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 complica% such as
diabetic nephropathy, diabetic neuropathy and diabetic retinopathy (DR) t ion a few.
Diabetic Retinopathy (DR) is one of the major cause of blindness in ad% ally. Diabetic

Retinopathy is driven by chronic hyperglycemia that disrupts retin eostasis and triggers

progressive retinal damage!. Q

Traditionally regarded as only a vascular complica@ recent research have implicated
neurodegeneration as an early event in DR, oft%ézgding detectable vascular changes and
presenting a critical window for therapelﬁ\&Qltervention. This neurodegenerative process
involves the progressive loss of retinéj%w ns, including ganglion cells and photoreceptors,
coupled with glial dysfun.ct@ hich collectively impair retinal function. Chronic
hyperglycemia induces m 1c stress, oxidative damage, and inflammation, exacerbating
neuronal loss and @ting the delicate balance of the retinal microenvironment. Early

detection andz'ntgwtion are thus pivotal to mitigating the progression of DR and preserving
vision?3, ’b

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,



particularly in low-resource settings®. 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 ow to their
anti-inflammatory, antioxidant, and neuroprotective properties®. Azadirachta ir@commonly
known as neem) has been extensively studied for its pharmacologicalgbe , including its
antidiabetic, anti-inflammatory, and antioxidant effects. Rich in bi @ compounds such as
azadirachtin, nimbolide, and flavonoids, A. indica has shOWn@n% in modulating pathways
implicated in diabetic complications, including oxidative s@and inflammation®. However, its

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

By using molecular docking analysis before@imen‘[al studies, this research aims to identify
the most promising extract combinaﬁ%g sed on the binding affinities of their bioactive
compounds to key diabetic retin&@related targets involved in oxidative stress, inflammation,
and neuroprotection. Hig%@ affinity will indicate a stronger and potentially more effective

interaction with these %e s, guiding the selection of optimal extract blends for subsequent in
[ ]

vivo evaluatio 7.0

The strep%%cin-induced diabetic rat model is an appropriate choice for this research, as it
effectikyreplicates 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 components®.



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,
>\

N

1.2 Statement of the Problem O

providing new possibilities for preserving vision in patients worldwide.

Despite significant advancements in understanding diabetic retin‘%&/ (DR), current
therapeutic options, such as anti-VEGF injections and laser photocoa on, are often hindered
by side effects, inconsistent long-term efficacy, and inco resolution of the disease’s
multifaceted pathology, including neurodegeneration a chlar damage. While traditional
medicinal plants offer promising alternatives, there @ted scientific evidence validating their
efficacy for diabetic retinopathy treatmem@ciﬁcally, although Azadirachta indica has
demonstrated therapeutic potential in n\ g oxidative stress and hyperglycemia in diabetic
models, its application for diabetic émc?pathy, particularly in addressing both neurodegenerative

and vascular compone%&nalns underexplored. This research gap necessitates a
tio

comprehensive investi into the therapeutic potential of Azadirachta indica, supported by
detailed phytoch \l analysis and molecular modeling, to develop safer and more effective

treatment options for diabetic retinopathy management.

\*



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“tising DR
cases globally, current treatments like anti-VEGF injections and laser ph@laﬁon often

have adverse effects, inconsistent efficacy, and high costs, empha@x\the need for novel

interventions. %

Azadirachta indica, with its antioxidant, anti—inﬂammato@ antidiabetic properties, aligns

with DR’s complex pathophysiology, offering a potérw@)hstic approach to mitigate neuronal

\Q’b

Using GC-MS analysis, molecular dock@nd testing in a diabetic rat model, this study will

and vascular damage.

integrate traditional knowledge w@&iem science, exploring Azadirachta indica’s historical
use and examining its neuro@ive mechanisms through ocular indices such as retinal layer

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

Its widesprea a@ity and cultural familiarity make it a cost-effective, accessible option,
potentially ing the financial burden of conventional therapies, especially in low-resource
settingN 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.



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 establis *detailed
phytochemical profile of Azadirachta indica extracts through Q analytical
technique. &

2. Molecularly dock Azadirachta indica compounds against i retinopathy targets to
predict therapeutic potential and select the best extrac vivo testing.

3. Evaluate the effects of the selected Azadirachta @c extract on retinal oxidative stress
and inflammation by assessing antioxidant &e activities such as Catalase, and pro-
inflammatory mediators, such as NF-?@

4. Investigate the neuroprotectivé @s of the selected Azadirachta indica extract on

retinal neurodegenerati&:%&by assessing neuronal survival, expression of

neurotransmitters%@bphic factors, and integrity of retinal ganglion cells.

1.5. Scope of theQ@

This study willhevaluated the therapeutic potential of Azadirachta indica extracts in mitigating
retina%@generation 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



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 earlf rvéntion in

1. Lack of access to advanced imaging equipment, suc fundus camera, limited the

the disease process.

1.6. Limitations of the Study

ability to monitor retinal changes in real time as t &rch progressed.

2. Financial constraints restricted the scope o@yses and the range of neuroprotective
biomarkers that could be comprehensﬁ@valuated.

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

the diabetic rat model and @fa?s may affect the direct translatability of the findings to

clinical practice. QQ\
1.7. Operational @yn of Terms

1. Ar@ﬂ nts: Bioactive compounds in Azadirachta indica (A. indica) that neutralize

@ 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 4. indica extracts,

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

phytosterols, responsible for therapeutic effects, identified via qualitative

phytochemical screening.



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.
Flavonoids: Plant-based antioxidants in A. indica’s phytochemical proﬁle,&died for
their anti-inflammatory and neuroprotective effects in the diabetic reti Q
Histology: Microscopic examination of retinal tissue to assess tgral changes,
including neuronal loss and vascular abnormalities, follo “indica treatment in
diabetic retinopathy.
Inflammatory Mediators: Pro-inflammatory c s in retinal tissue, measured to
evaluate the anti-inflammatory effects of. ﬂ&Qca in diabetic retinopathy.
Neurodegeneration: Progressive % tinal neurons, particularly ganglion cells,
in diabetic retinopathy, assessed Xtermine A. indica’s neuroprotective efficacy.

.
Neuroprotection: Prese@ﬁretinal neuronal function and structure, evaluated
through histologica‘l{nx%nctional assessments after 4. indica treatment.
Oxidative Sth%%ochemical imbalance between free radicals and antioxidants in
the re 'h@tributing to diabetic retinopathy pathology, targeted by 4. indica
ex gld measured via markers like superoxide dismutase and malondialdehyde.

I@tomedicine: 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 4. indica’s effects on diabetic

retinopathy.



—

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 &tinopathy.
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2.1 Overview of Diabetes Mellitus er

Established as a metabolic disorder, diabetes feat rsistent hyperglycemia which arises from
defective insulin secretion, insulin resistanc x\&)th Insulin, produced by the pancreatic B-cells,
is essential for regulating blood glucoe%g’\% however when its function is disrupted, glucose
accumulates in the bloodstream, @g to systemic complications over time'*

The condition is broadly%%ed into Type 1, Type 2 diabetes, and Gestational diabetes, with
Type 1 resulting ﬁg&ltoimmune destruction of insulin-producing cells, requiring lifelong
insulin therap \2 diabetes, more common and often associated with lifestyle factors habits
and obesi%’é\iolves insulin resistance and progressive p-cell dysfunction. Other forms include

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

specific conditions or medications’.

Chronic hyperglycemia damages blood vessels and nerves, contributing to macrovascular

complications like atherosclerosis and microvascular complications such as retinopathy,



nephropathy, and neuropathy. Acute complications, including diabetic ketoacidosis and
hyperosmolar hyperglycemic state, represents life-threatening emergencies requiring immediate
intervention®. Diagnosis relies on blood glucose measurements, including fasting plasma glucose,
HbAlc levels, and oral glucose tolerance tests. Management focuses on glycemic regulation

through lifestyle modifications strategies, alongside oral hypoglycemic agents, &d. insulin

therapy, tailored to the type and progression of diabetes. Regular monit 3: d early
intervention are important to minimizing complications and improving long- < tcomes”.
Given its increasing global prevalence, diabetes mellitus remains ificant public health

challenge, emphasizing the need for awareness, prevention, @f ctive disease management

strategies. Q
2.1.1 Types of Diabetes b

Diabetes mellitus represents a heterogene up of metabolic abnormalities unified by the
characteristic chronic hyperglycen‘%\% distinguished by their underlying causes,
pathophysiology, and clinical, t%@bnes6 There exist three major classification of diabetes,
however the class1ﬁcat1®ds beyond the conventional binary of Type 1 and Type 2 to

encompass several o@rms each with distinct etiological and management implications.

Type 1 Dlapaél\/]elhtus (T1DM)

Type \&Uetes Mellitus (T1DM) is a serious autoimmune disease which is marked by the
permanent loss of insulin-producing pancreatic B-cells, resulting in complete insulin deficiency.
The etiology reflects a multifactorial interaction between genetic predisposition, environmental

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

human leukocyte antigen (HLA) class II alleles, most notably HLA-DR3 and HLA-DR4, which

10



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 risk’®. 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 &icrobiome,

which may initiate or accelerate autoimmunity in genetically predisposed indiVidiiQ

The autoimmune process begins with the infiltration of pancreatic id% autoreactive T

lymphocytes (CD4* and CDS8*), together with macrophag%g dendritic cells, a

histopathological feature termed insulitis. These cells target !i—utoantigens such as glutamic
e

acid decarboxylase (GADG65), insulinoma-associated a@ (IA-2), insulin itself, and zinc
transporter 8 (ZnT8). Progressive inflammation cu@les in apoptotic B-cell death, typically
resulting in >90% loss of functional B-cell m@c’gre clinical symptoms emerge. This process

may evolve over months to years, duriﬂg’{@%u islet autoantibodies (e.g., anti-GAD, anti-insulin)

serve as biomarkers of ongoing au'émunityg.

Clinically, TIDM often p@ﬁcutely with classic symptoms of hyperglycemia: polyuria (due
to osmotic diu 'ﬁolydipsia (compensatory thirst), polyphagia (increased hunger),
unintentional &g loss (from catabolism of fats and proteins), fatigue, and blurred vision.
Appro, in% 2040 % 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 death'’.
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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 baKates and
precise meal bolusing. Glycemic targets aim for a hemoglobin Alc (HbAlc) <Q% (or <53
mmol/mol) to reduce microvascular complications, though individualized goals fffay vary based

on age, comorbidities, and hypoglycemia risk!!. Q

Technological advancements have transformed disease ement. Continuous glucose
monitoring systems provide real-time interstitial glucos &ngs, trend arrows, and alerts for
impending hypo- or hyperglycemia. Sensor—augme@umps and hybrid closed-loop systems
automate basal insulin delivery, signiﬁcart@nproving time-in-range (TIR) and reducing

hypoglycemia. Adjunctive therapies,'@'h\as amylin analogs (pramlintide), may suppress

glucagon secretion and slow gastri@c[?ying but do not replace insulin'>!3,

\

Despite therapeutic advance$, T1DM carries significant acute and chronic risks. Hypoglycemia
remains the most,¢ acute complication, often triggered by insulin overdosing, delayed
meals, or exerei &evere hypoglycemia (requiring external assistance) poses risks of seizures,
cognit%@irment, 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,

12



coronary artery disease, and stroke are also prevalent due to endothelial dysfunction and pro-

inflammatory states'#!°,

Emerging research focuses on disease modification. Immunotherapies (e.g., anti-CD3
monoclonal antibodies, teplizumab) aim to preserve residual B-cell function in newly diagnosed
individuals'®. Beta-cell replacement strategies, including pancreatic/islet transplant%n, offer
insulin independence but face hurdles of graft rejection and immunosuppressi d toxicity.
Stem cell-derived B-cells and encapsulation devices (to evade immt@e ction) represent
promising frontiers!’. Psychosocial dimensions are integral to TI%Q& The relentless self-
management burden carbohydrate counting, insulin dosin se monitoring contributes to
diabetes distress, anxiety, and depression. Structure%;dgation programs (e.g., DAFNE)

empower patients with self-management skills, Vs&nental health support is essential for

holistic care!'®. @
Type 2 Diabetes Mellitus (T2DM) &@
Type 2 Diabetes Mellitus ( represents a complex, progressive metabolic disorder
characterized by sustaine@glycemia arising from a dual pathogenesis of insulin resistance
and impaired p t@ B-cell function leading to relative insulin deficiency. Unlike the
autoimmune @logy of Type 1 diabetes, T2DM 1is strongly associated with genetic
predis&@ 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 lipolysis'.

