

in AD models. Additionally, in silico ADMET profiling predicted β-sitosterol's blood-brain

barrier permeability, supporting its potential as a preventive agent against neurodegeneration.

These findings underscore the translational significance of combining computational and

experimental approaches in identifying plant-derived compounds for neurodegenerative disease

therapy254,255.

Recent advancements in computational pharmacology have significantly improved the precision

of molecular docking simulations, especially for flexible targets like the SARS-CoV-2 main

protease (Mpro) and monoamine oxidase B (MAO-B). Innovative ensemble docking techniques

that incorporate protein flexibility have been applied to identify potent inhibitors against these

enzymes. A study by Ramadhan eta. al conducted molecular docking and molecular dynamics

simulations on 76 compounds derived from Azadirachta indica, identifying odoratone (ORN),

salimuzzalin (SMZ), and nimbocidin2 (NC2) as the top candidates with docking scores of

−11.57, −9.83, and −9.60 kcal/mol, respectively exceeding the binding affinity of the reference

drug nirmatrelvir (−8.42 kcal/mol). These findings highlight Azadirachta indica phytochemicals

as promising leads for antiviral drug development targeting COVID-19210,256, 257.

The trajectory of computational disease research increasingly favors integrative frameworks that

unify methodologies across biological scales. Hybrid models combining agent-based simulations

with machine learning optimization enable both mechanistic insight and predictive capability258.

Persistent challenges in membrane-embedded target modeling are being addressed through lipid

bilayer-embedded docking approaches, showing promise for simulating peptide interactions with

class B GPCRs like the GLP-1 receptor259,260,261. Future integration of quantum mechanical
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calculations for metalloenzyme electron distribution and machine learning prediction of binding

kinetics will further enhance predictive accuracy across therapeutic domains. As hybrid quantum

computing enables real-time screening against multiple target conformers, computational

methodologies will continue transforming drug discovery from genetic association to

mechanism-based therapeutics, fulfilling precision medicine paradigms across diverse disease

contexts262, 263, 264.
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Chapter Three

Methodology

3.1 Plant Material and Extraction Methods

Fresh leaves of Azadirachta indica (commonly known as neem) was used for this study. The

plant material was sourced from natural forest vegetation in Iseyin, Oyo State, Nigeria. The plant

specimen was taxonomically identified and authenticated, and for documentation purposes, a
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voucher sample (No. FHL. 1142061) was deposited at the Forestry Research Institute of Nigeria,

Ibadan, Oyo State.

After authentication, the leaves were rinsed with distilled water to remove surface impurities and

then dried at ambient room temperature under shade in a dust-free environment to avoid loss of

heat-labile bioactive constituents. The dried material was ground into a fine powder using a

mechanical blender and preserved in airtight containers until required for further analyses.

Phytochemical extraction was carried out through cold maceration. In this procedure, 150 g of

powdered leaf material was weighed, transferred into separate containers, and immersed in 1 L

each of distilled water, ethanol, and methanol. The solutions were allowed to stand for 72 hours

at room temperature with regular agitation to enhance the release of active constituents. After the

maceration period, each mixture was initially sieved using muslin cloth to remove coarse debris

and filtered using Whatman filtering paper. The aqueous, methanol and ethanol solvents were

subsequently evaporated using a rotary evaporator (40-45 °C) under reduced pressure, to obtain

the crude extract of Azadirachta indica. These extracts were stored in labeled sterile containers at

4 °C until further analysis.

3.1.1 Gas Chromatography-Mass Spectrometry Analysis

Gas Chromatography-Mass Spectrometry GC-MS analytical method was used to identify the

phytochemicals present in the aqueous, methanol and ethanol extracts of Azadirachta indica. The

samples were analyzed using Agilent Technologies GC-MS setup equipped with an HP-5MS

capillary column of 30 m length, 0.25 mm internal diameter, and 0.25 µm film thickness.

Measurements were taken in electron impact mode with an ionization energy of 70 eV.
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An injection volume of 1 µL (each extract) was introduced in split mode. The carrier gas helium,

was delivered at a flow rate of 1.0 mL/min. Injector and detector were set at 250 °C and 280 °C,

respectively. The oven temperature profile began at 60 °C with a 2 minutes hold, increased at

10 °C/min to 280 °C, and was maintained for 10 minutes.

Mass spectral data were acquired in the range of 40–550 m/z. Compound identification relied on

spectra matching with the compounds in the database of the National Institute of Standards and

Technology (NIST) library. The names, molecular weights, retention times, and peak areas of the

detected compounds were recorded for interpretation.

3.1.2 Molecular Docking Studies

Molecular docking was done to predict the binding interactions between phytochemicals

identified in the extracts of Azadirachta indica and key target proteins implicated in the

pathogenesis of diabetic retinopathy1. This was aimed at selecting the extract with the most

pharmacological relevance based on ligand–protein binding strength.

3.1.2.1 Ligand Preparation

Phytochemical ligand structures were obtained from in Structure Data Format (SDF) from the

PubChem database (https://pubchem.ncbi.nlm.nih.gov). The ligands were then subjected to

structural optimization and format conversion to PDB format in Discovery Studio Visualizer.

The optimized files were subsequently prepared in PDBQT format, incorporating Protein Data

Bank coordinates, partial charges (Q), and atom types (T), with the aid of AutoDockTools

version 1.5.7.

3.1.2.2 Protein Preparation

The X-ray crystallographic structures of the selected target proteins, namely:
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1. Nuclear Factor kappa B (NF-κB; PDB ID: 1A3Q),

2. C-reactive Protein (CRP; PDB ID: 1B09),

3. Glial Fibrillary Acidic Protein (PDB ID: 6A9P),

4. Brain-Derived Neurotrophic Factor (PDB ID: 1BND),

5. Nerve Growth Factor (NGF; PDB ID: 1WWW), and

6. Nuclear Factor Erythroid 2-related Factor 2 (Nrf2; PDB: 1U6D)

The protein structures were sourced from the RCSB Protein Data Bank (https://www.rcsb.org).

Preparation of the proteins was conducted in Discovery Studio Visualizer by eliminating non-

essential components such as water molecules, heteroatoms, and bound ligands. Polar hydrogens

and Kollman charges were subsequently assigned in AutoDockTools v1.5.7, after which the

proteins were saved in PDBQT format for docking analysis.

3.1.2.3 Docking Procedure

The active sites of the proteins were identified using the CASTp3 server, and where binding

pockets were not predicted, the PrankWeb4 server was used as an alternative. A docking grid

box was defined for each protein to encompass the identified active site. The grid box parameters

(center coordinates and box dimensions) were set as follows:

1. Nuclear Factor-κappa B

PDB ID: 1A3Q

Grid Center and Size Dimesions

https://www.rcsb.org


119

a. Center_x = 20.75

b. Center_y = 68.53

c. Center_z = -9.362

d. Size_x = 56

e. Size_y = 50

f. Size_z = 44

g. Exhaustiveness = 8

h. Energy_range = 3

2. C-reactive Protein

PDB ID: 1B09

Grid center and Size Dimesion

a. Center_x = 135.35

b. Center_y = 157.649

c. Center_z = 24.399

d. Size_x = 60

e. Size_y = 56

f. Size_z = 48

g. Exhaustiveness = 8

h. Energy_range = 3

3. Gial Fribillary Acid Protein

PDB ID: 6A9P

Grid Center and Size Dimesion
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a. Center_x = 15.953

b. Center_y = -197.998

c. Center_z = 783.104

d. Size_x = 46

e. Size_y = 66

f. Size_z = 66

g. Exhaustiveness = 8

h. Energy_range = 3

4. Brain Derived Neurotrophic Factor

PDB ID: 1BND

Grid Center and Size Dimesion

a. Center_x = 11.673

b. Center_y = -5.766

c. Center_z = 54.132

d. Size_x = 46

e. Size_y = 46

f. Size_z = 54

g. Exhaustiveness = 8

h. Energy_range = 3

5. Nerve Growth Factor

PDB ID: 1WWW

Grid Center and Size Dimesion
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a. Center_x = 3.815

b. Center_y = 5.412

c. Center_z = 20.899

d. Size_x = 80

e. Size_y = 54

f. Size_z = 62

g. Exhaustiveness = 8

h. Energy_range = 3

6. Nuclear Factor Erythroid 2-related Factor 2

PDB ID: 1U6D

Grid Center and Size Dimesion

a. Center_x = 10.636

b. Center_y = 24.036

c. Center_z = 77.246

d. Size_x = 50

e. Size_y = 50

f. Size_z = 40

g. Exhaustiveness = 8

h. Energy_range = 3

Molecular docking simulations were performed using AutoDock Vina, which employs an

iterated global–local search algorithm. Default docking parameters were applied unless

otherwise specified.
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For each ligand, AutoDock Vina generated nine binding poses. Docking results were ranked

based on binding affinity scores, with the pose showing the lowest binding energy considered the

most favorable. Further selection of poses for visualization was guided by the quality of binding

interactions, particularly the presence of hydrogen bonds, hydrophobic contacts, π–π stacking,

and electrostatic interactions. Visualization and interaction analysis of the selected poses were

carried out using Discovery Studio Visualizer.

3.1.2.4 ADMET Profiling

ADMET (the Absorption, the Distribution, the Metabolism, the Excretion, and the Toxicity)

profiling of the major phytochemicals was performed using the SwissADME online server

(http://www.swissadme.ch) and the Pro Tox 3.0 online server (https://tox.charite.de). The

analysis focused on physicochemical properties, lipophilicity, water solubility, pharmacokinetics

parameters (such as gastrointestinal absorption, ability to cross the blood–brain barrier, and

likelihood of being a P-glycoprotein substrate), drug-likeness based on Lipinski’s Rule of Five,

and toxicity prediction. The profiling provided insights into the pharmacological suitability and

safety of the lead compounds as potential therapeutic agents.

3.2 Experimental Animals

For the study, 40 healthy adult Wistar rats aged 9–10 weeks, with an average body weight of

150g, were used. The animals were sourced from an animal breeder located in Ogbomosho, Oyo

State, Nigeria. Upon arrival, the rats were housed in clean, well-ventilated cages. The housing

environment was maintained to mimic standard laboratory conditions, including a 12-h light/12-

h dark cycle and a consistent room temperature.

http://www.swissadme.ch
https://tox.charite.de
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The animals were allowed to acclimatize to their new environment for seven (7) days prior to the

commencement of the experiment. During the acclimatization period, the rats were allowed ad

libitum access to standard commercial rat chow and had free access to clean drinking water.

All procedures involving animal handling and experimentation were carried out in strict

compliance with established guidelines for the use of laboratory animals in research. Ethical

approval for the study was obtained from Lead City University ethical review committee.

3.2.1 Determination of Body Weight

Following the acclimatization period, the initial body weight of each animal was recorded. The

recorded weight was then used to calculate doses of streptozotocin, treatment extracts and

Metformin administered.

3.2.2 Induction of Diabetes

Diabetes mellitus was induced in the animals using streptozotocin, a compound known for its

selective cytotoxicity to pancreatic β-cells. After an overnight fast, the rats received a single

intraperitoneal injection of streptozotocin (55 mg/kg), prepared freshly in ice cold 0.1 M citrate

buffer (pH 4.5) kept at 4ºC.

Following STZ administration, the animals were allowed free access to food and water. Seventy-

two hours post-induction, the fasting blood glucose of the animals was measured using Accu-

check glucometer and blood samples obtained via tail vein puncture. After blood glucose

assessment, animals presenting with fasting blood glucose levels exceeding 150 mg/dL were

considered diabetic and included in the study.

To prevent sudden hypoglycemia that may occur in the first 24 hours post-STZ injection, the

animals were given 5% glucose solution orally for 24 hours after the induction.
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3.2.3 Experimental Design

Forty animals were included in this study and randomly assigned to five groups (eight per group).

The groups were designated as follows:

 Group 1 (the control Group): Non-diabetic rats that received only distilled water

throughout the study.

 Group 2 (untreated Group): Diabetic rats that did not receive treatment, served as the

negative control.

 Group 3 (Low-Dose Treatment Group): Diabetic rats administered Azadirachta indica

leaf extract at a dose of 200 mg/kg body weight.

 Group 4 (High-Dose Treatment Group): Diabetic rats administered Azadirachta indica

leaf extract at a dose of 400 mg/kg body weight.

 Group 5 (Standard Drug Control): Diabetic rats administered 7µg/kg of metformin,

serving as the positive control group.

The treatments were administered for 21 days.

3.3 Animal Sacrifice

Following the final administration of treatment, all experimental animals were fasted overnight

(12 hours) with access to water only. Thereafter the animals were humanely euthanized through

cervical dislocation, in adherence to ethical standard for laboratory animal care and use in

research.

After euthanasia, the skull was carefully opened using a scalpel and bone scissors to expose the

brain. The occipital lobe, located at the posterior region of the cerebral hemispheres, was
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identified, and the visual cortex was carefully excised. The isolated visual cortex was then fixed

in 10 % phosphate-buffered formalin for histological analysis. The optic nerve fibre was also

carefully collected and fixed in10% phosphate buffered formalin for further investigation.

In addition, both the left and right retinae were extracted from the eye sockets of each animal.

One retina per animal was fixed in 10 % phosphate-buffered formalin for histological evaluation,

while the other was placed in sucrose solution and stored in a freezer for later biochemical assays.

3.3.1 Organ Harvest and Determination of Relative Organ Weight

The harvested tissues which included the retina, the optic nerve fibre, and the visual cortex were

weighed and their values recorded as relative organ weight per 100g rat weight.

Relative Organ Weight (%) = Tissue weight x 100

Animal weight

3.3.2 Post-Mitochondrial Fraction Preparation

Following animal sacrifice and retinal dissection, tissues designated for biochemical analysis

were processed to obtain the post-mitochondrial fraction (PMF). Excised retinal tissues were

briefly rinsed in phosphate-buffered saline (PBS) to remove blood, gently dried with sterile filter

paper, and weighed. Each retina was then transferred into a mortar and manually homogenized

using a pestle at a tissue-to-buffer (PBS) ratio of 1:9 (w/v). Special care was taken during

homogenization to avoid excessive force or friction that could generate heat and compromise

enzyme stability.
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The homogenates were transferred into 2 ml eppendorf tubes, and subjected to centrifugation at

10,000 rpm for 15 minutes in a cold centrifuge maintained at 4 °C. The supernatant, (the post-

mitochondrial fraction) was then collected into labeled tubes and stored in a -80 °C freezer.

3.4 Histological Evaluation of Retina, Optic Nerve, and Visual Cortex

3.4.1 Histological Assessment of Retinal, Optic Nerve, and Visual Cortex Layers Using
Hematoxylin and Eosin Staining

Principle

Hematoxylin and Eosin (H&E) staining is based on differential chemical affinities of tissue

components for specific dyes. Hematoxylin, being basic, stains basophilic structures in shades of

blue to purple, highlighting regions abundant in nucleic acids, including chromatin, ribosomes,

and RNA-rich areas of the cytoplasm. Eosin, an acidic counterstain, colors acidophilic elements

in pink, orange, or red, emphasizing structures such as red blood cells, cytoplasm, muscle fibers,

and collagen fibers2.

3.4.1.1 Tissue Preparation

Formalin-fixed, paraffin-embedded tissue sections of the retina, optic nerve, and visual cortex

were cut at 5 µm thickness utilizing a rotary microtome, mounted on glass slides coated with

poly-L-lysine to enhance tissue adherence.

3.4.1.2 Methodology

For Hematoxylin & Eosin staining, slides were deparaffinized in xylene for five minutes each, in

two changes, then graded ethanol series (100%, 95%, and 70%) was used to rehydrate the slides.

After rinsing in distilled water, sections of the tissues were exposed to Harris hematoxylin for 5

minutes, followed by differentiation in 1% acid alcohol and bluing in Scott’s tap water substitute

for 1 minute. The slides were then counterstained with 0.5% eosin for 2 minutes. After
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dehydration in ethanol and clearing in xylene, sections were mounted with DPX. Histological

evaluation of the retinal architecture, specifically the inner nuclear, outer nuclear layers, and

ganglion cell, was carried out using an Olympus CX21 light microscope under 400×

magnification. Digital photomicrographs were acquired with an AmScope camera and analyzed

using AmScope software. Retinal layer thicknesses were measured in ImageJ at ten non-

overlapping regions per section, and mean values were calculated to standardize comparisons

across groups.

3.4.2 Histological Assessment of Retinal, Optic Nerve Fibre, and Visual Cortex Neurons
by Cresyl Violet Stain

3.4.2.1 Principle:

Cresyl Violet (Nissl) staining is based on the affinity of the basic dye cresyl violet for acidic

components of neurons, particularly the ribosomal RNA contained within rough endoplasmic

reticulum (Nissl substance). This reaction selectively stains neuronal cell bodies and nucleoli a

deep violet-blue, allowing clear visualization of neuronal distribution and structural organization

within the retinal layers. The method is especially valuable for assessing neuronal integrity and

detecting degenerative changes in neural tissue3.

3.4.2.2 Methodology

Paraffin-embedded retinal, optic nerve fibre and visual cortex sections were deparaffinized and

rehydrated using the same protocol applied for H&E, after which they were treated with 0.1%

cresyl violet acetate (pH 3.5) for 7 minutes at room temperature, followed by differentiation in

95% ethanol containing 0.5% glacial acetic acid to enhance contrast. After dehydration in

absolute ethanol and clearing in xylene, sections were mounted with DPX. Neuronal morphology

and distribution were examined under the Olympus CX21 microscope, and high-resolution
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images were captured for analysis. Quantitative assessment of neuronal density was performed

using ImageJ by thresholding and analyzing neuronal somata across five standardized fields per

tissue section. Cell count data were exported in CSV format and analyzed with GraphPad Prism

to determine mean neuronal density and standard deviation for each tissue section

3.4.3 Periodic Acid–Schiff (PAS) Staining for Carbohydrate Localization in Retinal
Sections

3.4.3.1 Principle

Glycol groups in carbohydrates are cleaved by periodic acid, generating aldehyde moieties.

These aldehydes subsequently interact with Schiff’s reagent to yield a magenta-colored complex

localized at the sites of aldehyde formation, where PAS-positive substances appear red, while

nuclei appear blue.

3.4.3.2 Reagents Used

 Periodic acid solution (1% w/v)

 Distilled / Deionized water

 Schiff’s staining reagent

 Tap water

 Mayer’s haematoxylin

 1% Acid alcohol

 Mounting medium

3.4.3.3 Methodology
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Formalin-fixed retinal tissue sections were first rehydrated before being subjected to oxidation in

a 1% aqueous periodic acid solution for 5 minutes. The slides were thoroughly rinsed with

distilled water and then incubated in Schiff’s reagent for 10 minutes. Excess reagent was

removed by washing under running tap water for approximately 15 minutes, allowing color

development. The nuclei counterstaining was carried out with Mayer’s hematoxylin for 5

minutes, followed by brief differentiation in 1% acid alcohol for 5–10 seconds. The sections

were then placed in tap water for 10 minutes to achieve bluing. Finally, dehydration through

graded alcohols, clearing in xylene, and mounting were performed prior to microscopic

evaluation.

3.5 Biochemical Analyses

3.5.1 Determination of Fasting Blood Glucose Levels

The fasting blood glucose levels were measured to monitor glycemic response throughout the

experimental period. Blood glucose readings were taken 72hrs post induction, and subsequently

at three-day intervals until the end of the treatment period. Blood was drawn from the tail vein

after an overnight fast, and glucose concentration levels was assessed using Accu-chek

glucometer, as per manufacturer instructions, to determine the hypoglycemic response to

treatment over time5. This protocol enabled the assessment of the hypoglycemic effect of the

administered treatment over time.

3.6.1 Assessment of Oxidative Stress Markers

3.6.1.2 Estimation of Total Protein

3.6.1.2.1 Test Principle: Homogenate protein content was analyzed using a modified Biuret

procedure6. The principle involves the binding of copper ions to peptide bonds in an alkaline
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medium, yielding a violet complex whose optical density is proportional to the protein

concentration. Potassium iodide was added to inhibit the reduction of Cu²⁺ and subsequent

precipitation as cuprous oxide.

3.6.1.2.2 Reagents:

1. 0.2 M Sodium hydroxide solution: Prepared by dissolving 1.6 g of NaOH in distilled

water and adjusting the final volume to 200 mL.

2. Biuret reagent was prepared by dissolving 0.6 g of copper sulfate (CuSO₄·5H₂O) and 1.8

g of sodium potassium tartrate in 150 mL of 0.2 M sodium hydroxide solution. To this

mixture, 1 g of potassium iodide was added, and the final volume was adjusted to 200 mL

with 0.2 M NaOH.

3.6.1.2.3 Procedure for Samples:

Each sample was diluted four-fold by combining 20 µl of each sample with 80 µL of distilled

water. To this diluted sample, 300 µL of the Biuret reagent was introduced, and the mixture was

left to stand at room temperature for 30 minutes. Absorbance readings were then recorded at 540

nm against a blank containing only the reagent. Protein concentrations were calculated by

reference to a standard calibration curve and multiplied by five to obtain the values for the

original undiluted samples.

3.6.1.3 Assessment of Malondialdehyde (MDA)

3.6.1.3.1 Test Principle: Assessment of lipid peroxidation was carried out using the

thiobarbituric acid reactive substances (TBARS) assay, following the procedure of Varshney and

Kale7. In an acidic environment, malondialdehyde (MDA), a by-product produced from the

degradation of fatty acids interacts with thiobarbituric acid to generate a reddish chromophore.
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This complex exhibits a maximum absorbance at 532 nm, and the colour intensity provides a

direct estimate of the extent of lipid peroxidation in the test material.

3.6.1.3.2 Reagents:

1. A 30% trichloroacetic acid solution was prepared by dissolving 4.5 g of TCA

(CCl₃COOH) in distilled water and adjusting the final volume to 15 mL.

2. A 0.1 M hydrochloric acid solution was obtained by diluting 13 µL of concentrated HCl

(36.5–38%) with distilled water to a final volume of 15 mL.

3. A 0.75% thiobarbituric acid solution was prepared by dissolving 0.1125 g of TBA in 0.1

M HCl. Dissolution was aided by stirring in a water bath at 50 °C, and the volume was

made up to 15 mL with the same solvent.

4. A 0.15 M Tris-KCl buffer (pH 7.4) was prepared by dissolving 0.559 g of KCl and 0.909

g of Tris base in 45 mL of distilled water, adjusting the pH to 7.4 with HCl, and bringing

the volume to 50 mL with distilled water.

3.6.1.3.3 Procedure:

A portion of the test sample, equal to 100mmol/L, was combined with 400mmol/L of Tris-KCl

buffer and and 120 mmol/L trichloroacetic acid (30%). To this preparation, 120 mmol/L

thiobarbituric acid solution (0.75%) was introduced. The mixture was maintained in a water bath

at 80 °C for 45 minutes, allowed to cool on ice, and then centrifuged for 10 minutes at 3000 rpm.

The absorbance of the clarified solution was determined at 532 nm, using distilled water as

reference3.

Calculation:
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Malondialdehyde concentration was calculated by applying an extinction coefficient of 0.156

µM⁻¹cm⁻¹, as reported by Ádám-Vizi and Seregi (1982).

Lipid peroxidation (nmol MDA/mg protein) = Absorbance x volume of mixture

E532nm x volume of sample x total protein (mg /

mL)

Where E532nm = E₅₃₂nm denotes the molar extinction coefficient for the MDA–TBA complex,

taken as (0.156 µM⁻¹cm⁻¹).

3.6.1.4 Estimation of Superoxide Dismutase (SOD) Activity

3.6.1.4.1 Test principle:

The principle of the assay follows the method described by Misra and Fridovich8. In this method,

the inhibition of epinephrine auto-oxidation by Superoxide dismutase (SOD) at alkaline pH (10.2)

forms the basis of a widely used assay for this enzyme. In this system, superoxide radicals drive

the conversion of epinephrine to adrenochrome, and the amount of adrenochrome generated rises

with increasing pH and epinephrine concentration.

3.6.1.4.2 Reagents

1. Carbonate buffer (0.05 M, pH 10.2):
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To obtain 250 mL of buffer, 1.573 g of sodium carbonate decahydrate and 0.588 g of

sodium bicarbonate were first dissolved in about 200 mL of deionized water. The pH was

then adjusted to 10.2 before bringing the final volume up to 250 mL with the same

solvent.

2. Epinephrine solution (0.3 M):

For this preparation, 0.05 g of epinephrine was weighed and transferred into 200 mL of

deionized water containing 0.5 mL of concentrated hydrochloric acid (37%) to aid

solubility.

3.6.1.4.3 Protocol

For the assay, 50 µL of each test sample was introduced into a cuvette containing 2.5 mL of 0.05

M carbonate buffer (pH 10.2) and 0.3 mL of epinephrine solution. The contents were gently

mixed by inversion, and the change in absorbance was recorded at 480 nm at 30-second intervals

for a total of 2.5 minutes. A reference cuvette was prepared in an identical manner, with distilled

water substituting for the test sample.

Calculation

The percentage inhibition of auto-oxidation was obtained using the relation:

% inhibition = 100 – (100 × Rate of absorbance increase (sample)

Rate of absorbance incraese (blank)

1 unit of SOD activity was defined as the enzyme concentration required to achieve 50%

inhibition of epinephrine auto-oxidation under the assay conditions.
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3.6.1.5 Estimation of Catalase Activity

3.6.1.5.1 Test principle: Catalase (CAT) activity can be quantitatively assessed using the

principle that hydrogen peroxide (H₂O₂) exhibits measurable absorbance at 240 nm, despite

lacking a true absorbance maximum at this wavelength. The decomposition of H₂O₂ by catalase

results in a corresponding decrease in absorbance, which can be monitored

spectrophotometrically. An extinction coefficient of 0.0436 mM⁻¹cm⁻¹ is commonly used to

relate absorbance to H₂O₂ concentration. To terminate the enzymatic reaction, ammonium

molybdate is added, which rapidly inhibits catalase activity. The unconsumed hydrogen peroxide

(H₂O₂) reacts with the ammonium molybdate reagent to generate a yellow complex, the intensity

of which is quantified spectrophotometrically at 405 nm9. The unconsumed hydrogen peroxide

subsequently combined with the reagent to generate a yellow complex, the intensity of which

was quantified spectrophotometrically at 405 nm.

A colorimetric Kit was used for this assay.

3.6.1.5.1 Reagents

1. Double-distilled water

2. Normal saline (0.9% NaCl)

3. Phosphate-buffered saline (0.01 M, pH 7.4).

3.6.1.5.2 Reagent Preparation:

1. The buffer together with the substrate was incubated at 37 °C for 10 minutes prior to

application.
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2. The chromogenic solution was prepared by dissolving the contents of a vial of

chromogenic compound in 60 mL of twice-distilled water. If residue settled at the base,

only the clarified supernatant was utilized for testing, as this did not alter the results.

3. The clarificant was observed to freeze at low temperatures and was warmed in a 37 °C

water bath until it became clear.

3.6.1.5.3 Procedure:

1. For the control tube, 1 mL of buffer solution was added to a 5 mL EP tube.

2. Into a second 5 mL EP tube (sample tube), the required volume of homogenate was

combined with 1 mL of buffer.

3. All prepared tubes were incubated at 37 °C for a duration of 5 minutes.

4. Subsequently, 0.1 mL of substrate was introduced into each tube, followed by gentle

inversion to ensure mixing. The reaction was allowed to proceed for exactly 1 minute at

37 °C.

5. For the control setup, additions consisted of 1 mL of chromogenic solution, 0.1 mL of

clarificant, and the specified volume of the homogenate , after which the contents were

thoroughly mixed.

6. In the sample tube, 1 mL of chromogenic solution together with 0.1 mL of clarificant was

incorporated and mixed evenly

7. All tubes were left to stand for 10 minutes at room temperature.

8. The spectrophotometer baseline was zeroed using double-distilled water. Optical density

values were recorded at 405 nm using a cuvette at a 0.5 cm light path.
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Calculation:

Definition: One unit of catalase (CAT) activity is defined as the amount of enzyme present in 1

mg of tissue protein that catalyzes the decomposition of 1 µmol of hydrogen peroxide (H2O2) per

minute at 37 °C.

CAT activity = ∆A × 32.5* ×f ÷ Cpr

U/mgprot 1*× V

Where:

32.5 represents the reciprocal of the slope obtained from the standard curve.

1 corresponds to the reaction time in minutes.

ΔA is the difference in optical density between the control and the sample (ODControl – ODSample).

V is the sample volume in milliliters.

F denotes the dilution factor applied to the sample prior to the assay.

Cpr is the protein concentration of the sample expressed in g protein/L (gprot/L).

3.6.1.6 Quantification of Glutathione

3.6.1.6.1 Test principle:

Reduced glutathione (GSH) content in retinal tissue was determined following the approach

described by Beutler et al10. The assay relies on the interaction between thiol groups present in

GSH and 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB, Ellman’s reagent), yielding a stable yellow

chromophore. The intensity of the chromophoric product was quantified spectrophotometrically
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at 412 nm, providing an indirect quantification of GSH content in the post-mitochondrial

supernatant.

3.6.1.6.2 Reagent:

 Acid Reagent

 Phosphate Solution

 DTNB Solution

 GSH Standard

 GSH Standard Stock Diluent

3.6.1.6.3 Preparation of GSH Standard Diluent

Reagents were maintained at room temperature beforethey were used. To prepare the GSH

standard diluent, 1.3 mL of the stock solution was combined with 11.7 mL of double-distilled

water. The diluent was freshly prepared immediately prior to use.

3.6.1.6.4 Preparation of 1 mmol/L GSH Standard Solution

For the 1 mmol/L GSH standard solution, 3.07 mg of GSH was added to 10 mL of the freshly

prepared diluent. The mixture was thoroughly homogenized to ensure complete dissolution. This

standard solution was also prepared immediately before use.

3.6.1.6.5 Preparation of Standard Curve

A new series of GSH standard dilutions was prepared for each assay. Any working dilutions

were discarded immediately after use.

The 1 mmol/L GSH standard solution was serially diluted using GSH standard diluent to obtain

the following concentrations: 0, 10, 20, 40, 50, 60, 80, and 100 μmol/L.
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The dilution setup was as follows:

Table 3.1 Preparation of GSH standard curve

Item 1 2 3 4 5 6 7 8

Concentration(μmol/L) 0 10 20 40 50 60 80 100

1 mmol/L GSH standard (μL) 0 3 6 12 15 18 24 30

GSH standard diluent (μL) 300 297 294 288 285 282 276 270

Procedure:

A volume of 0.1 mL from each sample was combined with an equal volume of acid

reagent. The resulting mixture was centrifuged at 4500 × g for 10 minutes, and the

supernatant was collected for analysis.

1. To each well, 25 μL of DTNB solution was added.

2. In the control wells, 100 μL of acid reagent was added.

3. For the standard wells, 100 μL of the GSH standard solutions at the designated

concentrations was added.

4. In the sample wells, 100 μL of the prepared sample supernatant was added.

5. Each well received 100 μL of phosphate buffer solution.

6. The contents in each well were gently mixed for one minute and then left

undisturbed at ambient temperature for five minutes.

7. The absorbance of the contents in each well was recorded at 405 nm using a

microplate reader.
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3.6.2 Assessment of Inflammatory Injury Markers

3.6.2.1 Determination of Nuclear Factor Kappa B (NF-kB)

3.6.2.1.1 Test principle:

Enzyme-linked immunosorbent assay (ELISA) kit was used in this assay on the sandwich ELISA

technique11. In this method, the wells of the microplate were pre-coated with a monoclonal

antibody specific to Rat NFKB-p65, enabling selective capture of the target protein. Test

samples and reference standards were added, allowing antigen binding to the immobilized

antibody. A biotin-labeled secondary antibody, also specific to Rat NFKB-p65, was then

introduced, followed by incubation with an avidin–horseradish peroxidase (HRP) conjugate to

amplify the detection signal. After thorough washing to eliminate unbound reagents, a

chromogenic substrate solution was added to initiate color development. Wells containing the

antigen–antibody complex exhibited a progressive color change, which was subsequently

terminated by the addition of a stop solution, yielding a stable yellow product. Absorbance was

recorded at 450 nm (± 2 nm) using a spectrophotometer, and the optical density obtained was

directly proportional to the concentration of Rat NFKB-p65. Quantification of the analyte in the

test samples was carried out by interpolation from a standard calibration curve.

1. Preparation of Wash Buffer

A working wash buffer was obtained by diluting 30 mL of concentrated stock with 720

mL of deionized water, yielding a total volume of 750 mL. If crystalline precipitates were

observed in the concentrate, the solution was gently warmed in a water bath at 40 °C until

the crystals dissolved completely.

2. Reconstitution of Standard Solution
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The lyophilized standard was first centrifuged at 10,000 × g for 1 min to collect the

contents at the base of the vial. Subsequently, 1.0 mL of reference standard diluent was

added, and the solution was allowed to stand for 10 min before being gently inverted

several times to ensure complete dissolution. The reconstituted material provided a stock

concentration of 5000 pg/mL, which served as the starting point for serial dilutions. A

gradient of concentrations was prepared as follows: 5000, 2500, 1250, 625, 312.5, 156.25,

78.13, and 0 pg/mL.

Serial Dilution Procedure

1. Seven microcentrifuge tubes were arranged, each pre-filled with 500 µL of the

reference standard diluent.

2. From the 5000 pg/mL stock solution, 500 µL was transferred into the first tube,

producing a concentration of 2500 pg/mL after mixing.

3. 500 µL of this new solution was transferred to the next tube to make 1250 pg/mL,

and this serial dilution continued down to 78.13 pg/mL.

4. The eighth tube (0 pg/mL) served as the blank and received only the diluent. All

standard dilutions were prepared fresh before use.

3. Biotinylated Detection Antibody Working Solution

Prior to assay setup, the volume required was determined based on 100 µL per well, with

a small excess prepared to account for handling losses. The concentrated biotinylated

detection antibody stock was briefly centrifuged at 800×g for 1 minute, after which it was

diluted from 100× to 1× in a 1:99 ratio using the designated antibody diluent. The

working solution was always prepared fresh immediately before application.

4. Concentrated HRP Conjugate Working Solution
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For each assay, the working volume of horseradish peroxidase (HRP)–conjugated avidin

was determined based on 100 µL per well, with a slight surplus prepared to account for

handling. The concentrated stock was centrifuged at 800×g for 1 minute, after which it

was diluted to a 1× working concentration by mixing in a 1:99 ratio with the designated

diluent. The prepared solution was freshly made immediately before application.

3.6.2.1.2 Procedure:

1. Wells were assigned for the diluted standards, blanks, and test samples. Into each

designated well, 100 μL of the respective solution was dispensed. All standards and

samples were analyzed in duplicate, in line with recommended practice. The optimal

dilution of each sample had been determined beforehand through preliminary trials or

technical guidance. Plates were sealed with the provided adhesive cover and incubated

for 90 minutes at 37 °C. Note: Liquids were dispensed carefully at the base of the wells,

avoiding contact with inner walls and preventing foam formation.

2. Following incubation, the contents of each well were discarded without washing.

Subsequently, 100 μL of the prepared Biotinylated Detection Antibody solution was

introduced into each well. A new sealing film was applied, and the plate was incubated

for 1 hour at 37 °C.

3. The antibody solution was removed, after which 350 μL of wash buffer was added to

each well and left in contact for 1 minute. The liquid was then removed by aspiration or

decanting, and the plate was gently tapped on absorbent paper to eliminate residual fluid.

This wash cycle was carried out three times.

4. Into each well, 100 μL of the HRP-conjugated avidin working solution was dispensed.

Plates were covered with a fresh sealer and incubated for 30 minutes at 37 °C.
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5. The conjugate solution was then decanted, and the washing procedure described in step 3

was repeated five times.

6. To initiate the enzyme–substrate reaction, 90 μL of the substrate reagent was added to

each well. Plates were re-sealed and incubated for approximately 15 minutes at 37 °C,

shielded from direct light. During this time, the microplate reader was prewarmed for 15

minutes in preparation for measurement.

7. To terminate the reaction, 50 μL of stop solution was dispensed into each well in the

same sequence as the substrate reagent had been applied.

8. The absorbance of each well was immediately measured at 450 nm using a microplate

reader, with results expressed as optical density values.

3.6.2.2 Determination of C-Reactive Protein (CRP)

3.6.1.2.1 Test Principle: The enzyme-linked immunosorbent assay (ELISA) utilized in this

study was designed on the sandwich principle12. In this assay, the wells of the microplate had

been precoated with an antibody directed against rat C-reactive protein (CRP). Both test samples

and reference standards were introduced into the wells, allowing CRP antigens to bind to the

immobilized antibody. A secondary, biotin-labeled antibody specific to rat CRP was

subsequently applied, followed by an avidin–horseradish peroxidase (HRP) conjugate to enable

signal amplification. After thorough washing to remove unbound material, a chromogenic

substrate was added, producing a blue coloration in wells containing antigen–antibody

complexes. The reaction was terminated with a stop solution, resulting in a yellowish product.

Absorbance was measured at 450 ± 2 nm, and the intensity of the color change was proportional

to the CRP concentration in the samples, which was determined by reference to a standard
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calibration curve. All assay components were equilibrated to room temperature (18–25 °C)

before use.

Reagents

1. Wash Buffer: 30mL of the concentrated wash solution was diluted in 720mL of either

deionized or distilled water to yield 750 mL of working buffer. In a case where crystals

formed in the stock solution, the container was placed in a 40 °C water bath and gently

agitated until complete dissolution.

2. Standard Working Solution: The standard solution was centrifuged briefly for 1 minute

at at 10,000 × g , and reconstituted with 1 mL of sample diluent. After standing for about

10 min, the solution was gently inverted to ensure full dissolution, giving a stock

concentration of 10 ng/mL. Serial dilutions were carried out in seven tubes, each

containing 500 µL of diluent. From the stock, 500 µL was added to the first tube to

obtain 5 ng/mL, and sequential twofold dilutions were prepared down to 0.16 ng/mL. The

final tube, which contained only diluent, served as the blank. All dilutions were freshly

prepared before the assay.

3. Biotinylated Detection Ab Working Solution: Biotinylated detection Ab concentrate

was centrifuged at 800 × g for 1 min before dilution. A 1:99 ratio of concentrate to

diluent was used to obtain a 1× working solution. This reagent was prepared in sufficient

quantity to allow for 100 µL per well, with a slight excess included, and was made

freshly prior to application.

4. Concentrated HRP Conjugate Working Solution: The avidin–HRP conjugate

concentrate was also centrifuged at 800 × g for 1 min before use. A 1:99 dilution with its

designated diluent produced the 1× working solution. The volume was prepared to
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accommodate 100 µL per well, with additional allowance to prevent shortage. This

solution was made immediately before use.

3.6.1.2.2 Procedure

1. Wells were designated for the serially diluted standards, blanks, and experimental

samples. A volume of 100 μL from each dilution was dispensed into the corresponding

wells. All standards and samples were analyzed in duplicate. The dilution factor for the

samples had been established either through preliminary optimization or based on the

manufacturer’s technical recommendations. The plate was sealed with the adhesive cover

provided in the kit and incubated for 90 min at 37 °C. Solutions were dispensed carefully

at the bottom of each well, avoiding contact with the inner surface and preventing

foaming.

2. Following incubation, residual liquid was removed from the wells without washing.

Subsequently, 100 μL of the Biotinylated Detection Antibody working solution was

introduced into each well. A fresh plate sealer was applied, and the plate was incubated

for 1 h at 37 °C.

3. After incubation, the contents were discarded from the wells. Each well then received

350 μL of wash buffer and was left to soak for 1 min. The wash buffer was subsequently

aspirated or decanted, and the plate was gently tapped against absorbent paper to dry.

This washing procedure was repeated three times. (Alternatively, a microplate washer

could be used. Washed strips were processed immediately to avoid drying.)

4. Into each well, 100 μL of the HRP–avidin conjugate working solution was added. The

plate was covered with a new sealer and incubated for 30 min at 37 °C.
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5. After incubation, the wells were emptied, and the washing process described in step 3

was repeated five times.

6. A volume of 90 μL of substrate reagent was dispensed into each well. The plate was

sealed again and incubated for approximately 15 min at 37 °C while protected from light.

(Reaction time was adjusted according to the intensity of color development but did not

exceed 30 min. The microplate reader was prewarmed for about 15 min before OD

measurements.)

7. To terminate the reaction, 50 μL of stop solution was added to each well in the same

sequence used for the substrate reagent.

8. The absorbance (optical density, OD) of each well was recorded immediately using a

microplate reader set at 450 nm.