Concurrently, B-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

manifest?%-2!,

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 f @?d skin tags
signal underlying insulin resistance. Acute complications include hype%o r hyperglycemic
state (HHS), characterized by severe hyperglycemia (>600 mg, Qrere dehydration, and
altered mental conciousness without significant ketoacidosis@narily affecting older adults

with comorbidities??

. Chronic complications are & categorized as microvascular
pathologies (retinopathy, nephropathy, neuropathy& macrovascular pathologies (coronary
artery disease, peripheral artery disease, str merging evidence also links T2DM to non-
traditional sequelae: cognitive declih&% amyloid-f accumulation), fatty liver disease
(MASLD), and increased cané\ risk (e.g., pancreatic, endometrial) mediated by

L]
hyperinsulinemia and chrosi mmation?+23-26,

Diagnosis adhere @blished criteria, which include fasting plasma glucose level of >126
mg/dL, an Hlﬁc value of >6.5 %, or random plasma glucose concentration of >200 mg/dL
with m@s, 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 (HbAlc 5.7-6.4 %)?’. 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 (SGLT21i), 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, o Qﬂvanced
disease with significant B-cell exhaustion?®?*3°, Technological integration nclud€s continuous
glucose monitoring (CGM) for optimizing time-in-range (TIR) an@l ing hypoglycemia,
particularly in insulin-treated patients. Remission strategies,. no via intensive lifestyle
intervention or bariatric surgery, are achievable in early-sta with significant weight loss.
Socioeconomic determinants profoundly impact :1@ ; disparities in access to care, healthy

food, and diabetes education exacerbate complica in marginalized populations?!.

Gestational Diabetes ¢ @

Gestational Diabetes Mellitus (GD@’&s defined as glucose intolerance initially diagnosed during

pregnancy, typically ma§® etween 24-28 weeks gestation. The condition stems from

insulin resistance induc ing pregnancy, primarily under the influence of placental hormones
(human placenta@gen, progesterone, cortisol) that antagonize insulin action. In women with
preexisting dysfunction, this unmask latent diabetes. Risk factors include maternal obesity,
advanc Qe (>35 years), prior macrosomic infant (>4 kg), polycystic ovary syndrome (PCOS),
and non-European ethnicity (South Asian, Hispanic)*. 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 confirmation®.

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 h lycemia
(from abrupt cessation of maternal glucose supply), respiratory distress synd jaundice.
Long-term, offspring face higher risks of childhood obesity and gl e ifitolerance, while

mothers have a seven fold increased risk of developing T2DM wi Q decade postpartum?*,

Management begins with medical nutrition therapy (carboh e—controlled meals, balanced
macronutrients), self-monitoring of blood glucose (fastin&o sugar values <95 mg/dL, 1-hour
postprandial value <140 mg/dL), and moderateé@:ise. Pharmacotherapy is initiated if
glycemic targets are unmet, insulin (basal 9\@ prandial) remains the standard due to non-
crossing of the placenta. Metformin ah@uride are alternatives but cross the placenta, with

metformin associated with preterm@bh and glyburide linked to neonatal hypoglycemia?,

Postpartum care involve)%% OGTT 4-12 weeks after delivery to reclassify glucose status.
Lifestyle interve @uce progression to T2DM by 50 % (Diabetes Prevention Program).
Breastfeeding@ ers additional protective effects by improving maternal insulin sensitivity.

Future@cies warrant early screening due to recurrence risks exceeding 50 %3673,

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 constraints®-4°,

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. T Q&pesents a
46 % increase from current figures, overwhelmingly driven by type 2 diabetes, which constitutes
over 90 % of cases. The socio-economic and environmental drivers s@urbanization, aging
populations, physical inactivity, and rising obesity, have accelerat is crisis, particularly in
low- and middle-income countries, which shoulder 81 % o gbal diabetes burden. Between
1990 and 2017 alone, global diabetes incidence in e?a y 102.9 %, prevalence by 129.7 %,
and diabetes-related deaths by 125.5 %. Proj%&b r 2025 suggest that diabetes will account
for 26.6 million new diagnoses, 570.9 mil 'o\nexisting cases, and approximately 1.59 million
deaths each year on a global scale.‘&é\e' igures underscore a failure to achieve the World

Health Organization's (WHOY ts& to halt the rise in diabetes by 2025, with metabolic risks

N\

(high BMI) and behavicﬂ%a?tors (diet, smoking, inactivity) accounting for most attributable
mortality and dis@usted life years (DALYs)*42,
2.1.2.1 The A@a

Withi t%’global context, Africa faces the most rapid escalation of diabetes burden,

pidemic

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 regions*.
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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
mortality*4, Q

Alarmingly, 72.6 % of diabetes cases in Africa remain undiagnosed the@t proportion
globally leaving approximately 18 million adults without essential c n when diagnosed,
treatment access remains catastrophically low: only 26.1 % of African adults with diabetes
receive treatment, creating a gap of over 34 million peo Qng basic management®. This
diagnostic and therapeutic neglect fuels severe co p@bns: diabetes accounts for 58 % of
premature deaths (before age 70) in Africa ’B&eding the global average of 48 %%.
Hyperglycemia in pregnancy affects one i%%n live births (10.8 % prevalence), programming
intergenerational cycles of metabolig&&er through fetal exposure?’. Key risk factors include
obesity, hypertension, family {Q%, physical inactivity, and unemployment, though their
expression varies across\@%tinent. Notably, West Africans develop diabetes at lower body
mass index (BML ‘t@lds than East or Southern Africans, challenging universal BMI cutoff
points of 25 kﬁz or screening. This suggests ethnic-specific pathophysiological pathways and
under@%e need for locally tailored diagnostic criteria**. The rapid epidemiological
transition driven by urbanization, processed food penetration, and sedentary livelihoods interacts
with unique local factors®®. 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 diseases**. 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 screening®.

2.1.2.2 Mortality \

The human cost of this crisis manifests in elevated mortality and debilit '@mplications.
Diabetes directly caused 215,836 deaths in Africa in 2024, accountin :g( % of all-cause
mortality in adults aged 20—79 years. Premature mortality before aches 58 %, reflecting
delayed diagnosis and fragmented care. Complications fi severe trajectory such that,

i §failure, and neuropathy combined

retinopathy drives blindness, nephropathy progresses to

with vascular insufficiency predisposes to foot ulceré@ amputations.

Cardiovascular diseases, including my.og\'%nfarction and stroke, occur at 2-3 times higher
rates in people with diabetes®®. A %ng this burden requires a dual approach: structural
interventions to strengthen he'a@ystems and context-specific prevention. The WHO’s Global
Diabetes Compact (202@ Africa’s Regional Framework (2024) emphasize integrating
diabetes care int 'n@ health systems, expanding access to essential medicines (e.g., insulin,
metformin), a@ieploying community-based screening. Proven strategies include task-shifting
to nur@ outine 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, Sao Tomé and Principe) have data from

the past five years®!-5233,
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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 i rment, and
chronic inflammation, culminating in acute metabolic crises, macrovascular “*€omplications,
microvascular end-organ damage, and atypical sequelae. @inical burden is

disproportionately severe in resource-limited regions due to late fi@s and fragmented care.

Acute metabolic crises include diabetic ketoacidosis (D haracterized by absolute insulin
deficiency, uncontrolled lipolysis, ketogenesis, a%%%aolic acidosis (pH <7.3), typically
presenting with hyperglycemia (>250 mg/%’bhydration, and Kussmaul respirations. In
contrast, the hyperosmolar hyperglycen@te (HHS) arises in type 2 diabetes from profound
insulin resistance, resulting in ex‘%&cah\yperglycemia (>600 mg/dL), serum hyperosmolality
(>320 mOsm/kg), and neur(@l compromise without significant ketosis®. Both conditions
necessitate emergent fl hbsuscitation, electrolyte repletion, and insulin therapy to prevent
mortality. Iatro(;ﬂ:\\h oglycemia (<70 mg/dL), often from insulin or sulfonylurea
overtreatmentéiggers autonomic (tachycardia, diaphoresis) and neuroglycopenic symptoms
(cogni%Qﬁnpaiment, seizures), with recurrent episodes correlating with accelerated

cardiovascular morbidity and cognitive decline>®.

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 1540 times higher, with
heightened post-stroke disability and mortality due to impaired collateral circu&ﬁon and

S

Microvascular pathology emerges from capillary basement membrane thi keging, pericyte loss,

neurovascular repair mechanisms>”-3.

and microthrombosis. Diabetic nephropathy progresses from g@r hyperfiltration and

microalbuminuria (30-300 mg/day) to overt proteinuria and ining glomerular filtration rate
(GFR), histologically defined by mesangial expansion, n@r sclerosis (Kimmelstiel-Wilson
lesions), and tubulointerstitial fibrosis. This culr%gb in end-stage renal disease’®®°, with
diabetes now the leading cause of dialysis d e in Africa despite severe treatment access
disparities. Diabetic neuropathy initial@nifests as distal symmetrical sensory loss in a
"stocking-glove" distribution, adv%{%o neuropathic pain, motor weakness, and autonomic
dysfunction (gastroparesis, @atic hypotension, erectile dysfunction). Loss of protective

sensation predisposes t&\:b ulceration, which progresses to osteomyelitis and amputation in

[ ]
settings with 1im1<' ed&%ﬂi ric care®!.

Diabetic rdfb%thy evolves through retinal microvascular occlusion, pericyte dropout, and
ischem%en 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

blindness®?.

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 v%cerebral
microinfarcts, amyloid-3 deposition, and insulin resistance within the hippoc@%, elevating
dementia risk twofold. Depression affects 25 % of individuals with diab;@gﬁpounding self-
care challenges through reduced medication adherence and physica vity. Malignancy risk

%memia—dﬁven mitogenic

rises for pancreas, liver, and endometrium, mediated by h

signaling and chronic inflammation®3-64:63.66, Q

QO

Aggravating factors in underserved population&ude genetic variants (e.g., APOLI
nephropathy risk in West Africans), como\{@ies (HIV, hypertension), and health system
barriers. Late diagnosis results in ovéx{SQ, of African patients presenting with established
complications, while insulin sto&@*ﬂnd inadequate screening tools exacerbate outcomes. The

intergenerational impact is @nd, an example is maternal hyperglycemia which can program

fetal metabolic dysfusn\tf%n, perpetuating diabetes cycles®”-%3,

2.2 Diabetic %nopathy (DR)

Diabe'&/@)athy (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 barriers®.

The clinical significance of DR extends beyond ocular morbidity. It serves as\sentinel
biomarker for systemic microvascular health, with severity strongly correla r@% increased
risks of stroke, myocardial infarction, and end-stage renal disease. The s@ec nomic impact is
profound in sub-Saharan Africa, where DR-related vision loss ousehold income by

65 % and increases mortality due to occupational disability anc@lced access to care’®,

DR progresses along a continuum from subclinical Qscular changes to vision-threatening
complications, with early stages often asymptom%&ilis silent progression shows the critical
importance of regular screening, particul&} given that 90 % of DR-related blindness is
.
preventable through timely interventi \Recent epidemiological shifts reveal alarming trends,
with Africa experiencing the '@% steepest increase in DR burden, driven by urbanization,
processed food consumph@ d synergistic comorbidities. However, technological innovations
are transforming P?\SQ'W paradigms. Artificial intelligence (Al)-driven screening platforms
now achieve @o 9 % sensitivity in identifying referable diabetic retinopathy (DR), offering
scalable z@’bost-effective solutions for resource-limited settings’?>. Implementation studies in
African countries such as Tanzania, Rwanda, and South Africa demonstrate the feasibility and
acceptability of Al-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 strategies’>’+7,

2.2.1 Classification of Diabetic Retinopathy

Diabetic retinopathy classification has evolved substantially since the initial descr'@systems
of the 19th century, culminating in evidence-based frameworks that strati ase severity
based on prognostic risk and guide clinical management. The current digm recognizes two
fundamental stages, which are non-proliferative diabetic retinopa R), and proliferative
diabetic retinopathy (PDR), with diabetic macular edema (D aluated as an independent yet
intersecting dimension’®. This staging system, fomal*@%w the Early Treatment Diabetic

Retinopathy Study (ETDRS) and later simpliﬁe&) the International Clinical Diabetic

Retinopathy (ICDR) scale, correlates speciﬁ@al lesions with risks of progression to vision-

threatening complications’”. ° @

The classification of diabeﬂ@%opathy has undergone a transformative journey from
rudimentary descriptive 3)@% to sophisticated prognostic tools that guide clinical management.
Early 20th-cent "\%iﬁcations, exemplified by Wagener's 1934 system, -cataloged
hemorrhages, @xudates, and venous changes but lacked prognostic stratification. A paradigm
shift %® 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)7778,
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

24



of venous beading in at least two quadrants, or intraretinal microvascular abnormalities (IRMA)
within at least one quadrant’. 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 % system
faced clinical adoption barriers due to its complexity, requiring detailed lesion ¢Bunting across
seven retinal fields covering approximately 34 % of the retina@ e and specialized
A\
O

To enhance clinical utility, the International Clinical Di@{etinopathy (ICDR) scale (2003)

photographic analysis”’.

consolidated ETDRS criteria into five severity levé%ile preserving risk stratification: mild
NPDR characterized by microaneurysms 0@1 h approximately 5 % one-year PDR risk;
moderate NPDR featuring microaneury’\@us hemorrhages or venous changes with 12-27 %
risk; severe NPDR defined by é\’&—l rule" abnormalities with 52 % risk; PDR with
neovascularization or vitr @@Smorrhage; and advanced PDR with tractional complications.
This simplification im & feasibility in resource-limited settings but retained ETDRS' core

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

critical gap sed by subsequent technological innovations®%3!,

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 progression®>®3. 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-w. Qli itations
including reduced sensitivity for subtle intraretinal microvascular abn@ges (IRMA),
artifacts in poor-quality images, and lower positive predictive @e in low-prevalence
populations®*#, OCT angiography biomarkers now supplement traditional classification, with

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

NPDR lesions, and foveal avascular zone area exce:edé@?% mm? predicting diabetic macular

®%

Recent clinical trial results reaffirm the‘@ stic value of established DR classification systems.

edema development with 89 % sensitivity.

In the RIDE and RISE studies, u%’&ted eyes exhibiting moderately severe to severe NPDR

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

severity over 24 months, cdpared to just 10% in less severe cases®®. The value of systematic
o \

grading is ﬁthhe@tnp ified by the UK Diabetic Eye Screening Programme, which achieved

substantial ions in blindness certifications following its rollout demonstrating the direct

impact\@ structured, ICDR-based screening on public health outcomes®”#8. 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 ophthalmologists®-°.
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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 changes®'.
Chronic hyperglycemia activates four core biochemical pathways, the polyol ﬂyinduces
osmotic stress through sorbitol accumulation; advanced glycation end—produ@E) formation
cross-links proteins and activates RAGE receptors; protein kinas S?KC) dysregulation
increases vascular permeability; and hexosamine flux alters 61 iptional regulation. These
mechanisms converge to generate mitochondrial dysfun, oxidative stress, and chronic

inflammation, ultimately triggering pericyte apopéoﬂ'b%ood—retinal barrier disruption, and

Contemporary research identifies dﬁ@\IPDR phenotypic trajectories with prognostic

implications. The neurodegener@henotype features early ganglion cell layer thinning and

capillary occlusion®?93:%4,

Miiller cell dysfunction, tﬁb\@ble via optical coherence tomography (OCT) before vascular
lesions manifest95.‘TWscular permeability phenotype is dominated by blood-retinal barrier
breakdown causi@aclinical macular edema, often preceding clinical diabetic macular edema
(DME). Theasehemic phenotype demonstrates progressive capillary nonperfusion beginning in
the su&t@mal capillary plexus and advancing to the deep capillary plexus, quantifiable via OCT
angiography (OCTA)’®. Among these, the ischemic phenotype carries the highest risk of

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

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

tiers based on ophthalmoscopic findings.

ii.

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 dam retinal
capillaries. Microaneurysms are the earliest clinically visible abno ‘Qm DR and
appear as tiny red dots on the retina. At this point, blood-retinal rtﬁ(eakdown begins,
but vascular leakage and ischemia are minimal, so vision i ly unaffected®®. Early
identification of mild NPDR serves as a warning sign t(@rove diabetic control.
Moderate NPDR includes microaneurysms pl% orrhages, venous beading, or
intraretinal microvascular abnormalities (IR.@n one quadrant, with a 12-27% annual
progression risk. As the disease prog moderate NPDR shows increased numbers of
microaneurysms and dot/blot * %hages. Additionally, hard exudatescomposed of
lipoprotein deposits from I%Mg vessels may develop. Cotton wool spots may emerge,
representing foca ia due to localized infarcts of the retinal nerve fiber layer.
Moreover, ve Qwadmg (irregular, dilated veins) and intraretinal microvascular
abnormal%}(%A) appear, reflecting worsening retinal ischemia and capillary
occlub . At this stage, the risk of progression to more severe disease increases but
\eyvascularization has not yet developed®-%.
Severe NPDR is characterized by the presence of any of the following features described
by the "4-2-1 rule"!'!:
Hemorrhages or microaneurysms in the four retinal quadrants

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\%emptive

sessment of

treatment'%?. Ultra-widefield fluorescein angiography (UWFA) enhances
disease severity by detecting peripheral retinal lesions often missed withﬂggl ard imaging. This

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

highlighting its importance in comprehensive DR evaluati0n1°30

OCT angiography detects subclinical microvasculérr@tions before visible retinopathy!%,

Deep capillary plexus dropout serves as the_e 1{@ ischemia marker, while foveal avascular
zone (FAZ) area >0.35 mm? predicts D*E evelopment with 89 % sensitivity. Artificial
intelligence systems now achieve @list-level grading, exemplified by RSG-Net (2025)
demonstrating 99.4 % accura %NPDR classification'®®. However, limitations persist in

detecting subtle IRMA aﬂ@%cts in low-quality images.

Beyond glycemi@ol (each 1 % HbAlc reduction decreases microvascular complications by
37 %), h sion 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 formation!06-107,

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 closure!%.

Generally, its features include: \

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

ii.  Preretinal or vitreous hemorrhage (from ruptured new vessels) é
iii.  Fibrovascular proliferation (growth of scar tissue with vesse
iv.  Tractional retinal detachment (caused by contractin sue)

v.  Worsening capillary non-perfusion (retinal isch@

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

O

These newly formed vessels are structur)@eak and prone to bleeding into the vitreous cavity,
often resulting in vitreous hemorr he subsequent formation of fibrovascular scar tissue at
the vitreoretinal interface ma&%to tractional retinal detachment, posing a significant threat to

both central and peripheralviSion!'®.

D"
PDR is a se% \ght-threatening complication and underscores the cumulative burden of
chronic h@lycemia. 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 treated!!.

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 es of the
macula, specifically with involvement of the inner nuclear layer (INL), the o form layer
(OPL), and/or subretinal space. This condition arises from chronlc g ycemia-induced

breakdown of the blood-retinal barrier (BRB), a dual-layered d% stem comprising the
inner retinal vascular endothelium and outer reti igment epithelium (RPE).
Pathophysiologically, DME develops through synerglstl @amsms sustained hyperglycemia
activates protein kinase C (PKC) isoforms and &ced glycation end-product formation,
driving vascular endothelial growth factor (\W@ overexpression. VEGF dismantles endothelial
tight junctions (occludin, claudin-5, & ermitting plasma extravasation into retinal tissue.
Concurrently, inflammatory cyto & IL-6, TNF-a, ICAM-1) recruit leukocytes that further
degrade the BRB, while \ cell dysfunction impairs fluid clearance through disrupted

potassium siphoning a&quaporinA channels!!%113,
[ ]

N\

Clinically, D mamfests through distinct structural features observable via spectral-domain

optlca%@ce tomography (SD-OCT):

1. Cystoid macular edema: Hyporeflective intraretinal cysts (>100 pm diameter) clustered
in the INL/OPL, formed by fluid sequestration between Miiller 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 um in men or 305

um in women on Heidelberg Spectralis systems.

As a functional successor to proliferative diabetic retinopathy (PDR), DME co%utes an
advanced stage of microvascular decompensation where ischemia shifts %giogenesis—
driven pathology (PDR) to cytotoxic edema. While PDR features neova@gion responding
to peripheral ischemia, DME reflects centralized metabolic fai idespread capillary
nonperfusion generates VEGF gradients that overwhelm macu@uid regulation. This transition

amplifies disease severity through three mechanisms!'*: Q

i.  Biomechanical stress: Chronic edem etches photoreceptor axons, inducing
mitochondrial dysfunction and apo é‘

ii.  Neuroinflammatory escalatic@icroglial activation releases glutamate excitotoxins,
accelerating ganglion @&%

iii.  Structural irrevefsibility: Subretinal fluid persistence >6 months causes permanent
ellipsoid %lption, correlating with >50 % photoreceptor loss.

iv.  The se@ty 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 um), and hyperreflective foci density >20 per mm? 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 (K of 1.7,

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

(

Mild Moderate
Severe
Normal NPDR NPDR NPDR

Proliferative Vision Loss

A: Microaneurysm

B: Cotton wool spot

C: Hard Exudate

D: Retina Hermorrhages (dot blot)

E: Neovascularization
A
Figure 2.2.1: D@&tinopathy Progression from Mild to Vision Loss
Source!l! 6

2.3.1 R@ ysiology 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 DR!'S. Under hyperglycemic conditions, e Qétxcose is
metabolized through glycolysis, leading to an increased flux of electr ors into the
mitochondrial electron transport chain. This overwhelms the mitocho‘@xpacity, resulting in
electron leakage and subsequent generation of superoxide radicals. elevated ROS not only
damage cellular components directly but also exert regulat cts on key metabolic enzymes.
Notably, mitochondrial superoxide interfers with t%%lytic activity of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), a central @e in glycolytic pathway. This inhibition

disrupts normal glucose metabolism an@ses the accumulation of upstream glycolytic
intermediates''®. \CO\

As a result of GAPDH inhi%@ excess metabolites are shunted into alternative biochemical
pathways that contribu egliﬁcantly to the vascular and neuronal damage seen in diabetic
retinopathy. The@d the polyol pathway, the protein kinase C pathway, the formation of
advanced g%@on end products, and the hexosamine biosynthetic pathway. Each of these
pathwégq/%t 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 dysfunction!'!6!17,

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 contributi actor to
oxidative stress in the diabetic retina. Within this pathway, aldose c@s (AR), an
important regulatory enzyme catalyzes the reduction of glucose to sdﬁ'{ol utilizing NADPH
as a cofactor. Subsequently, sorbitol is oxidized to fructose b dehydrogenase, with
concurrent reduction of NAD* to NADH. This metabolic erts multiple harmful effects.
Firstly, sorbitol, a highly hydrophilic compound, is le"to cross lipid membranes, leading
to its intracellular accumulation. This increase&lotic pressure in retinal pericytes and
endothelial cells, causing cellular swelli@sfunction, and eventual death. Secondly, the
fructose produced is subsequeh@etabolized into fructose-3-phosphate and  3-

deoxyglucosone, both of w@we as precursors for advanced glycation end-products

(AGEs) by non-enZ)%@’ycosylation, which further exacerbates vascular damage and

inflammation!!>:! 18&
° \

Additiona% essive polyol pathway activity depletes NADPH, which is essential for
regen@%g 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 effect!!®.
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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 injlx119 .