3.6.2.3 Determination of Vascular Endothelial Growth Factor (VEGF)

3.6.2.3.1 Test Principle:

The assay was based on the sandwich Enzyme-Linked Immunosorbent Assay (ELISA)

technique13. The microplate supplied in the kit was pre-coated with a capture antibody specific to

rat Vascular Endothelial Grpwth Factor A (VEGFA). Samples containing VEGFA were

dispensed into the wells, where the target antigen bound to the immobilized antibody. A

biotinylated anti-rat VEGFA antibody was subsequently introduced, binding to the captured

antigen. Streptavidin conjugated to horseradish peroxidase (HRP) was then applied, forming a

complex with the biotinylated antibody. Following incubation, excess conjugate was removed by

washing. A chromogenic substrate was added, and enzymatic activity produced a measurable
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color signal proportional to the VEGFA concentration. The reaction was terminated with an

acidic stop solution, and absorbance was recorded at 450 nm. All reagents were brought to room

temperature before use.

3.6.2.3.2 Procedure

1. Standard Preparation:

An initial volume of 120 µL of the supplied standard (640 ng/L) was reconstituted with

an equal volume (120 µL) of the standard diluent, yielding a 320 ng/L stock. The mixture

was left to equilibrate for approximately 15 minutes with gentle mixing before serial

dilutions were performed. A series of two-fold dilutions of the 320 ng/L stock was

prepared in duplicate with the standard diluent to obtain concentrations of 160, 80, 40,

and 20 ng/L. Residual aliquots of the standard were stored at −20 °C and utilized within

one month.

2. Wash Buffer Preparation:

To obtain a 1× working solution, 20 mL of the 25× concentrated wash buffer was diluted

to a final volume of 500 mL with deionized water. If crystalline precipitates were visible,

the solution was gently mixed until they dissolved completely.

3. Plate Preparation:

The number of strips required for the assay was selected and mounted into the provided

frame. Unused strips were preserved at 2–8 °C until further use.

4. Sample and Standard Loading:

For standard wells, 50 µL of each dilution was dispensed. These wells did not require the

addition of antibody since the standard contained biotinylated antibody. For sample wells,
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40 µL of sample was added, followed by 10 µL of rat VEGFA antibody. Subsequently,

50 µL of streptavidin–HRP solution was dispensed into both standard and sample wells,

except for the blank control. The plate was then gently mixed, sealed, and incubated at

37 °C for 60 minutes.

5. Washing:

Following incubation, the sealer was removed and each well was washed five times with

300 µL of wash buffer, with soaking for 30–60 seconds during each cycle. After the final

wash, the plate was tapped gently on absorbent paper to remove excess liquid.

6. Substrate Reaction:

To each well, 50 µL of Substrate Solution A was added, followed by 50 µL of Substrate

Solution B. The plate was sealed and incubated in the dark at 37 °C for 10 minutes.

7. Reaction Termination and Measurement:

The reaction was stopped by adding 50 µL of stop solution to each well, which

immediately changed the color from blue to yellow. The absorbance was measured at 450

nm within 10 minutes using a preheated microplate reader.

3.6.2.4 Determination of Glial Fibrillary Acidic Protein (GFAP)

3.6.2.4.1 Test Principle: The assay employed in this study is based on the sandwich enzyme

immunoassay format14. The microtiter plate is pre-coated with a capture antibody specific for rat

glial fibrillary acidic protein (GFAP). Standards and samples are dispensed into the wells, after

which a biotinylated anti-rat GFAP antibody is introduced, forming an antibody–antigen–

antibody complex. Subsequently, avidin conjugated to horseradish peroxidase (HRP) is added
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and allowed to bind to the biotinylated antibody. Following incubation, tetramethylbenzidine

(TMB) substrate solution is applied. Wells containing the antigen–antibody complex exhibit a

color change as a result of the enzymatic reaction. The reaction is terminated with sulfuric acid,

producing a measurable color shift from blue to yellow. Absorbance is read at 450 ± 10 nm using

a spectrophotometer, and GFAP concentrations in the test samples are quantified by interpolation

from a standard calibration curve.

3.6.2.4.2 Procedure

Prior to the assay, all kit reagents and samples were allowed to equilibrate to room temperature

(18–25 °C). Reagents were checked to ensure they were properly dissolved and well mixed

before the experiment commenced.

1. A working wash buffer (1×) was obtained by diluting the concentrated 25× wash buffer

stock with ultrapure water.

2. The standard was spun down at 1000 × g for 1 minute, dissolved in 1.0 mL of diluent,

and kept at room temperature for 10 minutes prior to use. The solution was mixed gently,

avoiding foam formation. The reconstituted stock solution had a concentration of 4000

pg/mL. A series of seven standard dilutions was prepared using 0.5 mL of Standard

Diluent Buffer in each tube. A two-fold serial dilution was carried out to achieve the

following concentrations: 4000 pg/mL, 2000 pg/mL, 1000 pg/mL, 500 pg/mL, 250

pg/mL, 125 pg/mL, and 62.5 pg/mL.

The eighth tube, containing only Standard Diluent Buffer, served as the Blank (0 pg/mL).

Each tube was thoroughly mixed before transferring to the next. Fresh standard solutions

were prepared for each experiment. New pipette tips were used at each dilution step to
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prevent contamination. The final tube (Blank) was not back-diluted from the previous

tube.

3. The stock solutions of Biotinylated Antibody and Streptavidin-HRP were briefly spun

down before use. Each was diluted 1:100 with the appropriate diluent—Biotinylated

Antibody Diluent and HRP Diluent, respectively.

4. The substrate solution was dispensed using sterilized tips, with residual amounts

discarded to prevent contamination of the stock.

5. Separate wells were assigned for standards, the blank, and test samples, with seven wells

allocated for the standard dilutions and one for the blank. A volume of 100 μL of either

standard working solution or sample was added into the designated wells. The plate was

covered and incubated for 80 minutes at 37°C. Care was taken to add solutions to the

bottom of the wells, avoiding contact with the well walls to minimize foaming.

6. After incubation, the contents of the wells were emptied, rinsed with 200 μL of 1× Wash

buffer, and left to stand for 1–2 minutes. The remaining liquid was removed by inverting

the plate onto absorbent paper. This washing step was repeated three times. The plate was

blotted after the final wash to ensure all residual buffer was removed. During washing,

care was taken not to touch the walls of the wells with pipette tips. Washing liquid was

poured directly to avoid contaminating adjacent wells.

7. Biotinylated antibody working solution (100 μL) was dispensed into the wells, sealed,

and incubated 37 °C for an extra 50 minutes. The wells were then washed three times.

Streptavidin–HRP working solution (100 μL) was subsequently added, followed by

incubation for another 50 minutes at 37 °C, after which five washes were performed.
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8. TMB substrate (90 μL) was introduced into each well, and the plate was incubated in

darkness at 37 °C for 20 minutes to allow color development.

9. Addition of stop reagent (50 μL) producing a color shift from blue to yellow. Plates

were gently agitated to ensure uniformity, excess liquid and surface residues were

removed, and bubbles were eliminated before immediate absorbance measurement at 450

nm using a microplate reader.

3.6.3 Assessment of Neurotransmitters and Neurotrophic Factors

3.6.3.1 Determination of Glutamate

3.6.3.1.1 Test Principle:

The Glutamate Assay Kit functions through an enzymatic reaction where glutamate

dehydrogenase oxidizes glutamate, generating NADH. The resulting NADH subsequently

reduces the tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)

to a colored formazan product. The absorbance of this chromogenic compound, recorded at 565

nm, correlates directly with the glutamate concentration in the sample15.

3.6.3.1.2 Reagent

 Assay Buffer

 NAD Solution

 Enzyme A 120

 Enzyme B

 MTT Solution

 Glutamate Standard
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3.6.3.1.3 Procedure

1. The quantification of glutamate was carried out using a kinetic colorimetric assay based

on the formation of a colored product measurable at 565 nm. A calibration curve was first

established by preparing a 600 μL 2.5 mM Glutamate Premix through the dilution of 15

μL of a 100 mM standard glutamate stock solution with 585 μL of distilled water. Serial

dilutions were then performed to create a range of standards from 0.25 to 2.5 μM.

Specifically, eight standards were prepared by mixing varying volumes of the Glutamate

Premix and distilled water in a 96-well plate to obtain final glutamate concentrations of

2.5 μM, 2.0 μM, 1.5 μM, 1.0 μM, 0.75 μM, 0.5 μM, 0.25 μM, and 0.0 μM respectively.

2. For the assay, 20 μL aliquots of each standard and sample were transferred into

individual wells of a transparent 96-well microplate. Blank controls were included to

correct for background absorbance in serum and tissue extracts.

3. The working reaction mixture for each well consisted of freshly prepared assay buffer (60

μL), mixed with 1 μL each of Enzyme A, Enzyme B, NAD, and the tetrazolium salt

MTT (14 μL ). For blank reactions (without Enzyme A), a modified reagent mix was

prepared to serve as a sample blank control.

4. Subsequently, 80 μL of the right mixture was dispensed into the wells containing

standards or samples. After thorough mixing by tapping the plates briefly, absorbance

readings were taken at time zero (OD0) and again after 30 minutes (OD30) at 565 nm.

5. The change in absorbance over the 30-minute incubation period was used to calculate the

glutamate concentrations in the sample wells by referencing the standard calibration

curve. All procedures were performed at room temperature, and the timing of reagent

addition and incubation was carefully controlled to ensure reproducibility across wells.
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3.6.3.2 Determination of Gamma-Aminobutyric Acid (GABA)

Competitive inhibition enzyme immunoassay technique was used for this assay16. The wells of

the microplate are coated with gamma-aminobutyric acid (GABA) protein. Standards or test

samples are introduced, followed by a biotin-labeled antibody specific to GABA. Avidin

conjugated to horseradish peroxidase (HRP) binds to the complex, and tetramethylbenzidine

(TMB) substrate produces a color signal. The reaction is stopped with an acidic solution, and

absorbance is measured at 450 nm (±10 nm). The concentration of GABA in each sample is

determined by comparison with a standard calibration curve.

All assay reagents and test samples were brought to reach room temperature (18–25 °C) prior to

use.

1. Wash Buffer:

The concentrated wash buffer (25×) was diluted with double-distilled water to obtain the

1× working wash solution.

2. Standard Working Solution:

The standard vial was centrifuged at 1000 × g for one minute, reconstituted with 1.0 mL

of standard diluent, and maintained at room temperature for approximately 10 minutes,

followed by gentle agitation to minimize foaming. The resulting stock solution had an

initial concentration of 2000 pg/mL. To generate a calibration series, seven tubes each

containing 0.5 mL of diluent were prepared, and serial two-fold dilutions were performed

to obtain concentrations of 2000, 1000, 500, 250, 125, 62.5, and 31.25 pg/mL. An

additional tube containing only diluent was included as the blank (0 pg/mL). Each

dilution was mixed thoroughly prior to transfer, with fresh pipette tips used at every step
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to prevent cross-contamination, and no solution from previous dilutions was introduced

into the blank. Fresh standards were prepared for each experimental run to ensure

reliability of the results.

3. 1× Biotinylated-Conjugate and 1× Streptavidin-HRP Working Solution:

Prior to use, the stock solutions of Biotinylated-Conjugate and Streptavidin-HRP were

briefly centrifuged. Each was then diluted 1:100 with the appropriate diluent to generate

working solutions. As an example, a small volume of Streptavidin-HRP was combined

with a one-hundred–fold larger volume of its diluent to achieve the required

concentration.

4. TMB Substrate Solution:

The volume of TMB substrate needed for the assay was dispensed using sterile pipette

tips. Any surplus solution was discarded rather than returned to the original container, in

order to minimize the risk of contamination.

Procedure

1. 50 µL each of standard dilutions, blank, and samples were dispensed into designated

wells of the pre-coated plate. Biotinylated conjugate was added to each well, and the

plate was sealed and incubated at 37 °C for 1 hour. During dispensing, liquids were

introduced carefully at the bottom of the wells to minimize foaming.

2. After incubation, wells were emptied and washed three times with 200 µL of 1× Wash

Buffer, allowing 1–2 minutes per wash, and residual liquid was removed. Streptavidin-

HRP Working Solution (100 µL) was added to each well, followed by incubation for 60

minutes at 37 °C. The washing process was then repeated five times. 90 µL of TMB

Substrate Solution was subsequently introduced, and the plate covered with fresh plater
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covers, and then was incubated for 20 minutes at 37 °C in the dark, during which a blue

coloration developed.

3. Stop Reagent (50 µL) was added to each well, producing a color change from blue to

yellow. The plate was tapped gently for mixing, inspected for droplets or bubbles, and

wiped clean. Optical density was immediately measured at 450 nm using a preheated

microplate reader.

3.6.3.3 Quantification on Nerve Growth Factor (NGF)

The assay is based on the sandwich ELISA technique17. The microplate is coated with an

antibody specific to rat NGF, to which standards or samples bind. A biotin-labeled detection

antibody and an avidin–HRP conjugate are then introduced sequentially, forming an antibody–

antigen–antibody complex. After unbound materials are removed through washing, substrate

solution is added, producing a blue color in positive wells. Addition of the stop solution converts

the color to yellow, and absorbance is read at 450 ± 2 nm. The measured intensity is directly

proportional to the concentration of NGF in the sample.

3.6.3.3.1 Reagent

1. Wash Buffer

A total of 30 mL of the concentrated stock was combined with 720 mL of distilled water,

giving 750 mL of 1× wash buffer.

2. Standard Working Solution

The standard vial was centrifuged at 10,000 × g for one minute and reconstituted with 1

mL of reference standard and sample diluent. The mixture was left for 10 minutes at

room temperature and inverted gently until fully dissolved, followed by pipette mixing.
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This procedure yielded a stock concentration of 2500 pg/mL, which was further diluted

as required to generate a gradient of 2500, 1250, 625, 312.5, 156.25, 78.13, 39.06, and 0

pg/mL.

3. Serial Dilution Method

Seven tubes, each containing 500 μL of diluent, were prepared. An equal volume (500 μL)

of the 2500 pg/mL stock was added to the first tube to obtain 1250 pg/mL. Subsequent

two-fold dilutions were carried out by transferring 500 μL stepwise into the following

tubes, with the last tube containing only diluent serving as the blank. Reconstituted stock

at 2500 pg/mL was aliquoted and stored at –20 °C.

4. Biotinylated Detection Antibody Solution

The concentrated antibody stock was briefly centrifuged (800 × g, 1 minute) and diluted

from 100× to 1× with the corresponding diluent at a ratio of 1:99. The working solution

was freshly prepared before use, with the required volume estimated at 100 μL per well.

5. HRP Conjugate Solution

The concentrated avidin–HRP was centrifuged under the same conditions (800 × g, 1

minute) and diluted 1:99 with HRP diluent to obtain a 1× working solution. The volume

required was calculated at 100 μL per well, with slight excess prepared to ensure

adequacy. This solution was also made fresh immediately before use.

Procedure

1. Wells were allocated for the standards, blank, and samples, with 100 μL of each solution

pipetted into the designated wells. The plate was covered with the supplied sealer and

incubated at 37°C for 90 minutes. After incubation, the well contents were poured off
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without washing, and 100 μL of Biotinylated Detection Antibody working solution was

dispensed into each well. The plate was resealed and incubated at 37°C for 1 hour.

2. Following this, the wells were emptied, and 350 μL of wash buffer was added to each

well and allowed to remain for 1 minute before being removed. The plate was gently

tapped on absorbent paper to remove residual liquid, and this washing process was

repeated three times. Then, 100 μL of HRP Conjugate working solution was added to

each well, the plate resealed, and incubated at 37°C for 30 minutes. The washing step was

repeated five times using the same method.

3. Subsequently, 90 μL of Substrate Reagent was introduced into each well, and the plate

was covered and incubated in the dark at 37°C for approximately 15 minutes. The

microplate reader was preheated for 15 minutes prior to measurement. Finally, 50 μL of

Stop Solution was added to each well in the same order as the substrate solution, the

wells gently tapped to ensure mixing, and the optical density of each well was

immediately measured at 450 nm.

3.6.3.4 Quantification of Brain Derived Neurotrophic Factor (BDNF)

3.6.3.4.1 Test Principle:

The assay used is based on the Sandwich Chemiluminescence Immunoassay (CLIA) technique18.

The microplate included in the kit was pre-coated with an antibody targeting Rat BDNF.

Standards or samples were dispensed into the wells to bind the immobilized antibody. A biotin-

labeled detection antibody specific for Rat BDNF was then added, followed by the sequential

addition of Avidin-Horseradish Peroxidase (HRP) conjugate. Unbound substances were removed

through washing steps, after which the substrate solution was introduced. Luminescent signal
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developed only in wells containing Rat BDNF, the biotinylated detection antibody, and the HRP

conjugate. The chemiluminescence was quantified using a CLIA analyzer at 425 nm, and the

relative light units (RLU) obtained were directly proportional to the concentration of Rat BDNF

in the samples.

3.6.3.4.2 Reagent

1. Wash Buffer: To make the working wash buffer, 30 mL of concentrated wash buffer

was combined with 720 mL of distilled water, giving a total of 750 mL.

2. Standard Working Solution: The standard vial was spun at 10,000 × g for 1 minute,

followed by addition of 1 mL of Reference Standard & Sample Diluent. The mixture was

left for 10 minutes at room temperature with gentle inversions to dissolve fully, then

mixed thoroughly using a pipette. This yielded an 800 pg/mL stock solution. Serial

dilutions were then prepared according to experimental needs, with a recommended

gradient of 800, 400, 200, 100, 50, 25, 12.5, and 0 pg/mL.

3. Dilution Procedure: Seven EP tubes were each filled with 500 μL of Reference Standard

& Sample Diluent. 500 μL of the 800 pg/mL stock was added to the first tube to produce

400 pg/mL. 500 μL from each tube was then transferred sequentially to the next to

generate the dilution series. The final tube contained only diluent and served as the blank.

4. Biotinylated Detection Antibody Working Solution: The volume needed for the

experiment (100 μL per well) was slightly exceeded to ensure sufficiency. The

concentrated antibody was centrifuged at 800 × g for 1 minute, then diluted 1:100 with its

specific diluent to prepare the working solution immediately before use.

5. HRP Conjugate Working Solution: The required volume (100 μL/well) was slightly

exceeded. The concentrated HRP Conjugate was centrifuged at 800 × g for 1 minute, then
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diluted 1:100 with HRP Conjugate Diluent to create the working solution just before the

assay.

6. Substrate Mixture Solution: Volumes were calculated based on the number of wells

(100 μL/well) and slightly exceeded. Equal parts of Substrate Reagents A and B were

mixed immediately before use to produce the working solution.

3.6.3.4.3 Procedure

1. The wells designated for the diluted standards, blank, and samples received 100 μL of the

respective solutions. The plate was sealed and incubated at 37°C for 90 minutes.

Following incubation, the contents were removed, and 100 μL of Biotinylated Detection

Antibody working solution was added to each well. A new sealer was applied, and the

plate was incubated at 37°C for 1 hour.

2. Afterwards, each well was washed with 350 μL of wash buffer, soaked for 1 minute,

decanted, and patted dry on absorbent paper; this wash cycle was repeated three times.

Next, 100 μL of HRP Conjugate working solution was added to each well, the plate

resealed, and incubated at 37°C for 30 minutes. The washing step was then repeated five

times as described previously.

3. Finally, 100 μL of Substrate Mixture Solution was added to each well, and the plate was

incubated for up to 5 minutes at 37°C in the dark. The reaction was immediately

measured using a chemiluminescence reader to record the relative light unit (RLU) for

each well.