2. Protein Kinase C (PKC) Activation OQ

Hyperglycemia-induced de novo synthesis of diacylglycerol G) from glycolytic
intermediates leads to chronic activation of protein kinase C@ ; a central mediator in
diabetic retinopathy (DR) pathogenesis. Among PKC i @ns, PKC-B is predominantly
implicated in retinal vascular dysfunction. PKC- Q@a on phosphorylates retinal targets,
inducing vascular endothelial growth factor (VE&xpreSSion through promoter activation
and mRNA stabilization. This upregul@ drives retinal vascular hyperpermeability.
Simultaneously, PKC inhibits endo%%’@ itric oxide synthase (eNOS), reducing nitric oxide
(NO) bioavailability and Pro vasoconstriction. Critically, PKC phosphorylates tight
junction proteins (e.g., @@h’n, Z0-1), compromising blood-retinal barrier (BRB) integrity.
It also stimulafes sminogen activator inhibitor-1 (PAI-1) production, promoting fibrin

deposition an@llary occlusion, thereby exacerbating ischemia and leakage''”.

PKC %’ibtion induces endothelial dysfunction through multiple interconnected mechanisms:
increased vascular permeability, altered NO signaling, reduced vasodilatory prostaglandins,
and induction of vasoconstrictors (thromboxane Az, endothelin-1). These collectively disrupt
vascular homeostasis. Other isoforms (PKC-a, -9, -€) contribute to DR pathology. PKC-o
activation elevates reactive oxygen species (ROS) production and activates p38/MAPK

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

microaneurysm formation'%’,

Experimental evidence demonstrates that PKC-f inhibition (e.g., LY333531/ruboxistaurin)
reduces diabetes-induced oxidative stress, improves retinal hemodynamics, and attenuates

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

validating its pathogenic role!'%!2!, OQ
3. Hexosamine Flux &

In diabetic retinopathy, chronic hyperglycemia diverts exc ose-6-phosphate from
glycolysis to the hexosamine biosynthetic pathway (H is is catalyzed by glutamine
fructose-6-phosphate amidotransferase (GFAT), which s the rate-limiting enzyme that
catalyzes the conversion of fructose-6-phosph glucosamine-6-phosphate. Subsequent
reactions yield UDP-N-acetylglucosamin%\\a)P-GlcNAc), the essential donor molecule for
O-linked N-acetylglucosamine (O-G\ ) transferase (OGT)'%°.
OGT mediates O-GlcNAcle%%f serine or threonine residues on nuclear and cytoplasmic
proteins. This post-tra @ﬁal modification dysregulates transcription factors:
i.  Spl : Enhanced DNA-binding affinity upregulates pro-fibrotic TGF-f3 and pro-
th@tic PAI-1, driving extracellular matrix deposition and capillary occlusion.
il. -kB: Hyperactivation increases expression of pro-inflammatory cytokines
\/ (including TNF-o, 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-GIcNAc 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 blpod-retinal
barrier!20122 Q&

4. The AGE-RAGE Axis QJO

Advanced glycation end products (AGEs) are heterogeneous, iﬁev@ﬁ adducts formed via
non-enzymatic reactions between reducing sugars and amj o%ps of proteins, lipids, or
nucleic acids, a process termed glycation. Formation iates with the Maillard reaction,
where a reducing sugar condenses with a protei orm a Schiff base. This undergoes
irreversible Amadori rearrangement to yieldé@é early glycation products (e.g., glycated
hemoglobin, HbAlc, a clinical biomark ﬁronic hyperglycemia).

Amadori products then degrac{(%fough oxidation, fragmentation, or metal-catalyzed
reactions, generating hig %active a-dicarbonyl intermediates. Among these, 3-
deoxyglucosone (3-0@%&6 10,000-fold greater glycating activity than glucose. 3-DG
derives pred %9/ from fructose-3-phosphate via the polyol pathway, which is
hyperactiv@l in diabetes: Aldose reductase converts glucose to sorbitol, depleting NADPH
@ pa@ 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 Miiller cell edema'?*124,
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AGEs accumulate in retinal basement membranes and extracellular matrix, inducing receptor
for AGE (RAGE)-dependent signaling on endothelial cells, pericytes, and Miiller cells.
RAGE activation triggers NF-kB nuclear translocation, upregulating pro-inflammatory
mediators (TNF-a, 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 an Q%shing a
feedforward loop of oxidative damage. AGEs also cross-link collageny caliSing basement
membrane thickening and rigidity, which compromises vascular @%ﬁnce and perfusion.
Exogenous AGEs from diet (10-30 % absorption; 6—7 % tis e%tion) and tobacco smoke
augment systemic burden. High-protein/fat foods subj ‘-@ dry-heat processing (grilling,

frying) contain elevated AGEs, whereas moi t-@ooking or carbohydrate-rich foods

minimize formation. Reducing dietarx intake may thus attenuate diabetic

complications!?4125, Q
o \'

These pathways, initially activated i reSponse to chronic hyperglycemia, progressively disturb
the redox balance in retinal (@he polyol pathway consumes NADPH, depleting antioxidant

reserves such as glutath&bnd rendering cells more vulnerable to oxidative damage. The PKC

pathway stimulaﬁ/%ﬂ

interactions T@te signaling cascades that enhance inflammatory gene expression and promote

H oxidase activity, directly increasing ROS generation. AGE-RAGE
mitoclh@dl dysfunction, further elevating oxidative burden. Similarly, the hexosamine

pathway impairs mitochondrial respiration and modifies proteins involved in vascular function

through O-GIcNAcylation, contributing to increased ROS production!?6127,
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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¢7) as the primary unifying mechanism. Superoxide inhibits GAPDH by poly-ADP ribose
polymerase (PARP)-mediated ADP-ribosylation, diverting glycolytic inte s into all
aforementioned pathways. ROS directly damage cellular components throquipl peroxidation
(generating neurotoxic 4-hydroxynonenal), protein carbonylation itochondrial DNA
mutations. Oxidative stress activates stress-sensitive pathways @AT, p38 MAPK) and the
NOD-like receptor protein 3 (NLRP3) inflammasome, @1 ying inflammatory responses.
Critically, ROS inactivate endogenous antioxidag(‘&eroxide dismutase, catalase) while

neuronsl%’l”’m.

activating pro-apoptotic p38 MAPK signaling@a

2.4 Retinal Neurodegeneration in Dié%&ig etinopathy

Diabetic retinopathy (DR) ha§ tr @nally been viewed as a microvascular disease, but recent
research has redefined i @ complex neurovascular complication involving significant
neurodegeneration.. @American Diabetes Association (ADA) now characterizes DR as a
tissue-specific c@on marked by the progressive disruption of interdependence among
multiple re@ell types. Emerging evidence highlights that retinal thinning associated with
impairé}syisual 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

pathways!3.

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 maw& layers.
Numerous studies utilizing OCT have demonstrated thinning of the 1 @Xnal layers
specifically the ganglion cell layer (GCL), the retinal nerve fiber layer @3 , and, to a lesser
extent, the inner plexiform layer (IPL) in people with type 1 or Qlabetes mellitus (DM)
without clinical DR. These structural alterations extend b the macula, with reduced
peripapillary RNFL thickness observed in diabetic patieQ{,erelating inversely with glycated

hemoglobin (HbA1c¢) levels, diabetes duration, and %{Q\/eritym’m.

&Q’Z}

In addition to structural changes, functionaldeficits are evident in diabetic patients without DR
.
or with early DR. Impairments iKGQ sensitivity, visual field assessment, multifocal
electroretinogram (mfERQG), a&ﬂ( adaptation tests have been documented. For instance,
studies have shown corrélat between GCL thinning and visual field deficits in type 1 DM
patients without R’@yell as associations between functional deficits detected by frequency
doubling teck@ogy (FDT) perimetry or mesopic microperimetry with reductions in retinal
gangli{/@oun‘[s 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 diabetes'*2.

42



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 period'3>!33,

A cross-sectional study using spectral-domain OCT (SD-OCT) further revealed Q%iderable
thinning of the photoreceptor (PR) layer occurring in diabetic patients witho t@%mpared to
nondiabetic controls. Photoreceptors, which are amongst the most meta&&:g‘l‘y active neurons
in the central nervous system (inclusive of the retina), are not traditi Q considered central to
early DR pathogenesis due to their distance from the affected l microvasculature. However,
animal studies indicate photoreceptor degeneration in diabétes, and electrophysiological data
suggest variable impairments in photoreceptors a he retinal pigment epithelium (RPE).
These changes may be driven by diabetic ~@rgopathy, characterized by altered choroidal
blood flow, impaired autoregulation, a@ological changes such as degenerative capillaries
and capillary dropout, as observe@:zistological, animal, and human studies. Additionally,
hyperglycemia and hyp 'n@emia may directly impair insulin signaling pathways in
photoreceptors, dism&%ical survival and neuroprotective mechanisms!34133:136,
N\

Interestingly, @to receptor layer thinning does not follow a linear pattern across diabetes
duration. @ts 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 DR,

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 h lycemia,
with vascular pathology impacting neurons only in late-stage DR (e.g oliferative
retinopathy causing retinal detachment). However, this seems unli %/en the intimate
connections within the retinal neurovascular unit, where gli , and microvascular
dysfunctions are interdependent and critical to DR developmer@idence suggests that neuronal
stress precedes microvascular complications, with neurot{&nding to hyperglycemia-induced

stress through the secretion of signaling molecules @ing vascular endothelial growth factor

(VEGF)137.138, ®%

In early DR, VEGF may act primarily é\;\&e oprotective factor rather than a proangiogenic one,
responding to neuronal stress, &@as glutamate excitotoxicity, which upregulates VEGF in
diabetic retinas. Studies Wﬁt inhibiting excitotoxicity (e.g., via NMDA receptor blockade)
reduces VitreoretinasQ&sGF levels'*. Prolonged VEGF upregulation, however, may drive
microvascula legiads, contributing to DR progression. Supporting this, neuroprotectant
treatment@R models often reduce both apoptotic markers and VEGF expression, alongside
amelic%g 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
0

improve vascular outcomes'#°.

44



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 integ&ity of the
inner blood-retinal barrier (iBRB) and facilitates dynamic neurovascular coupli In diabetic
retinopathy (DR), which is a common complication of diabetes, and a prifnary~Contributor to
blindness, early neurodegenerative changes within the NVU pre@&vert microvascular
pathology, disrupting retinal homeostasis and initiating disease progtession. These early changes,

including neuronal loss, glial activation, microglial dysr@ n, and vascular compromise,

underscore the NVU’s critical role in DR pathogenesis

2.4.1.1 Components of the Neurovascular @’U)

The retinal neurovascular unit (NVU)’@Iti-cellular and multi-layered network integrating

neuronal, glial, immune, and Vascué\lements to maintain homeostasis, preserve the integrity of

the inner blood-retina b @BRB), and regulate microcirculation according to neuronal

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

system, the reti@V operates within the distinct laminar architecture of the retina,

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

layer (bﬁ%the ganglion cell layer (GCL), and the nerve fiber layer (NFL)!43.