3.8 Statistical Analysis
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The results are presented as mean± standard deviation (SD). Comparisons among groups were

carried out by one-way analysis of variance (ANOVA) to determine if there were statistically

significant differences among the experimental groups. This was followed by Tukey’s post hoc

analysis. These analyses were performed in GraphPad Prism software (version 10.6.2).
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Chapter Four

Results and Discussion

4.1 Results

4.1.1 Gas Chromatography-Mass Spectrometry (GCMS) Analysis of Azadirachta indica

Extracts

The retention times, molecular formulae, and peak areas of the bioactive compounds identified

through GC-MS analysis from the aqueous, methanol, and ethanol extracts of Azadirachta indica

leaves are presented in Tables 4.1, 4.2, and 4.3
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Table 4.1: Phytochemical Constituents of Aqueous Extract of Azadirachta indica Identified

by GC-MS

Peak

No

Retention

Time

(min)

Peak

Area

(%)

Compound Name Molecular

Formula

Molecular

Weight

(g/mol)

1 10.701 42.23 Glycerin C3H8O3 92.0938

2 11.033 2.33 2-Pentanol, 3-chloro-2-methyl- C6H13ClO 136.620

3 11.115 2.81 1,2-Cyclopentanedione, 3-

methyl-

C6H8O2 112.1265

4 11.374 3.74 2(3H)-Furanone, dihydro-3-

hydroxy-4,4-dimethyl-

C6H10O3 130.1418

5 11.615 1.63 4-Methyl-5H-furan-2-one C5H6O2 98.0999

6 11.890 1.78 Phenol,2,6-dimethoxy- C8H10O3 154.1632

7 13.676 7.32 Benzofuran, 2,-dihydro- C8H8O 120.1485

8 14.979 7.35 2-Methoxy-4-vinylphenol C9H10O2 150.1745

9 15.403 2.26 Phenol, 2,6-dimethoxy- C8H10O3 154.1632

10 16.032 1.68 2-Cyclobutyl-2-propanol C7H14O 114.1855

11 17.441 2.71 D-Allose C6H12O6 180.16

12 18.357 1.40 Phenol, 3,4,5-trimethoxy- C9H12O4 184.1892

13 19.007 3.47 Tricyclo[5.1.0.0(2,4)]octane-5-

carboxylic acid, 3,3,8,8-

tetramethyl-, methyl ester

C14H22O2 222.32

Source: Researcher’s Field Work, 2025
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Table 4.1 Contd: Phytochemical Constituents of Aqueous Extract of Azadirachta indica

Identified by GC-MS

Peak

No

Retention

Time

(min)

Peak

Area

(%)

Compound Name Molecular

Formula

Molecular

Weight

(g/mol)

14 19.099 4.06 α-D-Glucopyranose, 4-O-β-D-

galactopyranosyl-

C12H22O11 342.2965

15 19.717 1.31 2-Dodecenal C12H22O 182.3025

16 20.113 2.07 Phytol C20H40O 296.5

17 20.749 1.85 Phenethyl alcohol, 2,5-

dimethoxy-alpha-methyl-

C11H16O3 196.2429

18 21.154 0.73 Hexadecanoic acid, methyl ester C17H34O2 270.4507

19 21.468 2.38 2-Cyclohexene-1-methanol,

2,6,6-trimethyl-

C10H18O 154.2493

20 21.652 1.44 7,9-Di-tert-butyl-1-

oxaspiro(4,5)deca-6,9-diene-2,8-

dione

C17H24O3 276.3707

21 21.747 3.19 Bicyclo[3.2.0]heptan-2-one, 6-

hydroxy-5-met C10H14O2

166.22

22 23.741 0.64 N,N-bis [2-

Trimethylsiloxyethyl]

ethanamine

C12H31NO2Si2 277.55

23 24.325 1.62 1-Tricosanol C23H48O 340.6266

Source: Researcher’s Field Work, 2025
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Table 4.2: Phytochemical Constituents of Methanol Extract of Azadirachta indica Identified

by GC-MS

Peak

No

Retention

Time

(min)

Peak

Area

(%)

Compound Name Molecular

Formula

Molecular

Weight

(g/mol)

1 10.471 19.25 Glycerin C3H8O3 92.0938

2 10.600 5.90 Ethyl-1-propenyl ether C5H10O 86.1323

3 10.750 1.08 1-(1’-Pyrrolidinyl)-2-propanone C7H13NO 127.1842

4 10.825 1.06 4(H)-Pyridine, N-acetyl- C7H9NO 123.1525

5 11.299 1.80 Octane, 2,7-dimethyl- C10H22 142.2817

6 11.504 1.39 4-Methyl-5H-furan-2-one C5H6O2 98.0999

7 11.656 0.82 1,7-Nonadien-4-ol, 4,8-dimethyl- C11H20O 168.2759

8 11.954 1.02 1,2,3,-Propanetriol, 1-acetate C5H10O4 134.1305

9 12.211 1.88 Cyclopropyl carbinol C4H8O 72.1057

10 12.314 2.96 1,2-Cyclopentanedione, 3,3,5,5-

tetramethyl-

C9H14O2 154.2063

11 12.642 0.86 Pivaloylacetone, enol form C8H14O2 142.2

12 13.642 7.58 Benzofuran, 2,3-dihydro- C8H8O 120.1485

13 13.750 3.83 cis-2,3-Epoxyoctane C5H10O 86.1323

14 13.910 1.02 1H-Pyrrole-2,5-dione, 3-ethyl-4-

methyl-

C7H9NO2 139.1519

15 14.001 3.74 5-Hydroxymethylfurfural C6H6O3 126.1100

16 14.956 3.36 2-Methoxy-4-vinylphenol C9H10O2 150.1745

17 15.383 2.07 Phenol, 2,6-dimethoxy- C8H10O3 154.1632

18 16.812 15.77 1,3-Propanediol, 2-(hydroxymethyl)-

2-methyl-

C5H12O3 120.1470

19 17.420 5.83 D-Allose C6H12O6 180.16

Source: Researcher’s Field Work, 2025
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Table 4.2 Contd: Phytochemical Constituents of Methanol Extract of Azadirachta indica

Identified by GC-MS

Peak

No

Retention

Time

(min)

Peak

Area

(%)

Compound Name Molecular

Formula

Molecular

Weight

(g/mol)

20 17.953 1.13 3’,5’-Dimethoxyacetophenone C10H12O3 180.2

21 18.177 0.56 2(4H)-Benzofuranone, 5,6,7,7a-

tetrahydro-4,4,7a-trimethyl-

C11H16O2 180.2435

22 18.999 1.93 Bicyclo[4.3.0]nonan-1-o1, 7,9-

bis(methylene)-

C10H16 136.23

23 19.097 5.09 .alpha.-D-Glucopyranoside, methyl C7H14O6 194.1825

24 19.401 1.64 4-Acetyl-1-methylcyclohexene C9H14O 138.2069

25 19.995 0.75 9,12-Octadecadienoic acid (Z,Z)-,

2,3-dihydro

C18H32O2 280.4455

26 20.133 2.46 Bis(2-ethylhexyl) phthalate C24H38O4 390.5561

27 20.335 1.12 2-Pentadecanone, 6,10,14-trimethyl- C18H36O 268.5

28 20.949 1.76 5-Isopropyl-6-methyl-hepta-3,5-dien-

2-ol

C11H20O 168.28

29 21.152 0.81 Hexadecanoic acid, methyl ester C17H34O2 270.4507

30 22.272 0.86 2-Propenoic acid, 2-methyl-, pentyl

ester

C9H16O2 156.2221

31 23.217 0.24 9-Octadecenoic acid (Z)-, methyl

ester

C19H36O2 296.4879

32 23.370 0.42 Phytol C20H40O 296.5310

Source: Researcher’s Field Work, 2025
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Table 4.3: Phytochemical Constituents of Ethanol Extract of Azadirachta indica Identified

by GC-MS

Peak

No

Retention

time

(min)

Peak

Area

(%)

Compound Name Molecular

Formula

Molecular

Weight

(g/mol)

1 10.360 6.00 Glycerin C3H8O3 92.09

2 10.601 3.49 2-Hydroxy-gamma-butyrolactone C4H6O3 102.0886

3 11.671 1.21 Ethanone, 1-[3-methyl-3-(4-methyl-3-

pentenyl)oxiranyl]-

C11H18O2 182.26

4 11.733 8.08 1-(1’-Pyrrolidinyl)-2-propanone C7H13NO 127.1842

5 12.213 2.19 Cyclopropyl carbinol C4H8O 72.1057

6 12.478 5.06 Tricyclo[5.1.0.0(2,4)]octane-5-carboxylic

acid, 3,3,8,8-tetramethyl-, methyl ester

C14H22O2 222.32

7 13.566 1.53 2-Propanone, 1-hydroxy- C3H6O2 74.0785

8 13.622 3.07 Pivaloylacetone, enol form C8H14O2 142.2

9 13.652 5.01 Benzofuran, 2,3-dihydro- C8H8O 120.1485

10 13.760 1.56 N-Isobutyl-sec-butylamine C8H19N 129.2432

11 14.964 2.66 2-Methoxy-4-vinylphenol C9H10O2 150.1745

12 16.760 3.48 1,3-Propanediol, 2-(hydroxymethyl)-2-

nitro-

C4H9NO5 151.1180

13 17.456 2.32 Oleic acid C18H34O2 282.4614

14 18.180 1.60 2(4H)-Benzofuranone, 5,6,7,7a-

tetrahydro-4,4,7a-trimethyl-

C11H16O2 180.243

15 19.088 2.49 Lactose C12H22O11 342.2965

16 19.415 7.40 4-Methyl-5H-furan-2-one C5H6O2 98.0999

Source: Researcher’s Field Work, 2025
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Table 4.3 Contd: Phytochemical Constituents of Ethanol Extract of Azadirachta indica

Identified by GC-MS

Peak

No

Retention

time

(min)

Peak

Area

(%)

Compound Name Molecular

Formula

Molecular

Weight

(g/mol)

17 20.111 6.28 Phytol acetate C22H42O2 338.5677

18 20.342 4.47 2-Pentadecanone,6,10,14-trimethyl- C18H36O 268.4778

19 20.577 1.81 5-Hydroxymethylfurfural C6H6O3 126.1100

20 20.608 1.42 3,7,11, 15-Tetramethyl-2-hexadecen-1-ol C20H40O 296.5310

21 20.953 2.70 5-Isopropyl-6-methyl-hepta-3,5-dien-2-ol C11H20O 168.28

22 21.159 3.37 Hexadecanoic acid, methyl ester C17H34O2 270.4507

23 21.352 8.16 .alpha.-D-Glucopyranoside, methyl C7H14O6 194.1825

24 21.860 9.81 Hexadecanoic acid, ethyl ester C18H36O2 284.4772

25 23.233 3.79 9-Octadecenoic acid (Z)-, methyl ester C19H36O2 296.4879

26 23.387 18.29 Phytol C20H40O 296.5

27 23.632 1.70 Hexadecanoic acid, 2-methylpropyl ester C20H40O2 312.5304

28 24.011 3.27 2-Propenoic acid, 2-methyl-, pentyl ester C9H16O2 156.2221

29 24.019 7.93 (E)-9-Octadecenoic acid ethyl ester C20H38O2 310.5145

30 24.138 2.09 9,12,15-Octadecatrienoic acid, methyl

ester, (Z,Z,Z)-

C19H32O2 292.4562

31 25.381 0.22 4-Acetyl-1-methylcyclohexene C9H14O 138.2069

32 25.635 5.28 9,12-Octadecadienoic acid (Z,Z)-, 2,3-

dihydro

C18H32O2 280.4455

33 25.650 1.75 Phytol C20H40O 296.5

Source: Researcher’s Field Work, 2025
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4.1.2 Molecular Docking Analysis of Phytochemicals with Target Proteins

Molecular docking was performed to identify the most pharmacologically active phytochemicals

from Azadirachta indica extracts based on their binding affinities with selected protein targets

including Nuclear Factor kappa B, C-reactive protein, Gial Fibrillary Acidic Protein, Brain

Derived Neurotrophic Factor, Nerve Growth Factor, and Nuclear Factor Erythroid 2-related

Factor 2. The 3D and 2D interaction diagrams for each protein target are were futher evaluated.

For each target, the binding poses of the standard drug and the a top-scoring compound were

visualized to show the orientation of the ligands within the active site and the types of contacts

formed with key amino acid residues, providing a structural perspective that complements the

docking affinity scores. Potential lead compounds were selected based on their high binding

affinities and further evaluated for pharmacokinetic suitability using ADMET profiling. The

results of the binding affinities, 3D and 2D interaction, and ADMET profiling are presented in

the corresponding Tables and Diagrams.

Based on the molecular docking and ADMET evaluations, the Ethanol extract of Azadirachta

indica was selected for further study.
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Table 4.4: Molecular Docking Evaluation of Metformin against Key DR Protein Targets

Key: NF-kB: Nuclear Factor kappa B, CRP: C-reactive Protein, GFAP: Glial Fibrillary Acidic

Protein, BDNF: Brain Derived Neurotrophic Factor, NGF: Nerve Growth Factor, Nrf2: Nuclear

Factor Erythroid 2-related Factor 2

Source: Researcher’s Field Work, 2025

S/N Compound Name Binding Affinities (Kcal/mol)

NF-kB CRP GFAP BDNF NGF Nrf2

1. Metformin -5.4 -5.4 -4.3 -6.0 -5.5 -5.6
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Table 4.5: Molecular Docking Evaluation of Bioactive Compounds of Azadirachta indica

Aqueous Extract against Key DR Protein Targets

S/N Compound Name Binding Affinities (Kcal/mol)

NF-

kB

CRP GFAP BDNF NGF Nrf2

1. 2-Methoxy-4-vinylphenol -6.0 -5.5 -4.7 -6.5 -5.4 -

2. Glycerin -4.2 -4.0 -3.6 -3.8 -4.1 -

3. 2(3H)-Furanone, dihydro-3-hydroxy-4,4-

dimethyl-

-5.5 -4.9 -4.0 -5.1 -5.0 -5.4

4. 3’,5’-Dimethoxyacetophenone -4.3 -4.4 -3.3 -4.9 -4.9 -4.5

5. Hexadecanoic acid, methyl ester -5.0 -4.1 -3.7 -6.5 -4.1 -5.2

6. Benzofuran, 2,3-dihydro- -4.8 -5.6 -4.5 -6.2 -5.4 -5.3

7. 1,2-Cyclopentanedione, 3-methyl- -4.9 -5.0 -4.3 -5.7 -5.0 -4.7

8. Phenol, 3,4,5-trimethoxy- -6.0 -3.5 -4.2 -5.8 -4.5 -5.8

9. 2-Cyclohexene-1-methanol, 2,6,6-

trimethyl-

-5.3 -4.9 -4.4 -5.5 -5.2 -6.0

10. 4-Methyl-5H-furan-2-one -4.3 -4.6 -3.5 -5.2 -4.8 -

11. Phenethyl alcohol, 2,5-dimethoxy-alpha-

methyl-

-5.7 -5.5 -4.3 -4.7 -5.3 -6.0

12. D-Allose -6.3 -5.8 -4.6 -6.0 -6.3 -

Key: NF-kB: Nuclear Factor kappa B, CRP: C-reactive Protein, GFAP: Glial Fibrillary Acidic

Protein, BDNF: Brain Derived Neurotrophic Factor, NGF: Nerve Growth Factor, Nrf2: Nuclear

Factor Erythroid 2-related Factor 2

Source: Researcher’s Field Work, 2025
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Table 4.5 Contd: Molecular Docking Evaluation of Bioactive Compounds of Azadirachta

indica Aqueous Extract against Key DR Protein Targets

S/N Compound Name Binding Affinities (Kcal/mol)

NF-

kB

CRP GFAP BDNF NGF Nrf2

13. Tricyclo[5.1.0.0(2,4)] octane-5-carboxylic

acid, 3,3,8,8-tetramethyl-, methyl ester

-6.9 -6.2 -6.5 -5.2 -6.8 -7.2

14. 7,9-Di-tert-butyl-1-oxaspiro(4,5)deca-6,9-

diene-2,8-dione

-6.0 -6.4 -4.5 -5.7 -6.2 -6.9

15. 2-Pentanol, 3-chloro-2-methyl- -4.3 -4.7 -3.7 -5.2 -4.3 -4.5

16. 2-Cyclobutyl-2-propanol -4.4 -5.3 -3.9 -5.5 -5.8 -4.7

17. Bicyclo[3.2.0]heptan-2-one, 6-hydroxy-5-

methyl-6-vinyl-

-6.1 -5.6 -4.7 -4.9 -6.1 -6.5

18. Phytol -5.0 -4.5 -3.8 -3.3 -5.5 -

19. 2-Dodecenal -4.4 -4.4 -3.2 -5.5 -4.4 -4.7

Key: NF-kB: Nuclear Factor kappa B, CRP: C-reactive Protein, GFAP: Glial Fibrillary Acidic

Protein, BDNF: Brain Derived Neurotrophic Factor, NGF: Nerve Growth Factor, Nrf2: Nuclear

Factor Erythroid 2-related Factor 2

Source: Researcher’s Field Work, 2025
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Table 4.6: Molecular Docking Evaluation of Bioactive Compounds of Azadirachta indica

Methanol Extract against Key DR Protein Targets

S/N Compound Name Binding Affinities (Kcal/mol)

NF-

kB

CRP GFAP BDNF NGF Nrf2

1. 2-Methoxy-4-vinylphenol -6.0 -5.5 -4.7 -6.5 -5.4 -

2. Glycerin -4.2 -4.0 -3.6 -3.8 -4.1 -

3. 3’,5’-Dimethoxyacetophenone -4.3 -4.4 -3.3 -4.9 -4.9 -4.5

4. Hexadecanoic acid, methyl ester -5.0 -4.1 -3.7 -6.5 -4.1 -5.2

5. Benzofuran, 2,3-dihydro- -4.8 -5.6 -4.5 -6.2 -5.4 -5.3

6. 2-Pentadecanone,6,10,14-trimethyl- -5.3 -4.6 -4.2 -4.6 -4.6 -5.5

7. Octane, 2,7-dimethyl- -3.9 -4.8 -4.4 -3.5 -4.0 -4.5

8. 2(4H)-Benzofuranone, 5,6,7,7a-

tetrahydro-4,4,7a-trimethyl-

-6.6 -6.4 -5.5 -5.6 -6.0 -7.2

9. 1H-Pyrrole-2,5-dione, 3-ethyl-4-methyl- -5.6 -5.6 -4.8 -6.8 -6.1 -5.8

10. 1,3-Propanediol, 2-(hydroxymethyl)-2-

nitro-

-5.1 -4.9 -3.8 -4.0 -4.9 -4.8

11. 1,2,3,-Propanetriol, 1-acetate -5.2 -4.4 -4.1 -4.7 -4.7 -5.0

12. .alpha.-D-Glucopyranoside, methyl -6.4 -5.6 -4.5 -5.5 -6.3 -6.7

13. Cyclopropyl carbinol -3.4 -3.5 -3.0 -4.2 -3.6 -

14. 2-Propenoic acid, 2-methyl-, pentyl ester -4.6 -4.8 -4.2 -4.3 -5.2 -4.7

Key: NF-kB: Nuclear Factor kappa B, CRP: C-reactive Protein, GFAP: Glial Fibrillary Acidic

Protein, BDNF: Brain Derived Neurotrophic Factor, NGF: Nerve Growth Factor, Nrf2: Nuclear

Factor Erythroid 2-related Factor 2

Source: Researcher’s Field Work, 2025
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Table 4.6 Contd: Molecular Docking Evaluation of Bioactive Compounds of Azadirachta

indicaMethanol Extract against Key DR Protein Targets

S/N Compound Name Binding Affinities (Kcal/mol)

NF-

kB

CRP GFAP BDNF NGF Nrf2

15. 4-Acetyl-1-methylcyclohexene -5.3 -5.4 -4.4 -6.2 -5.7 -5.5

16. 1,2-Cyclopentanedione, 3,3,5,5-

tetramethyl-

-4.1 -5.4 -4.7 -5.0 -5.7 -5.1

17. 4-Methyl-5H-furan-2-one -4.3 -4.6 -3.5 -5.2 -4.8 -

18. 5-Hydroxymethylfurfural -5.2 -4.9 -4.2 -5.2 -5.1 -5.1

19. D-Allose -6.3 -5.8 -4.6 -6.0 -6.3 -

20. 1,7-Nonadien-4-ol, 4,8-dimethyl- -3.5 -4.0 -4.3 -4.3 -3.0 -4.2

21. 4(H)-Pyridine, N-acetyl- -4.0 -3.3 -4.6 -4.7 -3.1 -5.0

22. Phytol -5.0 -4.5 -3.8 -3.3 -5.5 -

23. 9,12-Octadecadienoic acid (Z,Z)-, 2,3-

dihydro

5.4 -4.7 -3.7 -3.4 -5.1

-5.2

24. 5-Isopropyl-6-methyl-hepta-3,5-dien-2-ol -5.1 -5.2 -4.0 -4.4 -4.7 -5.7

25. Ethyl-1-propenyl ether -3.8 -3.8 -3.1 -4.1 -3.9 -3.4

26. Pivaloylacetone, enol form -4.3 -5.1 -4.2 -4.7 -4.7 -4.4

27. cis-2,3-Epoxyoctane -4.2 -4.7 -3.6 -3.8 -4.4 -4.4

28. 1-(1’-Pyrrolidinyl)-2-propanone -4.5 -4.3 -3.6 -5.1 -4.2 -4.6

Key: NF-kB: Nuclear Factor kappa B, CRP: C-reactive Protein, GFAP: Glial Fibrillary Acidic