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 clearance!43144,
ii. Retina Glial Q

Glial elements, predominantly Miiller cells, complemented by a smaller pop@ of astrocytes
located mainly within the ganglion cell and nerve fiber layers are ce@ this neurovascular
coupling. Miiller cells span the entire retinal thickness, enshe i@rons and blood vessels,
regulating ion and neurotransmitter balance, structurally ¢ ng to the iBRB, and releasing
trophic factors such as pigment epithelium-derive PEDF), brain-derived neurotrophic
factor (BDNF) or vascular endothelial growth @r‘

>

conditions. Astrocytes reinforce vasculary integrity via perivascular endfeet that encircle

(VEGF) under physiological or stress

capillaries and help modulate Vascul® in response to neural activity!'43-146:147,
ili.  Retina Microglial ° \AQ
Immune surveillance witb@ NVU is maintained by microglia, which are distributed across all

inner retinal layer ‘@homeostaﬁc conditions, microglia refine synaptic architecture, remove
and

cellular debri%

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

secrete neurotrophic and anti-inflammatory mediators. In pathological

secreting cytokines including interleukin-18 (IL-1p), interleukin-6 (IL-6), and tumor necrosis

factor-a (TNF-a), thereby disrupting NVU equilibrium and compromising iBRB integrity!'4%14°,

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 function!®. Pericytes, embedded within the

shared basement membrane alongside endothelial cells, establish peg—socket co&tacts that

onectin, and

support microvascular stability and modulate capillary blood flow through co;tQile activity

and paracrine signaling’>!. The ECM comprising collagen IV, lamini
proteoglycans provides both structural support and a biochemical scat facilitates glial—

vascular interactions and sustains the microenvironment necess@\/ U integrity!®.

Recent findings, such as the identification of inter-peri neling nanotubes (IP-TNTs),

eostasis!2.

highlight the complexity of NVU communicationg e@g long-range intercellular signaling

that influences blood flow regulation and vascula

2.4.1.2 The Neurodegenerative Proce's@

i.  Oxidative Stress and In&@éf?tory Pathways

The neurodegenerative ca a@ the diabetic retina begins with chronic hyperglycemia, which
induces oxidative .stre;ﬁls the primary instigator of retinal damage. Elevated glucose levels
activate four aj@chemical pathways, they are the polyol pathway, advanced glycation end-
product fo , protein kinase C (PKC) pathway, and the hexosamine pathway®>3. These
pathw%s.;onverge 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 cells®>***4, 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 responses!>’.

Following oxidative stress, inflammation emerges as a critical secondary e @%e diabetic
retina, amplifying the neurodegenerative process. Oxidative stress tri Qe activation of
nuclear factor-kappa B (NF-kB), a principal transcription fac Qnat upregulates pro-
inflammatory cytokines including interleukin-1 beta (IL-1 rleukin-6 (IL-6), and tumor
necrosis factor-alpha (TNF-a)'*3. These cytokines are ritMarily secreted by microglia, the
retina’s resident immune cells, which transition@ a surveillant to an activated, pro-
inflammatory state in response to ROS and A@ Activated microglia release additional ROS
and proteases, further damaging neuro@ vascular components. Inflammation also affects
endothelial cells, downregulatlng @Junction proteins like zonula occludens-1 (ZO-1), which
increases iBRB permeabili llows plasma components to leak into the neural retina!>. This
inflammatory mlheu cr §a feedback loop with oxidative stress, as cytokines enhance ROS

production, perp tua g retmal damage. The inflammatory cascade sets the stage for glial

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

disruphx&&’U function'®
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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 Miiller cells and astrocytes becoming reactive in response to oxidative
stress, advanced glycation end-products (AGEs), and pro-inflammatory cytokines. Miiller cells
whose processes spans from the outer limiting membrane (adjacent to photoreceptors),
continuing towards the inner limiting membrane upregulate glial fibrillary acidic Q&(GFAP)
and increase production of pro-inflammatory, and vasoactive mediators, which the vascular
endothelial growth factor (VEGF) and interleukin-6 (IL-6)'%". Re@e Miiller cells show
impaired expression and function of glutamate transporters %GLAST) and decreased
glutamine synthetase activity, as well as dysregulation of sium channels (e.g., Kir4.1) and
aquaporin-4, undermining glutamate uptake, K* bufi r@d water/pH homeostasis. Astrocytes,
concentrated in the ganglion cell layer and nerve ayer, similarly become reactive, withdraw
trophic support, and reduce their modula }mﬂuence on vascular tone and tight junction
maintenance. Reactive glia amplify’&ﬁ}mmation through elevated cytokine and chemokine
release, producing a feed-foﬂ@%op that further damages neurons and vascular cells and
compromises iBRB integ&@% reduced tight-junction protein expression and increased vascular
permeability. Whi @activaﬁon is a central driver of NVU dysfunction in DR, it operates

within an ove@plng temporal sequence with vascular damage and microglial activation rather

than a@ted, strictly downstream event!®%:15%: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 Ca** influ Q%pitating
mitochondrial dysfunction, generation of reactive oxygen species, activation J¢f calpains and
caspases, and ultimately apoptosis. In diabetes, oxidative stress an@l matory mediators
further potentiate glutamatergic toxicity by downregulati nsporter expression and
upregulating receptor sensitivity, producing synaptic disas and functional deficits that are
detectable by electrophysiological measures such s,t&%focal electroretinography (mfERG).
The excitotoxic and inflammatory pathways fo mutually reinforcing loop that escalates
neuronal injury.This process amplifies n§>\gstress and primes the retina for subsequent

.
neurotrophic deficits and cellular los{(’})’&
R\
iv.  Neurotrophin Co A'se: Loss of Neuronal Support
Following excitotoxici& urotrophin compromise emerges as a significant contributor to
.
retinal neurodeg@ion. Neurotrophins, including nerve growth factor (NGF), brain-derived
neurotrophi or (BDNF), and neurotrophin-3 (NT-3), are important for neuronal survival,
synapt}\gasticity, 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 p7SNTR 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 Miiller 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,

Pericyte loss occurs subsequent to neurotrophin compromise, marking @icﬁl transition from

such as reduced contrast sensitivity and color vision defects'®2.

v.  Pericyte Loss: Vascular Pathology

predominantly neurodegenerative to combined neurovascular patho ¢ Pericytes, contractile
cells embedded in the capillary basement membrane, regulate flow and stabilize the iBRB
through interactions with endothelial cells, neurons, and glial*€ells. In diabetes, oxidative stress,
inflammation, and neurotrophin deficiency induce é@\e apoptosis, primarily through AGE-
mediated signaling and ROS-induced da@ he loss of pericytes destabilizes retinal
capillaries, reducing tight junction prdt@nression in endothelial cells and increasing iBRB
permeability. This vascular i.nstal@gy impairs neurovascular coupling, limiting nutrient and

N

oxygen delivery to neun@bh exacerbates neuronal stress and apoptosis. Pericyte loss also
ti

amplifies local inﬂa’m\%
N

further stressing the . This event typically follows the early neurodegenerative changes but

by allowing plasma components to leak into the neural retina,

precedes wi ad neuronal loss'®.

Q
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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 vascu support.
Oxidative stress impairs RGC mitochondrial function, reducing ATP productio %ggering
caspase-mediated apoptosis. Inflammatory cytokines, particularly TNF—a Q 1B, activate
pro-apoptotic pathways, while excitotoxicity causes synaptic loss and n 1 death. The loss of
neurotrophic support further accelerates RGC apoptosis, and, peéticyte dropout exacerbates
metabolic deficits by reducing blood flow. RGC loss man@ as electrophysiological deficits,
including reduced mfERG amplitudes, and contrib visual impairments such as decreased
contrast sensitivity and blue-sensitive color V S ects The trial conducted by the European
Consortium for the Early Treatment of Di \c Retinopathy (EUROCONDOR) demonstrated
that RGC dysfunction is evident 1\ bset of patients with early microvascular changes,
highlighting its role as a Cfltl%]\ﬁ&‘%r of DR progression'®,

2.4.3 Early Neural %Qage

ol

Early neural ncompasses widespread neuronal and synaptic impairments that follow
RGC loss, %&g photoreceptors, bipolar cells, amacrine cells, and horizontal cells. Oxidative
stress Mges 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 a&merging

microvascular changes, such as pericyte loss, underscores the integrated Qre of DR

pathogenesis. <
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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,'&omplete

R
O

2.5.1 Anti-VEGF Therapies: Efficacy and Systemic Concerns &

efficacy, and failure to address early neurodegenerative processes’!.

Anti-VEGF agents such as aflibercept, ranibizumab, and bevaci Q neutralize VEGF-A
isoforms, reducing vascular permeability and neovasculariza Aflibercept acts as a potent
soluble decoy receptor, binding VEGF-A/B and PIGF @dgh affinity to block VEGFR-2
signaling. These agents are typically deployed for@r—involving DME or PDR. Landmark
trials show substantial improvements: aﬂibem{@@tments can reduce central retinal thickness
by approximately equal to 140 pm am&' Best Corrected Visual Acuity (BCVA) gains of
approximately 0.27 logMAR ove@fgonths (Long-term Anti-VEGF Therapy Review, 2023).
However, repeated month é}ctlons carry risks endophthalmitis (approximately 0.05 % per
injection), retinal detachmemt, and iatrogenic cataracts and systemic exposure raises theoretical

concern for renalQ;\\réiovascular events, given VEGF’s role in endothelial health. Additionally,

3040 % ents respond suboptimally due to complex inflammatory pathways beyond

VEGFNQ%%.

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. I&dizionally,

reinjections every 3—6 months perpetuate risks of endophthalmitis and vitreous @ha 166,167,

2.5.3 Laser Photocoagulation &QJ

Laser photocoagulation, historically the gold standard, employs foc laser for non-center-
involving DME and pan-retinal photocoagulation (PRP) f@)R. Its mechanism involves
ablating ischemic retina to diminish VEGF production §&ance oxygen diffusion from the
choroid. While effective in reducing severe vision I% 50 % in PDR, laser therapy inherently
destroys retinal tissue. Complications includ\\@acentral scotomas, impaired dark adaptation,
macular scarring, and choroidal neovaﬁ:m{' tion, particularly with intensive treatment near the

A\

fovea. Moreover, efficacy plateauéf?ifﬁise DME, where microaneurysms are numerous or

centrally located. The w s destructive nature shows its limitation as a late-stage
a

intervention incapable §

2.54 Emer% elivery Systems

Innovatio%’s&h as the the Port Delivery System (PDS) with ranibizumab, which aims to reduce

essing early neurodegeneration or reversing vascular damage'®8.

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 persistence!®%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 sophisti medical
systems across diverse cultures. Archaeological evidence from Mesopota § tablets (c.
2600 BCE) documents the early medicinal use of Cedrus species (ced&apaver somniferum
(opium poppy), Commiphora species (myrrh), Glycyrrhiza glabra rice), and Cupressus
sempervirens (cypress), for conditions ranging from respirat@ilments to inflammation and
parasitic infections. Remarkably, these botanical ageats tmain clinically relevant today,
demonstrating the enduring therapeutic value o&m—based medicine. Medicinal plants
represent a cornerstone of healthcare s@s worldwide, with historical applications
documented across ancient civilizati uding Sumerian, Egyptian, Chinese, and Greek

traditions!71:172,

Contemporary pk@baceutical science validates this ancient wisdom, with
natural products and the Q\{Natlves constituting over 50% of all clinically used drugs
worldwide, of Wthh ring plants contribute at least 25%. Seminal examples include
contraceptive a@ derived from Dioscorea species (diosgenin), antihypertensive and
tranquilizing& oids from Rauwolfia species (reserpine), the glaucoma drug pilocarpine from
Piloca%&pecies, and potent anticancer agents like vinblastine and vincristine from

Catharanthus roseus (Madagascar periwinkle), alongside paclitaxel from Taxus brevifolia

(Pacific yew)!7H173,

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 %mrity in

research capacity relative to biodiversity. Research clusters predomina;Q

pharmacological applications, accounting for 27.1% of publications, wiﬂ& iculat emphasis on

cus on

anticancer, antidiabetic, and anti-inflammatory activities!’*. O

According to the World Health Organization (WHO) esti nearly 80% of individuals
globally rely on plant-derived traditional medicines for primary healthcare, with particularly high
dependence (80-90%) among rural populations in A@%ﬂd Asia. This widespread use is driven
by multiple factors, including cultural a&@ ility, accessibility, cost-effectiveness, and
perceived safety compared to synthét\?@srmaceuticals. Recognizing this significance, the
WHO actively encourages me.mbeé&es especially those with limited healthcare infrastructure
to integrate traditional m i@into national health systems!’>!76, The COVID-19 pandemic
dramatically highlighte ireliance, with unprecedented use of phytomedicines emerging as a
critical healthca@ponse in regions with limited access to conventional treatments. In
countries likbé’ma 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 services'””.
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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, wh Q edicinal
species generate income for rural communities, including Aspalathus linea&gﬂbos), rich in
aspalathin flavonoids with demonstrated antioxidant and antidi@: properties through

modulation of glucose transporters GLUT4 and AMPI@ion pathways. Recent

multidisciplinary research has validated numerous ional applications through
phytochemical and pharmacological investigations. op&@bancer activity, South African Protea
cynaroides yields novel tyrosinase inhibitor wfb smetic applications, while Cameroonian
Morus mesozygia contains prenylated flav Ns inducing apoptosis in leukemia cells through
mitochondrial depolarization. Antidi@ properties are exemplified by Mimusops zeyheri and
Aloe marlothii, which enham:&ose uptake in skeletal muscle cells via IRS-1/PI3K/Akt
pathway modulation, re&@?postprandial hyperglycemia by 40-60% in murine models'”.
Antimicrobial di %{% include Nigerian Euphorbia lateriflora and Ficus thonningii, which
harbor unique Qphere microbiomes producing antimicrobial metabolites effective against
multi @fk%ant 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 infections!’®.
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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 Qﬁ leaves
(70 %), roots (15 %), and bark (10 %), reflecting sustainable harvesting pr@gwhere aerial
parts are prioritized 813. Recent studies validate Nigerian plants ultiple therapeutic
domains, with anticancer activity documented in 45 species through toxic screening. Annona
muricata (soursop) acetogenins induce apoptosis in br@ ncer cells through caspase-3
activation and Bcl-2 downregulation, while Di m barteri contains potent tubulin
inhibitors comparable to vincristine in disruptin hic spindles. Antimicrobial properties are
pronounced in Psidium guajava (guava), dzadirachta indica (neem), and Moringa oleifera,
which exhibit broad-spectrum a&@ against multidrug-resistant pathogens including
methicillin-resistant Staphyloe@gﬁureus and extended-spectrum beta-lactamase Escherichia
coli, with novel compouh@%uding alloeudesmenol (a sesquiterpene lactone) and orosunol (a
prenylated flavo OQ\' monstrating minimum inhibitory concentrations of 8-32 pg/mL.
Antiviral ethr@ta ical surveys document Garcinia kola (bitter kola) biflavonoids inhibiting
viral en\vl@ glycoproteins in Ebola pseudotypes, while Sphenocentrum jollyanum alkaloids

show neuraminidase inhibition against influenza strains!”.

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 (pomegr. %l inhibit
nuclear factor-kappa B inflammatory pathways. Terpenoids constitute the m Qﬂdan‘[ group,
with monoterpene lactones in Artemisia annua (artemisinin) prod@ ntimalarial effects
through heme polymerization inhibition, while triterpene sapo n&en‘[ella asiatica enhance
cognitive function via hippocampal neurogenes1s172 17 Qﬁglstlc interactions between
phytochemicals enhance bioavailability and effic y(& Vldenced by Pelargonium sidoides
R

epicatechins potentiating umckalin antlbacte 1a1 y against respiratory pathogens through

efflux pump inhibition!”* 180, &

Modern biotechnological approac@&are revolutionizing African medicinal plant applications
through phytopharmaceutica Vatlon and transgenic platforms. Nanoparticle encapsulation of
Vernonia amygdalzna (Qleaf) diterpenes enhances bioavailability six-fold while reducing
hepatotoxicity, a ow g effectlve delivery at 5 mg/kg doses for type 2 diabetes management.
Phytocosmatb al development utilizes Aloe ferox polysaccharides in hydrating gels that
increaWatum 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 NSAIDs!8!.

Critical challenges persist regarding conservation, research equity, and @Q'ranslatlon
Deforestation rates exceeding 1 % annually threaten endemic species gﬁ:lma species in
Nigeria, where habitat loss has diminished wild populations by ch 1990, necessitating
cryopreservation initiatives for germplasm banking!'®2. Pharmgilance deficits contribute to
the occurrence of adverse events, as exemplified by repouts ofthypoglycemic coma following the
improper preparation or excessive consumption O@Wdica charantia (bitter melon). This
effect is primarily associated with polypeptid@n insulin-like peptide present in the plant that
exhibits functional and partial strucfu%' imilarity to animal insulin, thereby potentiating
glucose-lowering activity 183. Rém:h inequities manifest through biopiracy concerns,
exemplified by patent dis % er Hoodia gordonii appetite-suppressing pregnane glycosides,

people but commercialized without benefit-sharing agreements'#4,

traditionally used by

Clinical validati Slcan medicinal plants remains limited, with only a fraction of the
continent’s ora estimated at less than 10 % having undergone rigorous scientific evaluation.
Nevert}dpss, promising pharmacological findings continue to emerge, as exemplified by
traditional formulations such as METRAFAIDS and a-Zam, which have been reported in

preliminary human studies to improve immune function and reduce HIV viral loads!3>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 c &ds like
morphine), polyphenols (aromatic-ring structures such as flavonoids), te@e} s (isoprene-
derived molecules including carotenoids), glucosinolates (sulfur@&ling precursors to
isothiocyanates), and specialized glycosides (sugar-bound ag C(%ike cardiac glycosides).

This classification framework provides essential insights ir bioavailability, mechanisms

of action, and pharmacological applications acr0§< @e disease contexts, from cancer to

®%

Polyphenols represent one of th&@st extensively studied classes of phytochemicals,

neurodegenerative disorders!”.

A. Polyphenols

characterized by the presence b@%ple phenolic rings.

i. Flavonoids Q

Within this broa '&%g , flavonoids constitute a particularly diverse subgroup with over 8,000
identified strugtures. The structural diversity of flavonoids, including variations in hydroxylation
pattern@cosylation, 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/B-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 isoq@‘rin, which

demonstrates up to 40-fold higher absorption than native quercetin'®7-188, <

Anthocyanins, water-soluble pigments responsible for the red-blu ration in berries, red
grapes, and black rice, exhibit remarkable cardioprotectb@&. Epidemiological data
consistently associate anthocyanin-rich diets with improve diovascular risk profiles. These
flavonoids improve endothelial function, reduce a%@ stiffness, inhibit COX-1 and COX-2
enzymes, and demonstrate antiatherogenic, @ﬁensive, and antithrombotic activities. The
vascular protective mechanisms involyg&iple pathways: anthocyanins enhance nitric oxide
bioavailability, reduce oxidative &ga\by scavenging reactive oxygen species, and inhibit
inflammation by suppressin NES activation. Human intervention studies demonstrate that
anthocyanin consumptiponsignificantly improves LDL oxidation susceptibility, total plasma
antioxidant capa@i

plasma con’@tions within 1.5 hours, though at relatively low levels (10-50 nmol/L),

pid profiles. A single dose of 150mg to 2g anthocyanins reaches peak

suggeﬁ%gbtive metabolites may contribute significantly to observed biological effects'®®. 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 species!®31%,

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 exceptio pleiotropic
biological activities, including anti-inflammatory, antioxidant, and anti aneryroperties. The
gastrointestinal system represents a primary therapeutic target for c@& due to its limited
systemic bioavailability but high local concentrations follewing oral administration. In
inflammatory bowel diseases, curcumin ameliorates cot rough multiple mechanisms:
inhibition of NF-kB signaling reduces proinﬂamma&ﬂ&)kine production (TNF-a, IL-1p, IL-
6), while modulation of the NLRP3 in me decreases caspase-1 activation and
subsequent IL-1f maturation. Clinical Erialﬁéonstrate that curcumin supplementation (2g/day)
significantly improves clinical remj % rates and endoscopic findings in ulcerative colitis

patients when combined with & %onal therapies'®.

The anticancer proper@ curcumin extend throughout the gastrointestinal tract. Curcumin
[ ]
inhibits carcinogenezﬂ%

activating c@ome P450 enzymes), promotion (via inhibition of COX-2 and iNOS), and

multiple stages: initiation (through suppression of carcinogen-

progre&&tby inducing apoptosis and inhibiting angiogenesis). In colorectal cancer models,
curcumin downregulates Wnt/B-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 distribution'®’.

Resveratrol, a stilbenoid particularly abundant in grape skins and red wine, %)nstrates
remarkable neuroprotective properties relevant to Alzheimer's disease (AD)@logy. This
compound crosses the blood-brain barrier and modulates multiple -T d pathways: it
reduces B-amyloid aggregation by promoting a-secretase activit @inhibiting [B-secretase
(BACELl), enhances clearance of amyloid peptides throug %ation of neprilysin and
insulin-degrading enzyme, and inhibits tau hyperphospho@ion by modulating GSK-3f3 and
CDKS activities. Additionally, resveratrol induc%’@ activation of sirtuin 1 (SIRTI), a
deacetylase dependent on NAD+- which pl ’ble in mitochondrial biogenesis, antioxidant
defense, and neurogenesis. In animal Is of AD, resveratrol supplementation improves
cognitive function, reduces amy@(?\laque burden, and decreases neuroinflammation by
inhibiting microglial activat’&\%d subsequent proinflammatory cytokine release. Beyond
neurodegenerative diseas®s,/ resveratrol demonstrates cardioprotective effects by inducing
endothelial nitric@%‘s thase (eNOS), inhibition of vascular inflammation, and reduction of
oxidized L% ake by macrophages. The compound also demostrates anticancer activities via
the ind%gﬁ of cell cycle inhibition, and apoptosis in multiple cancer cell lines, though human

evidence remains limited!®!.

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 que&ching and
singlet oxygen neutralization, mechanisms particularly relevant to ocular ch. Lutein
accumulates selectively within the macula lutea, functioning to filter high-fréquericy/energy blue
light, and protects retinal pigment epithelial cells from photochemical a . Clinical evidence

indicates that lutein supplementation can improve visual functi nﬁslow progression in age-
s;

related macular degeneration, the primary cause of i le vision loss in developed

nations!2. 2 er

The immunomodulatory properties of car ’b contribute significantly to their disease-
preventive effects. Beta-carotene enhane&&z\mphocyte proliferation, natural killer cell activity,
and macrophage function, thereby &{cra\ring host defense against viral and bacterial pathogens.
Epidemiological studies reve .§$3rse correlations between carotenoid intake and incidence of
various cancers, particu a&xose of epithelial origin. Lycopene demonstrates specific protective
effects against pléb}g\c cinogenesis through multiple mechanisms: modulation of insulin-like
growth factgb@aling, and inhibition of cancer cell proliferation'®3. In cardiovascular disorders,
caroteh%gﬁlitigate 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 intake!*.

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 brocc Q%mssels
sprouts, functions as a potent inducer of phase II detoxification enzymes through activation of
the Nrf2-Keapl pathway!®>. This transcription factor modulates @(ivity of over 200
antioxidant-related genes involved in cellular antioxidant d er%ncluding glutathione S-

transferases, heme oxygenase-1NAD(P)H quinone oxidor@a ¢, and and heme oxygenase-1.