Protein, BDNF: Brain Derived Neurotrophic Factor, NGF: Nerve Growth Factor, Nrf2: Nuclear

Factor Erythroid 2-related Factor 2

Source: Researcher’s Field Work, 2025
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Table 4.7: Molecular Docking Evaluation of Bioactive Compounds of Azadirachta indica

Ethanol Extract against Key DR Protein Targets

S/N Compound Name Binding Affinities (Kcal/mol)

NF-

kB

CRP GFAP BDNF NGF Nrf2

1. 2-Methoxy-4-vinylphenol -6.0 -5.5 -4.7 -6.5 -5.4 -

2. Glycerin -4.2 -4.0 -3.6 -3.8 -4.1 -

3. Hexadecanoic acid, methyl

ester

-5.0 -4.1 -3.7 -6.5 -4.1 -5.2

4. Hexadecanoic acid, 2-methyl

propyl ester

-5.1 -6.7 -5.7 -6.5 -4.6 -5.7

5. 2-Propanone, 1-hydroxy- -5.8 -6.6 -6.9 -5.7 -6.8 -5.4

6. Benzofuran, 2,3-dihydro- -4.8 -5.6 -4.5 -6.2 -5.4 -5.3

7. 2-Pentadecanone,6,10,14-

trimethyl-

-5.3 -4.6 -4.2 -4.6 -4.6 -5.5

8. 2(4H)-Benzofuranone,

5,6,7,7a-tetrahydro-4,4,7a-

trimethyl-

-6.6 -6.4 -5.5 -5.6 -6.0 -7.2

9. 1,3-Propanediol, 2-

(hydroxymethyl)-2-nitro-

-5.1 -4.9 -3.8 -4.0 -4.9 -4.8

Key: NF-kB: Nuclear Factor kappa B, CRP: C-reactive Protein, GFAP: Glial Fibrillary Acidic

Protein, BDNF: Brain Derived Neurotrophic Factor, NGF: Nerve Growth Factor, Nrf2: Nuclear

Factor Erythroid 2-related Factor 2

Source: Researcher’s Field Work, 2025
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Table 4.7 Contd: Molecular Docking Evaluation of Bioactive Compounds of Azadirachta

indica Ethanol Extract against Key DR Protein Targets

S/N Compound Name Binding Affinities (Kcal/mol)

NF-

kB

CRP GFAP BDNF NGF Nrf2

10. .alpha.-D-Glucopyranoside,

methyl

-6.4 -5.6 -4.5 -5.5 -6.3 -6.7

11. Cyclopropyl carbinol -3.4 -3.5 -3.0 -4.2 -3.6 -

12. Tricyclo[5.1.0.0(2,4)] octane-

5-carboxylic acid, 3,3,8,8-

tetramethyl-, methyl ester

-6.9 -6.2 -6.5 -5.2 -6.8 -7.2

13. 2-Propenoic acid, 2-methyl-,

pentyl ester

-4.6 -4.8 -4.2 -4.3 -5.2 -4.7

14. 4-Acetyl-1-

methylcyclohexene

-5.3 -5.4 -4.4 -6.2 -5.7 -5.5

15. 4-Methyl-5H-furan-2-one -4.3 -4.6 -3.5 -5.2 -4.8 -

16. 5-Hydroxymethylfurfural -5.2 -4.9 -4.2 -5.2 -5.1 -5.1

17. Oleic acid -5.7 -6.1 -4.1 -6.9 -6.0 -5.5

18. N-Isobutyl-sec-butylamine -5.2 -6.6 -6.7 -6.3 -6.3 -5.2

19. Ethanone, 1-[3-methyl-3-(4-

methyl-3-pentenyl)oxiranyl]-

-5.8 -6.4 -6.8 -5.9 -6.7 -6.8

Key: NF-kB: Nuclear Factor kappa B, CRP: C-reactive Protein, GFAP: Glial Fibrillary Acidic

Protein, BDNF: Brain Derived Neurotrophic Factor, NGF: Nerve Growth Factor, Nrf2: Nuclear

Factor Erythroid 2-related Factor 2

Source: Researcher’s Field Work, 2025
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Table 4.7 Contd: Molecular Docking Evaluation of Bioactive Compounds of Azadirachta

indica Ethanol Extract against Key DR Protein Targets

S/N Compound Name Binding Affinities (Kcal/mol)

NF-

kB

CRP GFAP BDNF NGF Nrf2

20. 2-Hydroxy-gamma-

butyrolactone

-6.6 -4.5 -6.6 -5.6 -5.9 -5.9

21. Phytol -5.0 -4.5 -3.8 -3.3 -5.5 -

22. 9,12-Octadecadienoic acid

(Z,Z)-, 2,3-dihydro

5.4 -4.7 -3.7 -3.4 -5.1 -5.2

23. 9,12,15-Octadecatrienoic

acid, methyl ester, (Z,Z,Z)-

5.6 6.3 4.3 6.5 4.5 -5.7

24. 5-Isopropyl-6-methyl-hepta-

3,5-dien-2-ol

-5.1 -5.2 -4.0 -4.4 -4.7 -5.7

25. Ethyl-1-propenyl ether -3.8 -3.8 -3.1 -4.1 -3.9 -3.4

26. 3,7,11, 15-Tetramethyl-2-

hexadecen-1-ol

-6.6 -4.9 -6.2 -6.9 -5.5 -5.7

27. Pivaloylacetone, enol form -4.3 -5.1 -4.2 -5.7 -4.7 -4.4

28. Phytol, acetate -6.1 -5.7 -4.8 -4.3 -4.9 -6.3

29. 1-(1’-Pyrrolidinyl)-2-

propanone

-4.5 -4.3 -3.6 -5.1 -4.2 -4.6

30. 1-(1’-Pyrrolidinyl)-2-

propanone

-4.5 -4.3 -3.6 -5.1 -4.2 -4.6

Key: NF-kB: Nuclear Factor kappa B, CRP: C-reactive Protein, GFAP: Glial Fibrillary Acidic

Protein, BDNF: Brain Derived Neurotrophic Factor, NGF: Nerve Growth Factor, Nrf2: Nuclear

Factor Erythroid 2-related Factor 2

Source: Researcher’s Field Work, 2025
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Table 4.8: Potential Lead Compounds Identified in Azadirachta indica Extracts

S/N Compound Name Extract NF-

kB

CRP GFAP BDNF NGF Nrf2

1. Tricyclo[5.1.0.0(2,4)]octane-

5-carboxylic acid, 3,3,8,8-

tetramethyl-, methyl ester

Aqueous

Ethanol

-6.9 -6.2 -6.5 -5.2 -6.8 -7.2

2. Ethanone, 1-[3-methyl-3-(4-

methyl-3-pentenyl)oxiranyl]-

Ethanol -5.8 -6.4 -6.8 -5.9 -6.7 -6.8

3. 1H-Pyrrole-2,5-dione, 3-

ethyl-4-methyl-

Methanol -5.6 -5.6 -4.8 -6.8 -6.1 -5.8

4. 9,12,15-Octadecatrienoic

acid, methyl ester, (Z,Z,Z)-

Ethanol -5.6 -6.3 -4.3 -6.5 -4.5 -5.7

5. 7,9-Di-tert-butyl-1-

oxaspiro(4,5)deca-6,9-diene-

2,8-dione

Aqueous -6.0 -6.4 -4.5 -5.7 -6.2 -6.9

6. N-Isobutyl-sec-butylamine Ethanol -5.2 -6.6 -6.7 -6.3 -6.3 -5.2

Source: Researcher’s Field Work, 2025



178

Figure 4.1: 3D and 2D Interaction between Metformin and Nuclear Factor-kappa B

Source: Researcher’s Field Work, 2025
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Figure 4.2: 3D and 2D Interaction between Metformin and C-reactive Protein

Source: Researcher’s Field Work, 2025
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Figure 4.3: 3D and 2D Interaction between Metformin and Glial Fibrillary Acidic Protein

Source: Researcher’s Field Work, 2025
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Figure 4.4: 3D and 2D Interaction between Metformin and Nerve Growth Factor

Source: Researcher’s Field Work, 2025
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Figure 4.5: 3D and 2D Interaction between Metformin and Brain Derived Neurotrophic
Factor

Source: Researcher’s Field Work, 2025



183

Figure 4.6: 3D and 2D Interaction between Metformin and Nuclear Factor Erythroid 2-
related Factor 2

Source: Researcher’s Field Work, 2025
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Figure 4.7: 3D and 2D interaction between Tricyclo[5.1.0.0(2,4)]octane-5-carboxylic acid,
3,3,8,8-tetramethyl-, methyl ester and Nuclear Factor- kappa B

Source: Researcher’s Field Work, 2025
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Figure 4.8: 3D and 2D Interaction between N-Isobutyl-sec-butylamine and Nuclear Factor
Erythroid 2-related Factor 2

Source: Researcher’s Field Work, 2025
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Figure 4.9: 3D and 2D interaction between Ethanone, 1-[3-methyl-3-(4-methyl-3-
pentenyl)oxiranyl]- and C-Reactive Protein (CRP)

Source: Researcher’s Field Work, 2025
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Figure 4.10: 3D and 2D interaction between 1H-Pyrrole-2,5-dione, 3-ethyl-4-methyl- and
Glial Fibrillary Acidic Protein (GFAP)

Source: Researcher’s Field Work, 2025



188

Figure 4.11: 3D and 2D interaction between 9,12,15-Octadecatrienoic acid, methyl ester,
(Z,Z,Z)- and Brain Derived Neurotrophic Factor (BDNF)

Source: Researcher’s Field Work, 2025
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Table 4.9: Predicted Pharmacokinetic Properties of Lead Compounds and Standard Drug

Properties Tricyclo[5.1.0.0(2,4)]

octane-5-carboxylic

acid, 3,3,8,8-

tetramethyl-, methyl

ester

Ethanone, 1-[3-

methyl-3-(4-

methyl-3-

pentenyl)oxiranyl]

-

1H-

Pyrrole-

2,5-dione,

3-ethyl-4-

methyl-

9,12,15-

Octadecatrie

noic acid,

methyl ester,

(Z,Z,Z)-

7,9-Di-tert-

butyl-1-

oxaspiro(4,5)d

eca-6,9-diene-

2,8-dione

N-

Isobuty

l-sec-

butyla

mine

Metformin

Molecular

Formula

C14H22O2 C11H18O2 C7H9NO2 C19H32O2 C17H24O3 C8H19N C4H11N5

Molecular

Weight

(g/mol)

222.32 182.26 139.15 292.46 276.37 129.24 129.16

Bioavailabili

ty Score

0.55 0.55 0.55 0.55 0.55 0.55 0.55

Water

Solubility

Soluble Soluble Very

Soluble

Very Soluble Soluble Very

Soluble

Highly

Soluble

Lipophilicity

(ilogP)

3.17 2.49 1.28 1.28 2.91 2.64 0.34

GI

absorption

High High High High High High High

Source: Researcher’s Field Work, 2025
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Table 4.9 Contd: Predicted Pharmacokinetic Properties of Lead Compounds and Standard Drug

Properties Tricyclo[5.1.0.0(2,4)]

octane-5-carboxylic

acid, 3,3,8,8-

tetramethyl-, methyl

ester

Ethanone, 1-[3-

methyl-3-(4-

methyl-3-

pentenyl)oxiranyl]

-

1H-

Pyrrole-

2,5-dione,

3-ethyl-4-

methyl-

9,12,15-

Octadecatrie

noic acid,

methyl ester,

(Z,Z,Z)-

7,9-Di-tert-

butyl-1-

oxaspiro(4,5)d

eca-6,9-diene-

2,8-dione

N-

Isobuty

l-sec-

butyla

mine

Metformin

zBBB

permeability

Yes Yes No No Yes Yes No

Hydrogen

bond

acceptor

2 2 2 2 3 1 2

Hydrogen

bond donor

0 0 1 0 0 1 3

Lipinski’s

rule

Yes Yes Yes Yes Yes Yes Yes

Synthetic

accessibility

3.31 3.19 2.09 2.09 4.35 1.11 3.02

Source: Researcher’s Field Work, 2025
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Table 4.10: Toxicity Prediction of Lead Compounds and Standard Drug.

Toxicity

Class

Tricyclo[5.1.0.0(2,4)]
octane-5-carboxylic
acid, 3,3,8,8-
tetramethyl-, methyl
ester

Ethanone, 1-[3-
methyl-3-(4-
methyl-3-
pentenyl)oxira
nyl]-

1H-
Pyrrole-
2,5-
dione,
3-ethyl-
4-
methyl-

9,12,15-
Octadecatrien
oic acid,
methyl ester,
(Z,Z,Z)-

7,9-Di-tert-
butyl-1-
oxaspiro(4,5)de
ca-6,9-diene-
2,8-dione

N-
Isobutyl
-sec-
butylam
ine

Metformin

LD50 (Mg/Kg) 3881 5000 1800 20000 900 1190 680

Toxicity
Class

5 5 4 6 4 4 4

Hepatotoxicity Inactive Inactive Inactive Inactive Inactive Active Inactive

Mutagenicity Inactive Active Inactive Inactive Inactive Inactive Inactive

Cardiotoxicity Inactive Inactive Inactive Inactive Inactive Inactive Inactive

Carcinogenicity Active Inactive Inactive Inactive Inactive Inactive Inactive

Neurotoxicity Inactive Inactive Active Inactive Inactive Active Inactive

Nephrotoxicity Inactive Inactive Inactive Inactive Inactive Inactive Inactive

Cytotoxicity Inactive Inactive Inactive Inactive Inactive Inactive Inactive

Imunnotoxicity Inactive Inactive Inactive Inactive Inactive Active Inactive

Source: Researcher’s Field Work, 2025
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4.1.3 Effect of Azadirachta indica on Body Weight and Fasting Blood Glucose

4.1.3.1 Body Weight

Figure 4.13 illustrates the effect of Azadirachta indica (A. indica) extract and metformin on body

weight changes in diabetic rats. Body weights of all experimental animals were recorded before

and after the study period, and the changes (mean ± SD) were expressed in grams.

The control group (Group 1) showed a normal increase in body weight, with a mean gain of 41.5

± 11.1 g, reflecting normal growth and metabolic balance. In contrast, the diabetic untreated

group (Group 2) exhibited variable responses, including weight loss in some animals, resulting in

a modest mean change of 3.5 ± 25.3 g, indicative of metabolic disturbance associated with

diabetes induction. Rats treated with A. indica at 200 mg/kg (Group 3) showed a slight reduction

in body weight (–4.3 ± 17.4 g), suggesting limited protection against diabetes-induced weight

loss. The higher dose of A. indica (400 mg/kg, Group 4) similarly resulted in an overall decline

in body weight, consistent with the pattern observed in the diabetic untreated group.

Metformin-treated rats (Group 5) displayed a comparable trend (–4.7 ± 18.6 g), showing variable

effects but no significant difference compared with the A. indica-treated groups.

Overall, while A. indica and metformin did not fully prevent diabetes-induced weight loss, their

effects appeared to moderate the extent of reduction compared to untreated diabetic rats.



192

Figure 4.13: The Effect of A. Indica on Body weight in DR Rats

Values represented as mean ± SD, (n= 4). **P < 0.01, ***P < 0.001.

Source: Researcher’s Field Work, 2025
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Figure 4.13: The Effect of A.Indica on Fasting Blood Glucose (FBG) Levels in DR Rats

Values represented as mean ± SD, (n = 4). Bars with different letters differ significantly (P < 0.05)

Source: Researcher’s Field Work, 2025



195

4.1.4 Effect of Azadirachta indica on Biochemical Parameters

4.1.4.1 Effect of Azadirachta indica on Retina Total Protein Concentration

Figure 4.15 shows the effect of Azadirachta indica (A. indica) extract and metformin on total

protein levels in the retina of diabetic rats. The control group exhibited a total protein level of

29.30 ± 1.68 g/l tissue, serving as the physiological baseline. Induction of diabetes without

treatment significantly reduced retinal total protein levels to 17.95 ± 1.68 mg/g tissue (P < 0.05

vs. control), indicating a substantial loss of protein due to diabetic damage.

Treatment with A. india at 200 mg/kg raised the total protein level to 25.22 ± 2.21 g/l tissue. This

increase was not statistically significant compared to the control (P > 0.05 vs. control), however,

this values were significantly higher than those in the diabetic untreated group (P < 0.05),

suggesting a partial restoration of protein content.

Administration of A. india at 400 mg/kg resulted in a total protein level of 22.54 ± 0.68 mg/g

tissue, which was significantly lower than the control group (P < 0.05), but remained

significantly higher than in the diabetic untreated group (P < 0.05), indicating moderate

protective effects at the higher dose.

Metformin-treated rats showed a total protein level of 22.64 ± 1.81 g/l tissue. This value was

lower than that of the control (P < 0.05) yet higher than in the diabetic untreated group (P < 0.05),

reflecting a similar trend of partial restoration.

There was no statistical significant difference observed among the treatment groups, with P >

0.05 for all comparisons, suggesting comparable efficacy among the two doses of A. indica and

metformin.
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Figure 4.15: The Effect of A. indica on Retina Tissue Total Protein Concentration in DR

Rats

Values represented as mean ± SD, (n= 4). *P < 0.05, **P < 0.01, ****P < 0.0001

Source: Researcher’s Field Work, 2025
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4.1.4.2 Effect of Azadirachta indica on Retina Malondialdehyde (MDA) Concentration

Figure 4.16 shows the effect of Azadirachta indica (A. indica) extract and metformin on

retinal malondialdehyde (MDA) levels, an indication of lipid peroxidation, in diabetic rats.

The control group recorded an MDA level of 2.115 ± 0.03175 μM, representing normal

baseline oxidative status. Induction of diabetes without treatment significantly elevated MDA

levels to 2.292 ± 0.00354 μM (P < 0.05 vs. control), indicating heightened oxidative stress.

Treatment with A. india at 200 mg/kg significantly reduced MDA levels to 2.069 ± 0.01343

μM compared to the diabetic group (P < 0.05), and was statistically similar to the control

(P > 0.05), suggesting a protective antioxidant effect. However, treatment with A. india at

400 mg/kg yielded an MDA level of 2.211 ± 0.04296 μM, which was significantly higher

than the control (P < 0.05), and also significantly different from the 200 mg/kg group (P <

0.05), indicating a less effective dose in mitigating oxidative damage.

Metformin treatment resulted in an MDA level of 2.130 ± 0.01524 μM, which was

significantly lower than the diabetic untreated group (P < 0.05), but not significantly different

from the control or the 200 mg/kg A. indica group (P > 0.05), reflecting effective antioxidant

activity comparable to the lower dose of the extract.

Although the 200 mg/kg A. indica and metformin treatments significantly improved MDA

levels relative to the diabetic group, no significant difference was observed between these

two treatments (P > 0.05). Meanwhile, the 400 mg/kg dose remained significantly elevated

compared to both.
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Figure 4.16: Effect of A. indica on Retina Tissue Malondialdehyde Concentration

Values represented as mean ± SD, (n= 4). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001

Source: Researcher’s Field Work, 2025
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4.1.4.3 Effect of Azadirachta indica on Retina Tissue Glutathione (GSH) Concentration

Figure 4.17 presents the retinal glutathione (GSH) concentration across treatment groups.

The control group exhibited a GSH concentration of 1.594 ± 0.4791 mM, reflecting normal

redox status in non-diabetic retinal tissue. In contrast, diabetes induction without intervention

resulted in a significant decline in GSH levels to 0.6349 ± 0.1350 mM (P < 0.05 vs. control),

indicating marked oxidative stress and depletion of endogenous antioxidant defenses.

Administration of Azadirachta indica at 200 mg/kg significantly improved GSH levels to

0.6979 ± 0.02581 mM (P < 0.05 vs. control), while the 400 mg/kg dose led to a similar

increase, reaching 0.7240 ± 0.1648 mM (P < 0.05 vs. control). Although these values

remained lower than the control, they were not significantly different from the diabetic

untreated group (P > 0.05), suggesting partial but insufficient restoration of glutathione at

both doses.