A damage and malignant transformation.

The activation of these cytoprotective enzymes enl;jan@%e detoxification of carcinogens and

reactive oxygen species, thereby protecting again

N\

Epidemiological evidence consistently, @ates high cruciferous vegetable consumption with
reduced cancer incidence, particula&?a hormone-related malignancies. Indole-3-carbinol along

with its dimeric product 3@1dolylmethane modulate estrogen metabolism by shifting

alpha—hydroxyes@%&de

between Br @.consumption and breast cancer risk observed in population studies 1. Beyond

hydroxylation toward @bﬁve 2-hydroxyestrone metabolites rather than carcinogenic 16-

vatives. This metabolic shift may explain the inverse relationship

anticaﬁ%glfects, 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 intake!*.

D. Alkaloids Q\

Alkaloids constitute a structurally diverse group of nitrogen-containing se r@ metabolites
with potent pharmacological activities, occurring in approximately oNof plant species and
often serving as chemical defense agents against herbivores. Thei@ eutic applications span
numerous disease categories, including cancer, infectious di , and neurological disorders.
Vinca alkaloids such as vinblastine and vincristine, der@ rom Catharanthus roseus, disrupt
microtubule assembly, arresting cell division }S&phase and demonstrating significant
efficacy against hematological malignancies@ilaﬂy, taxanes like paclitaxel, obtained from
Taxus species, stabilize microtubuleé—@yomoting tubulin polymerization and inhibiting
depolymerization, leading to c.ell&@&arrest and apoptosis in solid tumors, including breast and
ovarian cancers. Other no amples include quinine from Cinchona bark, which remains a

critical antimalarial t, and morphine from Papaver somniferum, widely regarded as a gold
standard in pa'&r@;}gemen‘[m.
E. G%’Ades

Glyco%@, 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 potential'*®,

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. @%@nin from
Dioscorea species serves as a key precursor in the synthesis of corticostgﬂi(gedd demonstrates
anticancer potential through apoptosis induction and cell cycle mo n. Moreover, quillaja

saponins from Quillaja saponaria have been successfully as vaccine adjuvants,

enhancing antigen-specific immune responses in modern im@otherapy protocols!'?199,

2.7 Pharmacological Overview of Azadirachta i Neem)
Azadirachta indica, commonly known as Kx\\&zaaﬁmchta indica. A. Juss (neem), a member

ature's most sophisticated biochemical factories,

of the Meliaceae family, represents ;%g\\f
producing over 300 structurallﬁ%’&erse secondary metabolites with significant therapeutic
potential. This evergreer@ tive to the Indian subcontinent but now pan-tropical, has been
dubbed "the village @mcy” due to its extensive ethnomedicinal applications spanning over
4,500 years. Fhe acological richness of neem arises from its complex array of bioactive
compounQ’bedominantly concentrated in seeds and leaves but distributed throughout all
tissues.\ﬁese 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 conditions?%%-201,

2.7.1 Botanical Description and Ethnomedicinal Uses

Azadirachta indica, universally recognized as neem, margosa, or Indian lilac, f%sents a
botanical cornerstone within the Meliaceae family, exhibiting evolutiona tions that
underpin its ecological dominance and ethnopharmacological significafice. The tree typically
achieves heights of 15-20 meters, with exceptional specimens 35-40 meters under
optimal conditions, developing a broad, spreading crown wi@diameter often exceeding 20
meters. Its evergreen nature is punctuated by partial 6&edding during pronounced dry
seasons, a drought-avoidance strategy critical for s in semi-arid tropics. The compound,
imparipinnate leaves, ranging from 2040 o@ ength, consist of 20-30 serrated, lanceolate
leaflets (3—8 cm long), exhibiting a chafacteristic dark green hue and possessing a bitter taste
attributable to bioactive limonoids@gh as azadirachtin and nimbin. The fragrant, white bisexual

flowers aggregate in axill@@ﬁicles up to 25 cm long, each inflorescence bearing 250-300

individual flowers approxintately 5-6 mm long, facilitating cross-pollination by insects attracted
to their honey—lil@\nt. ruit development yields smooth, olive-like drupes (14-28 mm long),
transitionin green to golden yellow upon ripening?®. These drupes encase a fibrous,
bittersk\e} 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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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 & annual
rainfall as low as 400 mm. This xerophytic proficiency, combined with an ab@% neutralize
acidic soils through alkaline leaf litter (pH 8.2), has promoted its inte&l&mtroduction and
subsequent naturalization across tropical and subtropical zones glo he tree's capacity for
prolific suckering, particularly following root injury, and r@ regrowth after coppicing or
pollarding, further enhances its survival and utility in ag@(estry systems designed for soil

conservation and reclamation of degraded lands?® Zgb

Historically entrenched within the healing @igms of South Asia, neem's ethnomedicinal
legacy, documented as early as the Ath%@ eda and extensively within Ayurvedic compendia
like the Charaka Sambhita and. Su @ﬂ Samhita, designates it as "Arista" (reliever of sickness)
and "Sarba-rogaribarini" u@f all ailments). Its incorporation into the Siddha system of
medicine, purporte‘dlK' iginating in the submerged continent of Kumari Kandam over 10,000
years BC, un ers@its prehistoric therapeutic integration, where it was venerated for smallpox
manageme spiritual purification rituals. Every phytocomponent leaves, bark, seeds, oil,
flowe }@mts, 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 East?**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 no -Qlin ulcers,
often blended with carrier oils like sesame or coconut to mitigate potential ifritation in sensitive
individuals. Internal consumption, though less common and requirin@i ent dosage control
due to toxicity risks, utilizes leaf decoctions or seed oil r%aging malaria (through

antipyretic and antiplasmodial actions), intestinal helmin , diabetes mellitus (via insulin

sensitization), piles, and historically, as a contracept:'Vv@borﬁfacientzoo’m.

Contemporary pharmacological investigatio@ntiate these traditional claims, elucidating

molecular mechanisms. In vitro and in y@dies confirm azadirachtin and nimbolide as potent

modulators of carcinogenesis, i‘@é@ apoptosis in malignant cells via p53 activation,

suppression of NF-kB mediat ammation, and inhibition of angiogenesis by downregulating
VEGF expression?’. @ioxidant prowess of neem leaf and bark extracts, demonstrated
e

through si gniﬁc(nt%

enhancemen;‘ @endogenous antioxidant enzymes like superoxide dismutase, provides a

radical scavenging (50 % inhibition at 26.5-30.6 pg/mL) and

mechaﬁs@ basis for its hepatoprotective, nephroprotective, and anti-ulcerogenic effects

observed in experimental models?®,

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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exacerbation®”. 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

pending?'®,

Within the African continent, and Nigeria specifically, neem's introduction in th%arly 20th
century has evolved into profound ethnobotanical integration, driven by its a@ility to the
Sahelian and Sudanian savannah ecologies. Nigerian ethnomedicine extw&wtilizes aqueous
leaf extracts for malaria prophylaxis and treatment, leveraging in and azadirachtin's
interference with Plasmodium falciparum's asexual blood sta@n%gametocyte development.
Bark decoctions serve as antihypertensive agents in traditiohal' Hausa and Yoruba medicine, an
application increasingly supported by evidence of n@%giotensin—converting enzyme (ACE)
inhibitory activity and vasodilatory effects "b%d by nitric oxide release. Topical pastes
N
derived from crushed leaves or neem eikare applied to wounds, burns, and tropical ulcers,
capitalizing on broad-spectrum a@cla\obial efficacy against pathogens like Staphylococcus
aureus (including MRSA) an . %domonas aeruginosa, alongside anti-inflammatory and tissue-
regenerative propertieszo@ Recent Nigerian field studies document the use of neem smoke
fumigation for r{é/@xosquitoes and neem cake (seed residue after oil extraction) as a soil
amendment | @sistence farming, reducing nematode loads and fungal infestations in crops like
cowpe\a/%’ maize, thereby enhancing food security while minimizing synthetic pesticide

dependence?!> 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 diabetes?!®. 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 agents®!>.

2.7.2 Bioactive Constituents and Pharmacological Efficacy \

The therapeutic potential of Azadirachta indica (neem) is attributed to its com l@%’ochemical
architecture, with over 140 bioactive compounds identified across vawi usgﬂnt parts. These
constituents are broadly categorized into isoprenoids and non-i ds, each contributing
distinct biological activities. The isoprenoid group encompassenoids, including limonoids,
while non-isoprenoids include flavonoids, glycosides, an&li atic compounds. Among the most
biologically significant limonoids is azadirachtiné%ghly oxygenated tetranortriterpenoid
concentrated primarily in neem seeds. This &w@und features a decalin system fused to a furan
ring and exhibits epoxidation at multip @contributing to its structural complexity>®.
Azadirachtin, the principal referen@gapound for a broad spectrum of neem-derived limonoids,
exhibits remarkable bioac 'V@&nother key limonoid, nimbolide, is structurally defined by an
o,pB-unsaturated enone | moiety that enables Michael addition reactions with biological

.

nucleophiles?!'®, @minantly found in neem leaves and flowers, nimbolide exerts potent
pharmacological’effects at nanomolar concentrations, with its enone system playing a pivotal
role in}&ting its high reactivity and diverse biological activities?!”.

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 responses?'4. 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 1942%!%, 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 querce 'Q%ﬂpferol,
and rutin®'®. These polyphenolic compounds possess multiple phenolic hydrokxyl gfoups arranged
in ortho-dihydroxy configurations that confer potent electron-donatin@bilities essential for
free radical scavenging. Quercetin-3-O-rutinoside (rutin) in particular demonstrates remarkable
stability due to glycosylation at the 3-position. The Qd [B-sitosterol, a phytosterol
structurally similar to cholesterol, modulates m b&Q fluidity and interacts with sterol-
responsive elements in mammalian cells. Additi onstituents include polysaccharides with
immunomodulatory properties, phenolic a %such as gallic and caffeic acids, and various
.
volatile sulfur compounds responsiblifﬁ\neem's characteristic aroma. The geographical location,

harvest time, and extraction ﬁ&t&gﬁlogy significantly influence the phytochemical profile of

neem preparations, with %@% and methanol extracts generally yielding higher concentrations

of bioactive limo@ flavonoids compared to aqueous extracts?%’.