Metformin treatment produced a GSH level of 0.8365 ± 0.05199 mM, which was

significantly elevated compared to the diabetic untreated group (P < 0.05), yet still

significantly reduced relative to the control (P < 0.05). There were no statistically significant

differences among the three treatment groups or between any of them and the diabetic

untreated group (P > 0.05).
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Values represented as mean ± SD, n = 4, P < 0.05

Figure 4.17: Effect of A. indica on Retina Tissue Glutathione Concentration in DR Rats

Values represented as mean ± SD, (n= 4). *P < 0.05, **P < 0.01

Source: Researcher’s Field Work, 2025
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4.1.4.4 Effect of Azadirachta indica on Retina Tissue Superoxide Dismutase (SOD) Activity

Figure 4.18 shows that the control group displayed a SOD activity of 0.02875 ± 0.00984

U/mg, serving as the baseline. The diabetic untreated group exhibited a significant decrease

in SOD activity to 0.002622 ± 0.00016 U/mg compared to control (P < 0.05), indicating

oxidative stress induced by diabetes. Treatment with Azadirachta indica 200 mg/kg resulted

in a SOD level of 0.02957 ± 0.01220 U/mg, which was not significantly different from

control (P > 0.05), suggesting restoration of antioxidant activity at this dose.

Similarly, Azadirachta indica 400 mg showed a SOD activity of 0.01841 ± 0.00084 U/mg,

with no significant difference from control (P > 0.05). Metformin treatment yielded a SOD

level of 0.03286 ± 0.01205 U/mg, also statistically similar to control (P > 0.05). When

compared to diabetic untreated, Azadirachta indica 200 mg/kg significantly increased SOD

activity (P < 0.05), and metformin showed an even stronger effect (P < 0.05). The 400 mg/kg

bodyweight Azadirachta indica treatment did not significantly differ from diabetic untreated

(P > 0.05). No significant differences were observed among the Azadirachta indica 200

mg/kg body weight, 400 mg/kg body weight, and metformin groups (all P > 0.05), indicating

comparable efficacy in restoring SOD activity.
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Figure 4.18: Effect of A. indica on Retina Tissue Superoxide Dismutase Activity in DR

Rats

Values represented as mean ± SD, (n= 4). *P < 0.05

Source: Researcher’s Field Work, 2025
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4.1.4.5 Effect of Azadirachta indica on Retina Tissue Catalase (CAT) Activity

Figure 4.19 shows that the control group displayed a catalase (CAT) activity of 6.179 ± 0.505

U/mg, serving as a reference. The diabetic untreated group exhibited a significant reduction in

CAT activity to 1.615 ± 0.684 U/mg compared to control (P < 0.05), indicating oxidative stress

induced by diabetes. Treatment with Azadirachta indica 200 mg/kg increased CAT activity to

4.083 ± 0.812 U/mg, although this increase was not statistically significant compared to control

(P > 0.05). Similarly, Azadirachta indica 400 mg/kg showed a CAT activity of 5.444 ± 0.617

U/mg, and metformin treatment resulted in 5.734 ± 1.485 U/mg, both not significantly different

from control (P > 0.05). When compared to diabetic untreated, Azadirachta indica 200 mg/kg

significantly increased CAT activity (P < 0.05), while Azadirachta indica 400 mg/kg and

metformin treatments showed even more pronounced increases, indicating effective restoration

of CAT activity by these treatments.

No significant differences were observed among Azadirachta indica 200 mg/kg, 400 mg/kg, and

metformin groups (all P > 0.05), suggesting similar efficacy in ameliorating diabetes-induced

CAT depletion.
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Figure 4.19: Effect of A. indica on Retina Tissue Catalase Activity in DR Rats

Values represented as mean ± SD, (n= 4). *P < 0.05, **P < 0.01, ***P < 0.001

Source: Researcher’s Field Work, 2025
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4.1.4.6 Effect of Azadirachta indica on Retina Tissue Nuclear Factor kappa-B (NF-kB)

Concentration

Figure 4.20 illustrates the NF-κB levels across the experimental groups. The control group

showed an NF-κB concentration of 0.01400 ± 0.00529 ng/ml, serving as a reference. In contrast,

the diabetic untreated group exhibited a significant elevation in NF-κB levels to 0.03133 ±

0.00681 ng/ml compared to control (P < 0.05), reflecting enhanced inflammatory signaling

associated with diabetes.

Treatment with Azadirachta indica 200 mg/kg reduced NF-κB levels to 0.02467 ± 0.00153

ng/ml, although this decrease was not statistically significant relative to control (P > 0.05).

Similarly, Azadirachta indica 400 mg/kg and metformin groups demonstrated NF-κB levels of

0.01667 ± 0.00306 ng/ml and 0.02200 ± 0.00100 ng/ml, respectively, both comparable to control

(P > 0.05).

Compared to diabetic untreated, Azadirachta indica 400 mg/kg treatment significantly decreased

NF-κB levels (P < 0.05), while the reductions observed with Azadirachta indica 200 mg/kg and

metformin treatments did not reach statistical significance (P > 0.05)
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Figure 4.20: Effect of A. indica on Retina Tissue Nuclear Factor kappa-B Concentration in

DR Rats

Values represented as mean ± SD, (n= 4). *P < 0.05, **P < 0.01

Source: Researcher’s Field Work, 2025
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4.1.4.7 Effects of Azadirachta indica on Retina Tissue C-reactive Protein (CRP)

Concentration

Figure 4.21 presents the C-reactive protein (CRP) concentration across the experimental

groups. The control group exhibited a CRP concentration of 0.09533 ± 0.04315 ng/ml,

serving as a reference. The diabetic untreated group showed a significant increase in CRP

levels to 0.2447 ± 0.01457 ng/ml compared to control (P < 0.05), indicating heightened

systemic inflammation associated with diabetes.

Treatment with Azadirachta indica 200 mg/kg reduced CRP levels to 0.09433 ± 0.04163

ng/ml, which was not significantly different from control (P > 0.05). Similarly, Azadirachta

indica 400 mg/kg and metformin groups demonstrated CRP levels of 0.08267 ± 0.06408

ng/ml and 0.05767 ± 0.03842 ng/ml, respectively, both statistically comparable to control

(P > 0.05).

Compared to the diabetic untreated group, treatments with Azadirachta indica 200 mg/kg (P

< 0.05), Azadirachta indica 400 mg/kg (P < 0.05), and metformin (P < 0.05) significantly

lowered CRP levels, demonstrating their anti-inflammatory potential.



208

Figure 4.21: Effect of A.indica on Retinal Tissue C-reactive Protein Concentration in DR

Rats

Values represented as mean ± SD, (n= 4). *P < 0.05, **P < 0.01

Source: Researcher’s Field Work, 2025
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4.1.4.8 Effects of Azadirachta indica on Retina Tissue Vascular Endothelial Growth Factor

(VEGF) Concentration

Figure 4.22 illustrates the vascular endothelial growth factor (VEGF) levels among the

experimental groups. The control group showed a VEGF concentration of 5.492 ± 1.296

pg/ml, serving as a reference. The diabetic untreated group demonstrated a significant

increase in VEGF levels to 10.64 ± 0.706 pg/ml compared to control (P < 0.05), reflecting

enhanced angiogenic signaling associated with diabetic pathology.

Treatment with Azadirachta indica 200 mg/kg reduced VEGF levels to 7.237 ± 0.602 pg/ml,

which was not significantly different from control (P > 0.05). Similarly, Azadirachta indica

400 mg/kg and metformin treatments yielded VEGF levels of 7.116 ± 1.424 pg/ml and 6.379

± 0.612 pg/ml, respectively, both comparable to control (P > 0.05).

Compared to the diabetic untreated group, Azadirachta indica 200 mg/kg (P < 0.05),

Azadirachta indica 400 mg/kg (P < 0.05), and metformin (P < 0.05) treatments significantly

decreased VEGF levels, indicating their potential to mitigate diabetes-induced angiogenic

responses.
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Figure 4.22: Effect of A. indica on Retina Tissue Vascular Endothelial Growth Factor
Concentration in DR Rats

Values represented as mean ± SD, (n= 4). *P < 0.05, **P < 0.01, ***P < 0.001

Source: Researcher’s Field Work, 2025
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4.1.4.9 Effects of Azadirachta indica on Retina Tissue Glial Fibrillary Acidic Protein

Concentration (GFAP)

Figure 4.23 shows the glial fibrillary acidic protein (GFAP) levels in the experimental groups.

The control group exhibited a GFAP concentration of 0.258 ± 0.097 ng/ml, serving as a

reference. The diabetic untreated group showed a significant elevation in GFAP levels to

1.553 ± 0.656 ng/ml compared to control (P < 0.05), indicating increased glial activation in

diabetic retina.

Treatment with Azadirachta indica 200 mg/kg reduced GFAP levels to 0.558 ± 0.138 ng/ml,

which was not significantly different from control (P > 0.05). Similarly, Azadirachta indica

400 mg/kg and metformin groups showed GFAP levels of 0.466 ± 0.442 ng/ml and 0.446 ±

0.173 ng/ml, respectively, both comparable to control (P > 0.05).

Compared to the diabetic untreated group, Azadirachta indica 200 mg/kg (P = 0.05),

Azadirachta indica 400 mg/kg (P = 0.05), and metformin (P = 0.05) treatments significantly

lowered GFAP levels, demonstrating their capacity to attenuate diabetes-induced glial

activation.
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Figure 4.23: Effect of A. indica on Retina Tissue Glial Fibrillary Acidic Protein
Concentration in DR Rats

Values represented as mean ± SD, (n= 4). *P < 0.05

Source: Researcher’s Field Work, 2025
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4.1.4.10 Effect of Azadirachta indica on Retina Tissue Glutamate Concentration

Figure 4.24 depicts the variations in glutamate levels among the study groups. The control group

exhibited a glutamate concentration of 63.17 ± 5.84 mM. In contrast, the diabetic untreated

group showed a significant elevation to 138.2 ± 21.18 mM (P < 0.05), reflecting increased

excitotoxicity commonly associated with diabetic retinal damage.

Administration of Azadirachta indica at 200 mg/kg effectively lowered glutamate levels to 51.50

± 8.79 mM, a value statistically indistinguishable from that of the control group (P > 0.05).

Similarly, treatment with Azadirachta indica 400 mg/kg and metformin resulted in glutamate

concentrations of 69.67 ± 9.82 mM and 58.67 ± 15.57 mM, respectively, both demonstrating

normalization of glutamate levels (P > 0.05). Relative to the diabetic untreated group, all

therapeutic interventions produced highly significant reductions in glutamate concentrations (P <

0.05), indicating their effectiveness in mitigating the excitotoxic effects induced by diabetes.
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Figure 4.24: Effect of A. indica on Retina Tissue Glutamate Concentration in DR Rats

Values represented as mean ± SD, (n= 4). ***P < 0.001, ****P < 0.0001

Source: Researcher’s Field Work, 2025
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4.1.4.11 Effect of Azadirachta indica on Retina Tissue Gamma-Aminobutyric Acid (GABA)
Concentration

Figure 4.25 shows the gamma-aminobutyric acid (GABA) concentrations across the study

groups. The control group exhibited a mean GABA level of 1269 ± 161 pg/ml. In contrast, the

diabetic untreated group demonstrated a marked and statistically significant reduction to 450.3 ±

484 pg/ml (P < 0.05), indicative of compromised inhibitory neurotransmission associated with

diabetic neuropathology.

Administration of Azadirachta indica at 200 mg/kg effectively restored GABA concentrations to

1285 ± 179 pg/ml, showing no significant deviation from control values (P > 0.05). Similarly,

treatments with Azadirachta indica 400 mg/kg and metformin yielded GABA levels of 1338 ±

78 and 1263 ± 169 pg/ml, respectively, both comparable to the control group (P > 0.05).

Relative to the diabetic untreated condition, all therapeutic interventions elicited statistically

significant increases in GABA levels (P < 0.05).
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Figure 4.25: Effect of A. Indica on Retina Tissue Gamma-Aminobutyric Acid

Concentration in DR Rats

Values represented as mean ± SD, (n = 4). *P < 0.05

Source: Researcher’s Fieldwork, 2025
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4.1.4.12 Effect of Azadirachta indica on Retina Tissue Nerve Growth Factor (NGF)
Concentration

Figure 4.26 presents the nerve growth factor (NGF) levels among the experimental groups. The

control group exhibited an NGF concentration of 11.01 ± 2.47 pg/ml. The diabetic untreated

group showed a significant reduction in NGF levels to 4.85 ± 0.69 pg/ml compared to control (P

< 0.05), indicating impaired neurotrophic support in the diabetic state.

Treatment with Azadirachta indica 200 mg/kg markedly increased NGF levels to 18.46 ± 1.49

pg/ml, significantly higher than both control and diabetic untreated groups (P < 0.05). Similarly,

Azadirachta indica 400 mg/kg and metformin treatments elevated NGF concentrations to 14.85

± 1.59 pg/ml and 13.92 ± 1.46 pg/ml, respectively. Both increases reached statistical significance

relative to the diabetic untreated group (P < 0.05), while the 400 mg/kg treatment group

exhibited values comparable to the control group at P > 0.05.

Furthermore, a statistically significant variation was observed between Azadirachta indica 200

mg/kg and metformin groups (P < 0.05), suggesting a stronger effect at the lower dose in this

parameter.
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Figure 4.26: Effect of A. Indica on Retinal Tissue Nerve Growth Factor Concentration in
DR Rats

Values represented as mean ± SD, (n= 4). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001

Source: Researcher’s Field Work, 2025
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4.1.4.13 Effect of Azadirachta indica on Retina Tissue Brain Derived Neurotrophic Factor
(BDNF) Concentration

Figure 4.27 illustrates the brain-derived neurotrophic factor (BDNF) levels across the treatment

groups. The control group showed a mean BDNF concentration of 14.92 ± 4.08 pg/ml. In

contrast, the diabetic untreated group exhibited a significant decline to 6.34 ± 1.74 pg/ml (P <

0.05), reflecting the detrimental impact of diabetes on neurotrophic support.

Treatment with Azadirachta indica at 200 mg/kg and 400 mg/kg resulted in BDNF levels of

12.00 ± 1.93 pg/ml and 10.48 ± 1.02 pg/ml, respectively, which were not statistically different

from control (P > 0.05). However, metformin administration led to a notable increase in BDNF

concentration to 17.71 ± 2.61 pg/ml, significantly higher than the diabetic untreated group (P <

0.05) and the Azadirachta indica 400 mg/kg group (P < 0.05).
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Figure 4.27: Effect of A.Indica on Retina Tissue Brain Derived Neurotrophic Factor
Concentration in DR Rats

Values represented as mean ± SD, (n= 4). *P < 0.05, **P < 0.01

Source: Researcher’s Field Work, 2025
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4.1.5 Histomorphological Evaluation of Retinal, Optic Nerve Fibre, and Visual Cortex

Tissues

4.1.5.1 Assessment of Retinal Architecture Using Hematoxylin & Eosin (H&E) Staining

Histological evaluation revealed clear differences in retinal integrity between healthy and

diabetic groups. In Group 1, the retinal layers nerve fibre layer + the ganglion cell layer, inner

plexiform layer, inner nuclear layer, outer plexiform layer, and outer nuclear layer (NFL+GCL,

IPL, INL, OPL, ONL, and PRL) were preserved and well organized, with uniform nuclei and

normal ganglion cell density. Group 2 exhibited marked vacuolation in the PRL alongside focal

neuronal loss in the INL, severe layer disruption, ballooning degeneration, edema, and ganglion

cell loss. Treatment with Azadirachta indica at 200 mg/kg (Group 3) resulted in partial

restoration of retinal thickness, mild reduction of neuronal loss in the INL, decreased vacuolation

in the PRL, improved ganglion cell count, and reduced pyknotic cells. The 400 mg/kg dose

(Group 4) elicited more pronounced improvements, with near-normal layer thickness, well-

defined retinal layers, minimal pyknosis, and significant reduction of PRL vacuolation.

Metformin-treated animals (Group 5) maintained retinal thickness; however, multifocal

ballooning degeneration and prominent vacuolation in both ONL and PRL persisted, reflecting

partial but insufficient preservation of retinal architecture.
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Figure 4.28: Photomicrographs (x400), of Hematoxylin and Eosin stained Retina of control
group and Diabetic untreated group, and Group 3 treated with 200mg/kg of Azadirachta indica
extract. Group 1 shows intact retinal layers and normal nuclei. Group 2 shows severe
degeneration, edema, and cell loss. Group 3 treated with 200mg/kg of Azadirachta indica shows
partial restoration and fewer pyknotic cells.

Blue: NFL + GCL (Nerve Fiber Layer and Ganglion Cell Layer)

Green: IPL (Inner Plexiform Layer)

Yellow: INL (Inner Nuclear Layer)

Black: OPL (Outer Plexiform Layer)

Red: ONL (Outer Nuclear Layer)

Double-head blue: PRL (Photoreceptor Layer)

Source: Researcher’s Field Work, 2025
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Figure 4.29: Photomicrographs (x400), of Hematoxylin and Eosin stained Retina of Animals
treated with 400mg/kg of Azadirachta indica extract and 7µg/kg of Metformin. Group 4 shows
near-normal layers with minimal pyknosis. Group 5 shows maintained thickness with multifocal
degeneration and focal cell loss.

Blue: NFL + GCL (Nerve Fiber Layer and Ganglion Cell Layer)

Green: IPL (Inner Plexiform Layer)

Yellow: INL (Inner Nuclear Layer)

Black: OPL (Outer Plexiform Layer)

Red: ONL (Outer Nuclear Layer)

Double-head blue: PRL (Photoreceptor Layer)

Source: Researcher’s Field Work, 2025
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4.1.5.2 Evaluation of Retinal Neuronal Integrity Using Cresyl Violet (CV) Staining

Cresyl Violet (CV) staining provided further insight into the neuronal and structural integrity of

the retina. The healthy control retina demonstrated intact photoreceptor layers, uniform nuclear

layers with abundant Nissl substance, and normal ganglion cell density, as reflected in the

greatest total retinal thickness (88.11 µm) and a neuronal count of 190.404. In contrast, the

untreated diabetic control group showed severe ballooning degeneration, PRL thinning, mild

ganglion cell loss, irregular INL with edema, disorganized retinal layers, and numerous pyknotic

nuclei, with total retinal thickness reduced to 48.99 µm. The 200 mg/kg Azadirachta indica-

treated group exhibited partial restoration of PRL thickness, reduced INL edema, improved

ganglion cell count, and fewer pyknotic cells (total thickness: 66.76 µm). The 400 mg/kg group

demonstrated comparable improvements, with near-normal ganglion cell density, well-defined

retinal layers, and minimal pyknosis (total thickness: 61.56 µm). Interestingly, the metformin-

treated group maintained PRL thickness but retained signs of multifocal degeneration and focal

ONL loss, with the lowest total retinal thickness (33.94 µm) despite a relatively high neuronal

count (214.311). These findings suggest that Azadirachta indica, particularly at 400 mg/kg,

provided greater histoarchitectural preservation than metformin in this model.
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Table 4.11: Retinal Neuronal Count

S/N Label Description Treatment Area Neuronal
Count

1 Group 1 Normal control Vehicle 9124608 190.404

2 Group 2 Diabetic control None 9124608 202.647

3 Group 3 Diabetic + A.indica
Azadirachta

indica extract 200
mg/ kg

9124608 173.886

4 Group 4 Diabetic + A.indica
Azadirachta

indica extract 400
mg/ kg

9124608 198.124

5 Group 5 Diabetic +
Metformin

Metformin 7
µg/kg 9124608 214.311

Source: Researcher’s Field Work, 2025
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Figure 4.30: Photomicrographs (x400), of Creysl Violet stained Retina of Control (Group 1),
Diabetic untreated (Group 2), and group treated with with 200mg/kg of Azadirachta indica
extract, where Group 1, showsNormal Nissl substance distribution, with Group 2 displaying
disorganized cell layers, pyknosis with loss of nuclei, and group 3 improved layering, fewer
pyknotic.

Blue: NFL + GCL (Nerve Fiber Layer and Ganglion Cell Layer)

Green: IPL (Inner Plexiform Layer)

Yellow: INL (Inner Nuclear Layer)

Black: OPL (Outer Plexiform Layer)

Red: ONL (Outer Nuclear Layer)

Double-headed Blue: PRL (Photoreceptor Layer)

Source: Researcher’s Field Work, 2025
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Figure 4.31: Photomicrographs (x400), of Creysl Violet stained Retina of Group 4 treated with
400mg/kg of Azadirachta indica extract, Group 5, treated with with 7µg/kg of Metformin with
Group 4 showing well-defined layers with minimal pyknosis, while Group 5 shows loss of cells
in the outer nuclear layer in focal areas.

Blue: NFL + GCL (Nerve Fiber Layer and Ganglion Cell Layer)

Green: IPL (Inner Plexiform Layer)

Yellow: INL (Inner Nuclear Layer)

Black: OPL (Outer Plexiform Layer)

Red: ONL (Outer Nuclear Layer)

Double-headed Blue: PRL (Photoreceptor Layer)

Source: Researcher’s Field Work, 2025
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4.1.5.3 Assessment of Optic Nerve Morphology Using Cresyl Violet Staining

Cresyl violet (CV) staining of optic nerve sections showed that the healthy control group had

intense, uniform Nissl staining, intact neuronal morphology, and well-preserved architecture

with minimal glial activity (neuronal count: 184.783). In contrast, the untreated diabetic group

exhibited markedly reduced Nissl staining, neuronal swelling, and pale cytoplasmic profiles

consistent with chromatolysis, alongside prominent gliosis indicative of axonal damage and

neuroinflammation. Treatment with Azadirachta indica at 200 mg/kg resulted in partial

preservation of Nissl bodies and neuronal structure compared to the untreated group, although

swelling and gliosis remained evident. Increasing the dose to 400 mg/kg produced near-normal

neuronal staining and architecture, with minimal gliotic changes, closely resembling the control

group. Metformin-treated animals also demonstrated intense Nissl staining and preserved optic

nerve structure, with neuronal counts (227.41–228.8) slightly exceeding those of controls,

suggesting possible compensatory neuronal or glial responses.



229

Table 4.12: Optic Nerve Fibre Neuronal Count

S/N Label Description Treatment Area Neuronal
Count

1 Group 1 Normal control Vehicle 9124608 189.637

2 Group 2 Diabetic control None 9124608 180.938

3 Group 3 Diabetic +
A.indica

Azadirachta
indica extract
200 mg/ kg

9124608 220.168

4 Group 4 Diabetic +
A.indica

Azadirachta
indica extract
400 mg/ kg

9124608 228.8

5 Group 5 Diabetic +
Metformin

Metformin 7
µg/kg 9124608 227.41

Source: Researcher’s Field Work, 2025
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Figure 4.32: Photomicrographs (x400), of Creysl Violet stained Optic Nerve of control group

(Group 1), Diabetic untreated group (Group 2), and Group 3 treated with 200mg/kg of

Azadirachta indica, where Group 1 normal neuronal staining, intact myelin, Group 2 shows

reduced Nissl staining, neuronal swelling with angular neuronal architecture with gliosis, Group

3 Moderate preservation of Nissl bodies with marked gliosis.

Source: Researcher’s Field Work, 2025
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Figure 4.33: Photomicrographs (x400), of Creysl Violet stained Optic Nerve of Group 4 treated

with 400mg/kg of Azadirachta indica, showing near-normal Nissl pattern with architecture

similar to Group 1, and Group 5 treated with 7µg/kg of Metformin, showing preserved neuronal

staining with architecture similar to Group.

Source: Researcher’s Field Work, 2025
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4.1.5.4 Evaluation of Visual Cortex Neuronal Profile Using Cresyl Violet Staining

In the healthy control group, visual cortex sections revealed normal neuronal morphology, well-

preserved architecture, and an absence of gliosis. The untreated diabetic group showed severe

neuronal shrinkage, moderate gliosis, and nuclear pyknosis, although myelin integrity was

maintained, consistent with hyperglycemia-induced neurodegeneration. Treatment with

Azadirachta indica at 200 mg/kg reduced the severity of neuronal shrinkage and gliosis

compared to the untreated group, though both changes persisted. 400mg/kg dose produced visual

cortex neurons closely resembling controls, with only mild single-cell shrinkage and mild gliosis

in group 4 receiving the treatment dose. Metformin-treated animals displayed deeper cytoplasmic

staining and well-defined Nissl substance, although overall structural preservation was less

pronounced than that observed with the higher dose of Azadirachta indica.
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Table 4.13: Visual Cortex Neuronal Count

S/N Label Description Treatment Area Neuronal
Count

1 Group 1 Normal control Vehicle 9124608 184.783

2 Group 2 Diabetic control None 9124608 203.735

3 Group 3 Diabetic +
A.indica

Azadirachta
indica extract 200

mg/ kg
9124608 210.401

4 Group 4 Diabetic +
A.indica

Azadirachta
indica extract 400

mg/ kg
9124608 217.628

5 Group 5 Diabetic +
Metformin

Metformin
7µg/kg 9124608 204.877

Source: Researcher’s Field Work, 2025
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Figure 4.34: Photomicrographs (x400), of Creysl Violet stained Visual Cortex of control group
(Group 1), Diabetic untreated group (Group 2) and Group 3 treated with 200mg/kg of
Azadirachta indica extract, where Group 1 shows normal neuronal staining with normal neuronal
architecture and no significant inflammation, Group 2 Severe neuronal shrinkage with moderate
gliosis, marked nuclear pyknosis, and unaffected myelin, while Group 3 shows persistent
neuronal shrinkage with moderate gliosis.

Source: Researcher’s Field Work, 2025
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Figure 4.35: Photomicrographs (x400), of Creysl Violet stained Visual Cortex of Group 4 treated
with 400mg/kg of Azadirachta indica, showing neurons similar to Group 1, with mild single cell
neuronal shrinkage, and mild glosis. Group 5 treated with 7µg/kg of Metformin showed neurons
with deeper-stained cytoplasm with well stained nissl substance.

Source: Researcher’s Field Work, 2025
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4.1.5.5 Period Acid Schiff (PAS) Evaluation of Glycogen Deposition in the Retina

PAS staining of retinal tissues revealed distinct differences in glycogen deposition across the

experimental groups. In the control group, retinal glycogen deposition was within normal

physiological levels, serving as the baseline. The diabetic untreated group showed a significant

increase in glycogen accumulation, indicating hyperglycemia-induced metabolic dysregulation

and potential glial activation in the retina.

Treatment with Azadirachta indica extract demonstrated a dose-dependent reduction in glycogen

deposition. The low-dose group (200 mg/kg) exhibited moderate attenuation of glycogen

accumulation relative to the diabetic untreated group, reflecting partial restoration of normal

retinal metabolism. The high-dose group (400 mg/kg) showed pronounced reduction in glycogen

deposition, with staining patterns closely resembling the control animals, suggesting an almost

complete restoration of retinal glycoprotein levels. Similarly, the metformin-treated group

(Group 5) demonstrated significant reduction in glycogen accumulation, comparable to the

control group.
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Figure 4.36: Photomicrographs (×400) of PAS-stained Retina showing glycogen deposition in
Groups 1–3. Group 1 (control) shows normal physiological glycogen distribution. Group 2
(diabetic untreated) displays marked glycogen accumulation indicating metabolic dysregulation.
Group 3 (200 mg/kg Azadirachta indica) exhibits moderate attenuation of glycogen deposition
compared to the diabetic untreated group.

Red circle indicates less glycogen deposition, black circle indicates more glycogen deposition.

Source: Researcher’s Field Work, 2025

GROUP 2

GROUP 3

GROUP 1
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Figure 4.37: Photomicrographs (×400) of PAS-stained Retina in Groups 4 and 5. Group 4 (400
mg/kg Azadirachta indica) shows pronounced reduction in glycogen accumulation, with staining
patterns comparable to the control. Group 5 (metformin-treated 7µg/kg) demonstrates a similar
normalization of glycogen distribution, comparable to control levels.

Red circle indicates less glycogen deposition, black circle indicates more glycogen deposition.

Source: Researcher’s Field Work, 2025

GROUP 4

GROUP 5
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4.2 Discussion of Findings

Diabetes mellitus is a long-term metabolic condition marked by sustained high blood glucose

levels, accompanied by oxidative stress and systemic inflammation, all of which contribute to

vascular impairment and neurodegenerative outcomes. Among its complications, diabetic

retinopathy is particularly prevalent and represents a major contributor to preventable vision loss

globally1.The condition is not merely a vascular disorder but also involves complex neuronal and

glial alterations that compromise retinal function. Extensive research has therefore been directed

towards understanding the mechanisms underlying diabetic retinopathy and identifying novel

therapeutic strategies to mitigate its progression2.

To contribute to ongoing research efforts addressing this problem, the present study investigated

the neuroprotective effect of ethanol extract of Azadirachta indica (A. indica) leaves on

neurodegeneration in a diabetic rat model, with emphasis on its potential mechanisms of action.

Specifically, the study evaluated biochemical alterations, oxidative stress markers, inflammatory

mediators, neurotransmitter and neurotrophic factor balance, and histomorphological changes in

the retina and associated neural tissues, specifically optic nerve fibre, and visual cortex.

Phytochemical analysis using GC–MS revealed numerous bioactive compounds in the aqueous,

methanol, and ethanol extracts of A. indica. Dominant constituents included glycerin, benzofuran

derivatives, phytol, hexadecanoic acid esters, and vinylphenols. These findings align with

previous reports on the diverse phytochemical profile of A. indica, which has been associated

with antioxidant, anti-inflammatory, and neuroprotective activities3,4.

To further investigate the therapeutic potential of these compounds, molecular docking studies

were performed to assess their interactions with protein targets relevant to neurodegenerative

processes. Additionally, an ADMET (absorption, distribution, metabolism, and toxicity) profile
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was generated for the identified phytochemicals, providing insight into their pharmacokinetic

properties and drug-likeness, thereby supporting their potential as bioactive agents.

Change in body weight is an important parameter in experimental diabetes, as uncontrolled

hyperglycemia is typically associated with muscle wasting and loss of adipose tissue due to

impaired glucose utilization. In the present study, diabetic untreated animals showed highly

variable changes in body weight, with some maintaining weight, and others exhibiting weight

loss consistent with the metabolic derangements associated with diabetes. This outcome aligns

with earlier reports that diabetes is frequently accompanied by weight reduction, attributed to

increased catabolism of muscle proteins and fat stores5.

Treatment with 200 and 400 mg/kg A. indica extract did not significantly ameliorate body weight

loss in diabetic animals, and the high-dose (400 mg/kg) group even showed enhanced weight

reduction. This is in contrast with previous reports where neem leaf extract improved weight

gain in diabetic models, likely through mechanisms such as pancreatic β-cell regeneration and

improved insulin activity6,7. However, the outcome of this study is consistent with findings from

a study which evaluated A. indica effect on feed consumption and weight gain in diabetic rat

model and, reported no evidence of weight gain following neem treatment8.

The absence of significant body weight amelioration following treatment with A. indica extract

in type 1 diabetic rats, a result consistent with the metformin control group, can be explained

through the mechanisms of action relevant to insulin-deficient models. In streptozotocin-induced

diabetes, characterized by substantial β-cell destruction and insulin deficiency, the primary

therapeutic focus shifts from improving insulin sensitivity to preserving remaining β-cell

function and addressing the consequences of absolute insulin lack. The GC-MS analysis

conducted prior to the study revealed a complex phytochemical profile including fatty acid
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methyl esters and pyrrole derivatives, compounds known for their potent antioxidant and anti-

inflammatory properties rather than direct anabolic effects3,4. In type 1 diabetes, where profound

catabolism and muscle wasting occur due to insulin deficiency, neem's constituents appear to

prioritize organ protection and metabolic stabilization over weight gain.The extract's bioactive

compounds likely mitigate hyperglycemia through insulin independent mechanisms such as

inhibition of intestinal glucose absorption via α-glucosidase suppresion and enhancement of

glucose utilization in peripheral insulin independent tisues through AMP-activated protein kinase

activation rather than through insulin-sensitizing actions9,10,11,. This targeted approach explains

the improved glycemic control without concomitant weight increase, as energy resources are

directed toward cellular repair processes and antioxidant defense rather than mass accumulation.

The dose-dependent response, with higher doses (400 mg/kg) showing enhanced weight

reduction, may reflect neem's influence on metabolic efficiency and its ability to reduce

hyperglycemia-induced catabolism without stimulating lipogenesis.

This observation is consistent with clinical findings where effective glycemic control does not

invariably correspond with weight gain, as demonstrated in the case of metformin12. Metformin

is generally considered weight-neutral in type 1 and type 2 diabetes models, an effect attributed

to its multifaceted mechanisms of action12,13. These include the suppression of hepatic

gluconeogenesis via activation of AMP-activated protein kinase (AMPK) and inhibition of

mitochondrial glycerophosphate dehydrogenase, as well as appetite regulation mediated through

growth differentiation factor 15 (GDF15) pathways. Furthermore, metformin has been shown to

modulate leptin signaling by lowering circulating leptin levels while enhancing leptin sensitivity,

thereby contributing to appetite suppression and improved energy balance13,14,15.
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Fasting blood glucose (FBG) levels provided a more direct measure of glycemic control. In the

diabetic untreated group, FBG remained significantly elevated across the study duration,

confirming sustained hyperglycemia. Treatment with A. indica at 200 mg/kg and 400 mg/kg, as

well as with metformin, produced reductions in glucose levels compared with the diabetic

untreated group, particularly evident by day 13 and more pronounced by day 16 and day 19. The

ability of A. indica extract to lower blood glucose is consistent with earlier findings and may be

attributed to a combination of mechanisms, including β-cell protective effects, upregulation of

GLUT4 expression with enhanced peripheral glucose utilization, inhibition of intestinal

glucosidases leading to reduced glucose absorption, and modulation of hepatic glucose

output10,11,16.

Interestingly, the higher dose of 400 mg/kg produced significant glucose-lowering effects

compared with the diabetic untreated group by day 10, suggesting a dose-related efficacy. This

aligns with prior studies reporting that neem extract enhances pancreatic beta-cell function and

improves peripheral glucose utilization, thereby reducing circulating glucose levels17,18. The

comparable effects of A. indica and metformin observed at later time points indicate that neem

extract may provide antihyperglycemic activity through complementary mechanisms, including

antioxidant defense and suppression of inflammatory stress, in addition to direct metabolic

regulation18.

Overall, while the extract did not significantly reverse weight loss associated with diabetes, its

ability to lower blood glucose supports its potential as an adjunct antidiabetic agent. The

improvement in glycemic control provides a foundation for the observed retinal protection, since

chronic hyperglycemia is a primary driver of oxidative stress, inflammation, and

neurodegeneration in diabetic retinopathy.
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Hyperglycemia induces a sustained pro-oxidant environment in the retina that precipitates

macromolecular damage, compromises protein homeostasis, and triggers downstream

inflammatory and angiogenic responses. The present results fit this paradigm as diabetes

produced a clear decline in total retinal protein and a rise in malondialdehyde (MDA) levels,

accompanied by depletion of glutathione (GSH) levels, and suppression of the enzymatic

antioxidants superoxide dismutase (SOD) and catalase (CAT) activities. These baseline changes

are consistent with contemporary syntheses of diabetic retinopathy pathobiology that identify

oxidative stress as an early, central mediator of neurovascular injury19.

Retinal total protein was significantly reduced in the diabetic untreated relative to control, and

treatment with A. indica at both 200 mg/kg and 400 mg/kg, as well as metformin, produced

partial restoration. The 200 mg/kg dose restored total protein to values not statistically different

from control and significantly higher than the diabetic untreated group, whereas the 400 mg/kg

dose and metformin also improved protein but remained below control. These findings indicate

that the treatments mitigated protein loss, with the lower extract dose performing at least as well

as metformin on this parameter. The protective effect on protein content agrees with reports that

antioxidant and anti-inflammatory interventions preserve retinal synaptic and structural proteins

in early diabetic injury, likely by reducing proteolytic stress and limiting oxidative modification

of proteins. Such preservation is reported in both botanical and small-molecule intervention

studies, which emphasize that limiting oxidative damage is necessary to maintain retinal protein

homeostasis20,21,22.

Lipid peroxidation (MDA). MDA increased with diabetes, and treatment produced differential

outcomes. A. indica at 200 mg/kg and metformin reduced MDA to levels comparable with

control and significantly below diabetic untreated. Unexpectedly, the 400 mg/kg dose showed a
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smaller reduction and remained significantly elevated versus control and versus the 200 mg/kg

group. The conclusion is twofold: first, the extract at an optimized (lower) dose effectively

suppressed lipid peroxidation, comparable to metformin, consistent with multiple studies

showing that neem preparations reduce MDA in diabetic tissues and second17,23, higher dose did

not produce superior antioxidant benefit and in this model was less effective for MDA

suppression. The latter observation is not unique to this study; complex botanical extracts

commonly display non-linear dose response behavior (hormesis or competitive antagonism

among phytoconstituents)24,25, and excessive dosing can alter absorption, metabolism, or redox

balance in ways that blunt benefit. These mechanistic explanations are supported by prior neem

studies that reported reductions in tissue MDA with neem extracts, and by broader literature

documenting hormetic responses for polypharmacologic plant extracts17,24.

In the present study, neither of the A. indica doses produced a statistically significant recovery

of GSH compared to the healthy control within the experimental timeframe. Although all

treatment groups trended upward, with metformin group having the highest levels amongst the

treated groups, none of the groups had a significant elevation in comparison to the diabetic

untreated group. This relative resistance of GSH to full normalization is well described, as

restoration of thiol pools often requires either longer treatment durations, direct provision of

precursors such as N-acetylcysteine, or strong activation of Nrf2-dependent synthetic pathways26.

It has also been reported that MDA and enzyme activities respond earlier to antioxidant therapy

than GSH concentrations, which tend to recover more slowly, in part due to persistent oxidative

injury in a disease state27.

Similarly, treatment with A. indica extract demonstrated dose-dependent effects on antioxidant

enzymes in diabetic animals. The 200 mg/kg dose restored superoxide dismutase (SOD) activity
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to levels comparable with control and significantly higher than untreated diabetics, whereas the

400 mg/kg dose did not produce a significant SOD improvement. Catalase (CAT) activity was

significantly enhanced by both extract doses and by metformin, reaching control-equivalent

levels, with no differences among active treatments. These findings suggest that the extract

effectively reinstates key enzymatic defenses, particularly catalase, with the lower dose

providing the most consistent SOD normalization. The observed enzyme recovery aligns with

mechanistic expectations, as phytochemicals can activate endogenous antioxidant pathways,

including Nrf2 signaling, to upregulate SOD and CAT, thereby mitigating oxidative stress28.

Comparable restorative effects have been reported in recent preclinical studies of neem and

neem-based preparations, supporting these observations17,29,30.

NF-κB. The diabetic untreated group showed a significant increase in retinal NF-κB relative to

control, reflecting canonical inflammation in hyperglycemia. Treatment with A. indica at 400

mg/kg produced a statistically significant reduction in NF-κB versus diabetic untreated, whereas

the 200 mg/kg dose and metformin produced smaller, non-significant reductions relative to

control. This pattern suggests that constituents concentrated in the higher dose preparation

effectively antagonized NF-κB activation in retinal tissue. The literature supports a mechanistic

link between neem phytochemicals and NF-κB suppression, where nimbolide and other neem-

derived molecules have been reported to inhibit NF-κB nuclear translocation and downstream

pro-inflammatory gene expression in cellular and animal models31,32.

In this model, systemic and local C-reactive protein (CRP) levels were elevated in diabetic

animals, reflecting the chronic inflammatory state characteristic of diabetes. Treatment with A.

indica extract at both 200 mg/kg and 400 mg/kg doses, as well as metformin, significantly

reduced CRP levels to values comparable to control groups and markedly lower than those in
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untreated diabetic animals. This anti-inflammatory effect correlates with reported findings of

invivo and insilico33,34, which demonstrate reductions in CRP and other inflammatory markers

following neem supplementation. Mechanistically, the therapeutic effect of A. indica is attributed

to its rich phytochemical composition which inhibit pro-inflammatory signaling pathways such

as NF-κB and MAPK. These compounds reduce the transcription and release of pro-

inflammatory cytokines that drive CRP production in the liver. Additionally, activation of the

Nrf2 pathway by neem phytochemicals enhances antioxidant defenses, indirectly mitigating

inflammation by lowering oxidative stress a key upstream trigger of chronic inflammatory

responses in diabetes27,35.

The elevation of Vascular Endothelia Factor (VEGF) in the diabetic animals reflects pro-

angiogenic retinal microenvironment driven by persistent hyperglycemia, oxidative stress, and

inflammatory signaling36. These upstream stimuli induce VEGF expression to attempt tissue

repair and compensate for ischemic or hypoxic stress; however, sustained elevation contributes

to retinal vascular permeability, neovascularization, and tissue damage37. Treatment with A.

indica extract at both 200 mg/kg and 400 mg/kg doses, as well as metformin, significantly

reduced VEGF concentrations to levels comparable to control animals, thereby mitigating

angiogenic signaling and histological retinal damage. Concurrent with VEGF modulation, glial

fibrillary acidic protein (GFAP), which serves as an indicator of reactive Müller cells and

astrocytes, was significantly increased in untreated diabetic animals, reflecting pronounced

gliosis. Both doses of A. indica and metformin reduced GFAP to near-control levels, suggesting

attenuation of retinal glial activation. Mechanistically, the extract’s antioxidant and anti-

inflammatory properties likely lower NF-Κb driven cytokine production and oxidative stress,

which are key drivers of Müller cell reactivity38. This pattern of VEGF reduction preceding
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normalization of GFAP expression supports the reported findings of upstream suppression of

oxidative and inflammatory stimuli mediates downstream angiogenic and glial stabilization39,40.

Diabetes causes a characteristic disturbance of retinal neurotransmission and trophic support that

predisposes neurons to dysfunction and death. Under normal conditions glutamate mediates

excitatory signaling while Müller glia and neuronal transporters restrict its extracellular

accumulation; GABA provides inhibitory tone that prevents runaway excitation; and

neurotrophic factors such as NGF and BDNF sustain neuronal survival, synaptic maintenance

and repair41, 42. Treatment with A. indica in the present study, restored glutamate levels to values

comparable to the control group, indicating effective protection against excitotoxicity. This

effect was similar to that seen with metformin, suggesting that both treatments preserve glial

transporter function and neuronal integrity aligning with reports that antioxidants prevent

glutamate accumulation through restoration of Müller cell uptake mechanisms40,43,44. The fact that

A. indica performed on par with metformin in normalizing glutamate suggests that its

phytochemicals act through a convergent mechanism involving antioxidant and anti-

inflammatory pathways.

Similarly, diabetic animals showed the expected decline, whereas treatment with both A. indica

extract and metformin restored levels to those indistinguishable from control. This implies that

both interventions were equally effective in preserving inhibitory neurotransmission. Similar

findings have been reported with plant antioxidant and anti-inflammatory therapies that stabilize

inhibitory interneurons in experimental diabetic retinopathy40. The ability of A. indica to match

metformin in this respect supports its role as a potent modulator of neurotransmitter

balance45,46,47.
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Neurotrophic factors revealed more marked differences between treatments. As expected,

diabetes reduced both NGF and BDNF relative to control. A. indica treatment, particularly at the

lower dose, restored NGF not only to control levels but even above, suggesting a strong capacity

to promote neuronal survival signaling. This effect was greater than that seen with metformin,

which produced only a modest elevation. Such a profile agrees with recent reports that neem

limonoids stimulate NGF expression and enhance neuronal resilience47.

BDNF showed a different pattern: metformin induced a much stronger recovery, restoring levels

beyond those observed with neem. This finding aligns with previous evidence that metformin

activates AMPK–CREB signaling, directly upregulating BDNF transcription and promoting

synaptic plasticity48. A. indica extract, while improving BDNF compared with the diseased group,

did not achieve the same extent of restoration as metformin, suggesting that its action on BDNF

is likely indirect and mediated through its antioxidant and anti-inflammatory effects rather than

through direct transcriptional activation49.

Histological assessment conducted using complementary stains captured both structural and

cellular consequences of diabetes and the extent of therapeutic protection. Diabetes induction

caused significant retinal disorganization and thinning, consistent with oxidative stress driven

neurodegeneration. Hematoxylin and Eosin assessment showed that A. indica treatment,

particularly at 200 mg/kg, markedly preserved photoreceptor and total retinal thickness,

suggesting attenuation of oxidative damage and inflammatory cascades. The partial effect at 400

mg/kg supports a hormetic dose response. These patterns align with prior experimental work

showing that antioxidant and anti-inflammatory interventions preserve retinal layering and

reduce vacuolation in diabetic models, whereas, Metformin maintained retinal layering but with

limited thickness recovery, indicating its primary action is metabolic stabilization via AMPK and
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mitochondrial regulation rather than broad structural repair favouring ganglion cell survival50-53.

The apparent non-linear dose response for neem is also reported in neurohormetic phytomedicine

literature and may reflect optimal phytochemical ratios at intermediate doses54.

The retinal neurovascular unit (NVU) comprising neurons, glia, endothelial cells, and pericytes

maintains homeostasis through neurotransmitter clearance and blood–retinal barrier (BRB)

regulation. Diabetes disrupts this unit via oxidative stress and inflammation, causing BRB

breakdown, glial activation, and progressive neurodegeneration55,56. In this study, Cresyl violet

staining of the retina provided complementary cellular detail, wherein, pronounced neuronal

distress in the diabetic untreated group was observed, including chromatolysis and pyknotic

nuclei, yet paradoxically yielded the highest neuronal count. This apparent discrepancy can be

attributed to reactive gliosis and astrocytosis, wherein proliferating astrocytes and Müller cells

replace damaged neurons and form glial scars, and maladaptive remodeling that mimics an

attempted repair somewhat analogous to “faulty angiogenesis, creating an overestimation of

viable neurons despite functional compromise57. This process can resemble cellular regeneration

and contribute to an overestimation of neuronal counts, though the neurons counted may be

structurally or functionally compromised58,59.

A. indica treatment exhibited dose-dependent neuroprotection, with A. indica 200mg/kg dose

reducing chromatolysis and preserving Nissl substance, indicating improved neuronal

homeostasis. A. indica 400mg/kg enhanced neuronal survival with morphologically healthier

neurons, suggesting true neuroprotection rather than reactive gliosis. Metformin similarly

preserved neuronal staining and achieved the highest apparent neuronal survival, though focal

degeneration persisted. These findings are consistent with previous studies showing recovery of
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Nissl integrity following antioxidant60-63, and metformin’s neuroprotective effects in retinal

injury reported in animal models64.

The optic nerve is supported by a neurovascular unit comprising retinal ganglion cell axons, glia,

and vascular elements that maintain structural and metabolic homeostasis65. In a state of chronic

hyperglycemia, these defense systems are compromised via oxidative stress which activates the

astrocytes and glia, triggering reactive gliosis, impairing axonal transport, and inducing

mitochondrial dysfunction, leading to progressive axonal degeneration66,67.

Similar to findings from retina assessement, cresyl violet staining of the optic nerve showed

uniform Nissl profiles in controls, while diabetic untreated animals exhibited chromatolysis and

gliosis, consistent with axonal injury. The relatively preserved neuronal counts likely reflect

reactive gliosis, where proliferating glial cells maintain apparent cellular density but do not

represent functional neuronal survival. This compensatory mechanism maintains the appearance

of cellular density in histological sections, in alignment with studies done on experimental

models that confirms that in diabetic retina, Müller cells exhibit hyperplasia and GFAP induction,

sometimes preceding retinal cell loss, highlighting how glial proliferation may maintain cellular

architecture while neurons withdraw functionally. This glial response, initially protective,

becomes maladaptive over time, sustaining inflammation and limiting repair68,69,70.

A. indica treatment partially to nearly preserved optic nerve architecture, with the higher dose

achieving near-normal morphology, indicating axonal protection, gliosis suppression, and

reduced secondary neurodegeneration71,72. Metformin similarly preserved optic nerve structure

and Nissl staining, consistent with reports of glial remodeling and compensatory neurogenesis-

like responses observed in preclinical models73.
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The visual cortex, as part of the central visual pathway, is supported by a cortical neurovascular

unit that regulates metabolism, synaptic stability, and immune responses. Diabetes disrupts this

system through oxidative stress and chronic hyperglycemia, triggering astrocytic and microglial

activation, excitotoxicity, and neuronal shrinkage, demonstrating that its impact extends beyond

the retina and optic nerve74,75,76.

Cresyl violet staining confirmed these effects, revealing neuronal shrinkage and gliosis in

diabetic animals. The elevated neuronal counts likely reflect glial proliferation captured by Nissl

staining rather than true neuronal preservation, consistent with reports identifying gliosis as both

a marker of injury and a maladaptive repair mechanism within the CNS77,78.

A. indica treatment attenuated cortical neuronal changes in a dose-dependent manner, with the

higher dose yielding near-normal neuronal morphology resembling control animals, and reduced

gliosis, indicating robust neuroprotection. Metformin also improved cortical histology, though to

a lesser degree. Nonetheless, this modest preservation is consistent with its reported ability to

improve neuronal survival and confer neuroprotection79.

In normal health, Periodic Acid Schiff (PAS) staining shows thin, uniform linear positivity in

retinal basement membranes, including the inner limiting membrane, capillary membranes of the

inner retina, and Bruch’s membrane, reflecting neurovascular integrity80. Diabetes induces

excessive glycoprotein and glycogen deposition, leading to thickened, intensely PAS-positive

membranes consistent with microangiopathy, and impaired metabolic exchange81

The intense PAS positivity observed in the diabetic untreated group is attributable to glycogen

accumulation and basement membrane thickening characteristic of diabetic microangiopathy.

Treatment with 200 mg/kg A. indica partially reduced PAS staining, while 400 mg/kg and
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metformin produced patterns closer to control, indicating stronger protection. These outcomes

accord with expectations that improved glycemic control and reduced oxidative stress mitigate

pathological glycoprotein accumulation82,83,84, in agreement with prior studies reporting that

neem extracts and antihyperglycemic agents attenuate PAS-positive lesions in diabetic tissues85,86.
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Chapter Five

5.1 Summary of Findings

Diabetes was successfully induced in the streptozotocin-treated rats, as evidenced by persistent

hyperglycemia and weight loss relative to controls. Biochemical and histological assessments

further confirmed retinal neurodegeneration. Untreated diabetic rats exhibited markedly elevated

oxidative and inflammatory markers (MDA, NF-κB, CRP, VEGF, GFAP, glutamate) alongside

depleted antioxidant defenses (GSH, SOD, CAT) and reduced neurotrophic/neurotransmitter

levels (GABA, NGF). These alterations reflected oxidative damage, excitotoxicity, glial

activation, and pathological angiogenic signaling in the diabetic retina.Treatment with ethanol

extract of Azadirachta indica ameliorated these abnormalities in a dose-dependent manner. The

400 mg/kg dose exerted stronger antioxidant effects by restoring SOD, CAT, and total protein

while significantly reducing NF-κB and inflammatory mediators, whereas the 200 mg/kg dose

more effectively lowered MDA and produced consistent modulation of neurotransmitter balance.

Both doses reduced CRP, VEGF, GFAP, and glutamate while restoring GABA and NGF, with

400 mg/kg showing broader antioxidant, anti-inflammatory, and neuroprotective activity.

Collectively, biochemical and histological outcomes affirmed the neuroprotective efficacy of A.

indica extract in diabetic retinal degeneration.
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5.2 Conclusion

The findings from this study establishes the ethanol extract of Azadirachta indica as a promising

neuroprotective agent in diabetic retinal degeneration. Its therapeutic activity is attributable to a

combination of antioxidant enhancement, suppression of inflammatory and angiogenic mediators,

and restoration of neurotransmitter and neurotrophic balance. The observed dose-dependent

effects, with the 400 mg/kg treatment consistently outperforming 200 mg/kg, shows the

importance of dosage in optimizing efficacy. These findings provide a strong experimental basis

for the development of Azadirachta indica as a phytotherapeutic candidate for early intervention

in diabetic retinopathy.

5.3 Recommendations

1. Based on findings from this study, it is recommended that Azadirachta indica ethanol

extract be subjected to further studies, and the dose optimized to maximize its

neuroprotective, antioxidant, and anti-inflammatory effects in diabetic retinopathy.

2. Since metformin did not significantly restore antioxidant activity or ameliorate

neurodegeneration, but reduced blood glucose levels, its use in combination with A.

indica should be investigated as a potential adjunct therapy.

3. Therapeutic strategies should extend beyond glycemic control to directly target oxidative

stress, neuroinflammation, and excitotoxicity, as these pathways responded more

favorably to A. indica treatment.
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4. Botanical extracts should undergo systematic dose-validation, given that the 200 mg/kg

extract was more effective in lowering lipid peroxidation, whereas the 400 mg/kg dose

showed broader antioxidant and neurotrophic benefits.

5. Since glycemic control alone did not restore antioxidant defenses or reverse

neurodegeneration in this study, future research should emphasize therapeutic strategies

that extend beyond blood sugar regulation to directly target oxidative stress,

inflammation, and neurotrophic support.

5.4 Contribution to Knowledge

This study advances knowledge by demonstrating that ethanol extract of Azadirachta indica

mitigates retinal neurodegeneration in experimental diabetes through a multifaceted mechanism

that integrates antioxidant reinforcement, suppression of pro-inflammatory signaling, modulation

of excitatory–inhibitory neurotransmission, and restoration of neurotrophic support. The work

provides novel evidence that therapeutic response is dose-dependent, with the higher dose

conferring broader biochemical and histological protection, while the lower dose preferentially

attenuated lipid peroxidation, thereby underscoring the critical role of dose optimization in

botanical interventions. Furthermore, the findings reveal the limitations of glycemic control as

achieved with metformin, which, despite lowering blood glucose, failed to reverse oxidative

imbalance or neural injury. This comparative insight strengthens the case for A. indica as a

potential adjunct in diabetic retinopathy management and contributes to the broader discourse on

integrating phytomedicine into strategies for neurodegenerative complications of diabetes.
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5.5 Suggestions for Future Research

Building on the findings of this study, the following areas are suggested for further investigation:

1. Detailed dose response studies are needed to establish the optimal therapeutic dose range

of Azadirachta indica extract and balance efficacy with safety.

2. Isolation and characterization of the bioactive phytoconstituents should be undertaken,

with evaluation of their individual and synergistic contributions to retinal neuroprotection.

3. Mechanistic studies should investigate whether Azadirachta indica exerts its effects

through established redox-sensitive and inflammatory signaling pathways, particularly

Nrf2/HO-1, PI3K/Akt, and MAPK, as modulation of these cascades could explain its

observed antioxidant, anti-inflammatory, and neurotrophic activities.

4. Electrophysiological and functional vision studies should be incorporated in future

models to determine whether the neuroprotection observed through biochemical and

histological assays translates into measurable improvements in retinal function.

5. Despite the favorable solubility profiles of many Azadirachta indica phytochemicals

indicated by ADMET analysis, future investigations should consider advanced

formulation approaches such as nanoparticle-based carriers, sustained-release systems,

and ocular-targeted preparations to enhance compound stability, optimize retinal delivery,

and ensure consistent therapeutic outcomes.
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6. Since current therapies often target symptoms rather than underlying neuronal loss, futher

research should explore strategies for retinal repair, including the possibility of inducing

neurogenesis by drawing insights from regenerative mechanisms observed in other

species.
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Appendices

Appendix I

Preparation of Reagents

The following reagents were prepared and used during the course of the experiment for diabetes

induction, tissue stabilization, and fixation prior to histological and biochemical analyses:

1.0 Citrate Buffer (0.1 M, pH 4.5) for STZ Preparation

Citrate buffer was prepared to dissolve streptozotocin (STZ), which is unstable in neutral or

alkaline solutions. The buffer was adjusted to a pH of 4.5 to maintain STZ stability prior to

administration.

Procedure:

To prepare 100ml of citrate buffer, pH of 4.5 and at 0.1m concentration,

 1.33 g of citric acid 0.96g of sodium citrate was weighed and poured into a volumetric

flask.

 Ice cold distilled water was added to make up to 100ml.

 A calibrated pH meter was used to confirm the pH at 4.5pH, adjusting with HCL or Na+.

 The buffer was then kept on ice until use
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1.1 0.25 M Sucrose Solution for Tissue Stabilization (Biochemical Assays)

The sucrose solution was prepared for temporary stabilization of freshly excised retinal tissue

intended for biochemical assays. This osmotic medium helps protect cellular components from

damage during processing.

Procedure:

To make 500ml of 0.25M sucrose solution:

 42.8 g of sucrose was dissolved in approximately 500 mL of distilled water.

 The solution was then stirred until fully dissolved and stored at 4 °C until use.

1.2 10% Phosphate-Buffered Formalin (500mL) for Histological Fixation

Phosphate-buffered formalin was used to fix retinal tissues prior to histological examination.

Procedure:

 6.5g of Disodium hydrogen phosphate dihydrate (Na2HPO42H2O) was dissolved in

350mL distilled water.

 pH was adjusted to 7.0 using dilute Hcl and Na+.

 50mL of 40% formaldehyde was added to the solution and topped to 500mL with

distilled water



304

1.3 Phosphate-Buffered Saline (1L, pH 7.4)

Phosphate-buffered formalin was used for homogenization of tissue samples.

Procedure:

 800mL of distilled water was added to a beaker

 8g of NaCl (Sodium chloride), and 0.20g of KCl (Potassium chloride) was added

 1.06g of K2HPO4 (Dipotassium phosphate) and 0.24g of KH2PO4 (Monopotassium

phosphate) was added

 The solution was then stirred until fully dissolved

 The pH was adjusted to 7.4 , and topped to 1L with distilled water.

1.4 Dose Calculation for Streptozotocin (STZ)

Dose = 55mg / kg Bwt

55mg = 1000g

Xmg = 150g [Average Weight of rats]

55 x 150 = 1000g × X

X = 55 × 150 = 8.25mg per rat =

1000g

To induce 40 rats,
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8.25mg × 40 = 330mg of STZ

0.5mL volume for each rat × 40 rats

320mg was then dissolved in 20mL of Citrate Buffer and used to inject 0.5mL into each rat.

Note: 32 rats were induced. However, to account for pippeting error, the calculation was shot by

8 rats.

1.5 Preparation of Vehicle/ Carrier

Due to the insolubility of the plant extract in both water and conventional carrier oils, ethanol

used during the extraction process was utilized to solubilize the extract. Ethanol-water mix

thereby functioned as a vehicle for oral administration via gavage, prepared at a dilution ratio

of 1:2 (ethanol : water).

Volume = 0.2mL

Twice daily = 0.4mL

0.4mL × 8 rats = 3.2mL

3.2mL × 4 for each extract daily = 12.8mL

Ratio of Ethanol to Water:

Ethanol: 4.26mL

Water: 8.52mL

1.6 Dose Calculation of Metformin

1Metformin Tablet = 500mg

Twice daily = 1000mg
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An average adult weighs 70kg = 70,000g

1g Bwt = 500

70,000

= 0.007mg = 7µg

1g Bwt = 7µg/ 0.2mL

Average Weight of rats = 150g

150g Bwt = 150 × 7 µg

= 1.05mg of Metformin per rat

For 8 rats = 1.05 × 8 = 8.4mg

Twice daily: 8.4mg × 2 = 16.8mg per day

Since volume is 0.2mL × 8 rats = 1.6mL

Twice daily = 1.6mL ×2 = 3.2mL

Per day, dissolve 16.8mg Metformin in 3.2mL of distilled water

1.7 Dose Calculation of the Azadirachta indica Extracts

200mg of extract = 1000g/Bwt

1g Bwt rat = 200mg of rat

1000g

= 0.2mg

1g Bwt = 0.2mg of extract

150g Bwt. Rat = 0.2 × 150 = 30mg/ 0.2mL
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⸫ 1 rat [150g BWt] received 30mg

For 8 rats = 30 × 8 = 240mg

Twice daily: 240mg × 2 = 480mg per day

Since Volume is 0.2mL × 8 rats = 1.6mL

Twice daily = 1.6mL ×2 = 3.2mL

Per day, dissolve 480mg plant extract in 3.2mL of water-ethanol mix (2:1)

For 400mg/Kg Dose

400mg of extract = 1000g/Bwt

1g Bwt rat = 400mg of rat

1000g

= 0.4mg

1g Bwt = 0.4mg of extract

150g Bwt. Rat = 0.4 × 150 = 60mg/ 0.2mL

⸫ 1 rat [150g] received 30mg

For 8 rats = 60 × 8 = 480mg

Twice daily: 480mg × 2 = 960mg per day

Since volume is 0.2mL × 8 rats = 1.6mL

Twice daily = 1.6mL ×2 = 3.2mL

Per day, dissolve 960mg plant extract in 3.2mL of water-ethanol mix (2:1)
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Appendix II

GC-MS Chromatogram of Azadirachta indica (Aqueous, methanol and ethanol extract)

1.1 Azadirachta indica Aqueous Extract Chromatogram

1.2 Azadirachta indicaMethanol Extract Chromatogram

1.3 Azadirachta indica Ethanol Extract Chromatogram
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Appendix III

1.0 Azadirachta indica Specimen Authenticated at the Herbarium of Forestry Research
Institute of Nigeria, Ibadan
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1.1 Ethical Approval Letter From Lead City University Research Ethics Committee
(LCU REC)
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1.2 Photograph of Metformin Tablets used in the Research Study
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1.3 Oral Gavage Administration of Azadirachta indica extract to Experimental Animals
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1.4 Organ Harvest from Experimental Animals
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1.5 Biochemical Analysis
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