2.7.3 The tic Properties and Mechanisms

i \&)xidant

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 pathways??!. 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 t QT 1 gene.
Genetic ablation experiments confirm that ctt1 A yeast strains lose their enharQJ idative stress

resistance when treated with 4. indica leaf extract, establishing cata@&luction as a crucial

ii.  Anti-inflammatory Q :

Neem constituents modulate inflammatory cascad Q@h pleiotropic mechanisms involving

g pathway interruption??!. In vitro assays

mechanism?22,

enzyme inhibition, cytokine suppression, and si
reveal that methanol extracts of A. indi{\igniﬁcantly inhibit cyclooxygenase-2 and 15-
lipoxygenase enzymatic activities 9&%}nd 66 % inhibition respectively at 25 milligrams per
milliliter while also demonstra@gffong free radical scavenging as well as stimulating human
epidermal keratinocyte y@%ation at concentrations between 2.5 and 5 milligrams per
millilitre??3. This d@hibiﬁon of arachidonic acid metabolism provides advantages over
phamaceutic@gﬁDs that typically target single pathways??*. Nimbolide exerts potent anti-
infla a@ffects at nanomolar concentrations by suppressing nuclear factor kappa B (NF-kB)
activation. It achieves this by inhibiting IkB kinase (IKK) activity, thereby preventing IkBa
phosphorylation and subsequent degradation. This blockade impairs nuclear translocation of NF-
kB dimers and their binding to kB elements in proinflammatory gene promoters*?®. Consequently,

nimbolide reduces tumor necrosis factor-alpha (TNF-a) 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) generation?2%.
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 placeb Q%s, with
histological analyses showing decreased epidermal hyperplasia and Q lymphocyte
infiltration. The anti-inflammatory effects extend to periodontal diseas@gement. Neem bark
extracts incorporated into mouthwashes reduce gingival in n%on by inhibiting PGE2
o

synthesis in periodontal tissues while simultaneously su g growth of Porphyromonas
gingivalis and Aggregatibacter —actinomycetem VU@ through antibacterial actions??’.
Chewing neem twigs releases bioactive compou t reduce the production of interleukin-1f3
(IL-1B), and interleukin-6 (IL-6) in gi §crevicular fluid by 40-50% compared to
.

conventional toothbrushing. In rhe@ arthritis models, oral administration of neem leaf
extract reduces paw edema and{e@ses joint inflammation scores by through suppression of C-
reactive protein and intésleukin-16 (IL-16) production. The broad-spectrum anti-inflammatory
activities positio \"E\@QS a valuable therapeutic agent for diverse inflammatory conditions
affecting skin@n , and mucosal surfaces??®,

iii. _ Affi-eancer

In human cervical cancer cells (HeLa), A. indica leaf extract pretreatment reduces basal ROS
levels by approximately 45 % and diminishes senescence-associated P-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 (NQOI) 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 formation??’. 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. % studies
demonstrate that neem extracts normalize markers of lipid peroxidation| w include 4-
hydroxynonenal (4-HNE), and malondialdehyde (MDA) in renal @paﬁc tissues while
restoring glutathione (GSH) levels and superoxide utase  (SOD) activity. This
comprehensive antioxidant activity provides protection 4 @

stomach tumors induced by

ntain cellular redox balance contributes

benzo(a)pyrene, and skin papillomas induced b; @methylbenz[a]anthracene in rodent

models. The ability of A. indica components t
substantially to their chemopreventive pro&é&s against carcinogen-induced neoplasia across
multiple organ systems?>>-232, \CO\
iv.  Antidiabetic Activities\

A. indica have been @ to exhibit significant hypoglycemic and insulin-sensitizing
properties throug h\l mechanisms targeting glucose absorption, hepatic glucose production,
insulin secret@a d peripheral glucose utilization. Administration of A4. indica leaf extract
reduces f@ 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 a-glucosidases, which slows the breakdown of carbohydrates, and reduces
the rise in blood sugar glucose after meals (postprandial hyperglycemia)?*’®. A4. indica leaf

flavonoids, particularly quercetin-3-O-rutinoside, inhibit rat intestinal a-glucosidase with 1C50
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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 (PPARy) agonism. This nuclear receptor activation promotes

adipocyte differentiation and enhances GLUT4 translocation to cell membranes, increasing

glucose uptake in skeletal muscle and adipose tissue?**.

A. indica -derived compounds have been reported to exhibit multifaceted antid@ effects. In
/

streptozotocin-induced diabetic rats, nimbolide administered at 50 mg/kg(day ~for 60 weeks

significantly reduced pancreatic oxidative stress, increased anti@ enzyme activities

(superoxide dismutase, catalase, glutathione peroxidase), and @lated pro-apoptotic Bax
while upregulating anti-apoptotic Bcl-2, thereby prese =cell structure and improving
fasting blood glucose levels**>. The comprehe i\‘b%ects on glucose homeostasis and

complication prevention support the traditional% f neem in diabetes management across

multiple traditional medicine systems. \

2.7.4 Therapeutic Applications a@)isease States

The diverse bioactive compcﬁ@\% f A. indica enable applications across numerous disease
conditions beyond those@%sly discussed. In oncology, nimbolide demonstrates exceptional
chemopreventive h@umor efficacy across multiple cancer types. In prostate cancer models,
nimbolide (S%Q'Kibits cancer cell proliferation by 80-90 % through initiation of G2/M cell
cycle rre@diated 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 p21Cipl and p27Kip12%. 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

81



invasion and metastasis by downregulating matrix metalloproteinase-9 (MMP-9) expression by
60-70 % through suppression of NF-kB signaling?®’. 4. 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 activity?*®, Ethanolic
neem leaf extracts demonstrate strong activity against Staphylococcus au Q%cluding
methicillin-resistant strains (MRSA), with minimum inhibitory concentratins (MICs) ranging
from approximately 32 mg/mL against S. aureus and 37.5 mg/mL agai SA, and associated
inhibition zones on diffusion assays®°. A. indica  extracts.als®, exhibit potent antibiofilm
Qosa biofilms at concentrations

activity, achieving over 80% inhibition of S. aureus and P.

between 6.25 and 50 mg/mL**. The antimicrobial %ial of A. indica is supported by a
P& pPp y

growing body of evidence demonstrating broad-s m efficacy against bacterial, fungal, viral,

and parasitic pathogens, including clinica \igniﬁcant drug-resistant strains. Studies report
.
notable inhibitory effects against St@coccus aureus, Enterococcus faecalis, Streptococcus
mutans, and Candida albican's& particular effectiveness against biofilm-associated forms.
This dual ability to targ@donic cells and disrupt established biofilms highlights neem’s
relevance in managi %sistent infections. Evidence also suggests that its mechanisms of action
involve disrup@ of microbial cell membranes, inhibition of key enzymes, and interference with
biofil r@ 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 use®*!.
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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 k %protein
residues essential for viral attachment and entry. Molecular dynamics, sifffilations have
confirmed the structural stability of the ligand—protein complexes @%O ns, with minimal
conformational fluctuations and consistent RMSD values. % profiling studies also

60ral bioavailability and low

indicates favorable pharmacokinetic properties, includin

predicted toxicity, supporting their potential as lea‘d g&%ounds for the development of anti-

®%

Neurodegenerative diseases repres devastating group of conditions characterized by

Nipah therapeutics®#.

2.7.4 Neuroprotective Effects

progressive neuronal loss, cog{,&% decline, and functional impairment. Disorders including
Alzheimer's disease, Hum@%s disease, amyotrophic lateral sclerosis, and Parkinson's disease

collectively affec;&% million individuals globally, with prevalence projected to triple by
m

2050 due ographic aging and environmental factors. Pathologically, these
neuro eg@ive diseasese share common features including protein misfolding and
aggregation (AP plaques in AD, a-synuclein in PD, mutant huntingtin in HD), mitochondrial

dysfunction, oxidative stress, neuroinflammation, and synaptic failure®*.

Contemporary
therapeutics provide only symptomatic relief without halting progression, creating an urgent

need for disease-modifying strategies®**. 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-f aggregation modulators. These inter: Qﬁhggest a
potential to enhance cholinergic neurotransmission and mitigate amyloid pathology, both central
to AD progression. The compound’s favorable predicted pharmacokirameters, including
drug-likeness and blood-brain barrier permeability indices ft %ﬁco evaluations, further
support its candidacy for central nervous system drug .@ ent. Although these findings
remain primarily computational, they provide %%le for experimental validation of
nimbolide as a multifunctional lead compound in anagement of Alzheimer’s disease®*.
Azadiradione, a compound from Azadirachta ¥indica, acts as a potent activator of heat shock
factor 1 (HSF1), enhancing cellula&&ostasis by upregulating molecular chaperones and
proteasomal components critic@gﬁeaﬂng misfolded proteins. In Parkinson’s disease models,
azadiradione demonstrate@goprotection by preserving dopaminergic neurons and improving
motor function. It I@nded lifespan and maintained fitness in Drosophila models, indicating
good safety. %gr{istically, azadiradione activates AMPK and inhibits mTORCI1, promoting
autop ag@ cellular clearance, while boosting antioxidant enzymes to reduce oxidative stress.
It also suppresses AKT signaling, potentially limiting neurodegenerative processes>*.

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 pathways?*’.

Azadirachta indica leaf extract exhibits notable neuroprotective effects in streptozotocin-induced
diabetic peripheral neuropathy, as evidenced by improvements in nerve con {nvelocity
along with biochemical and histological analyses in the rodent model. Pre@ej ent with the
extract at 500 mg/kg significantly attenuated neuronal degenerati@ functional deficits
induced by hyperglycemia. The extract’s antioxidative properti @reduced reactive oxygen
species accumulation, limiting lipid peroxidation and pres@ euronal membrane integrity in
peripheral nerve tissues. Additionally, its anti-in n%%y effects may have downregulated
pro-inflammatory cytokines, preventing neuror% poptosis and demyelination commonly
observed in diabetic peripheral neuropath \he prophylactic administration of neem extract

.

prior to diabetes induction suggest\G%anced neuronal resilience, contributing to improved
survival and function of periphe\ng%urons. These findings underscore the therapeutic potential

of Azadirachta indica a@%uoprotective agent targeting the multifactorial oxidative and

inflammatory me&@ underlying diabetic peripheral neuropathy?#®,

2.8 Applicati of Computational Methodologies

The a[}}h'pation 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 B-cell destruction, revealing that extending cytotoxic CD8+ T-cell lifespan beyond 48 hours
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accelerates diabetes onset by 32 % in simulations>*°. 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 silico?*°. These computational frameworks address T1D’s multifactorial
etiology by integrating immune cell kinetics with metabolic regulation, bridging theoretical

S
(&

Antiviral computational strategies have concurrently illuminated envirorw iggers of T1D,

predictions and clinical applications.

particularly Coxsackievirus B4 (CVB4) involvement in autoim initiation. Molecular
docking and 300-ns molecular dynamics simulations of 37 ﬂav@%ainst CVB4’s 2C protein
(PDB:1Z8R) identified luteolin (CID 5280445) as a hi ffinity binder (-9.2 kcal/mol),
interacting via persistent hydrogen bonds with Asl@ hydrophobic contacts with Phel79
and Val214. In silico ADMET profiling 1 %‘bthat luteolin is non-toxic and capable of

crossing the blood-brain barrier, highlightidg its potential as an antiviral agent against CVB4

implicated in T1D pathogenesis®'. Q’&cj
The integration of comput i@‘botany with disease research has further expanded therapeutic

possibilities by un’ciﬁring bioactive phytochemicals through omics-driven analyses of
S

medicinal plast @r stress. Integrative multi-omics analyses of Azadirachta indica have

elucidated
QJ‘@

oxidos}b@kne cyclases, responsible for the production of pharmacologically important

iosynthetic pathways and key enzymes, such as cytochrome P450s and

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

applications®>.

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 in@% with high
affinity for cholinesterases, acetylcholinesterase (short form AChE bggwgllcholinesterase
(BuChE), and monoamine oxidases (MAO-A and MAO-B), glyco % ase kinase-3f (GSK-

g

3B), and NMDA receptors. Binding affinities of Soyasapoger@ surpassed those of reference
inhibitors, supported by molecular dynamics simulatio@ showing stable ligand-protein
complexes over 100 ns. Key interactions included 6@611 bonding with catalytic residues in
AChE and BuChE, hydrophobic contacts st%@ complexes with GSK-3p, and interactions
with critical amino acids in NMDA @MAO enzymes, underscoring its potential as a
multitarget agent for neurodegenen@&ceg\herapy development®?. Similarly, these computational
insights provide mechanis@tiﬁcation for traditional uses while guiding derivative

optimization. @

In a previous stu(t;\e' neuroprotective potential of dietary supplements containing rosmarinic
acid and B-%§rol was evaluated using both in silico molecular docking and in vivo analyses
in Alz%er'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, B-sitosterol
demonstrated potent inhibition of amyloid-f 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-a) levels by 58 %, and down-regulated amyloid precursor protein expression
in AD models. Additionally, in silico ADMET profiling predicted B-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 neurodegeéin disease

therapy?54255.

Recent advancements in computational pharmacology have signiﬁ%@nproved the precision

of molecular docking simulations, especially for flexible ta like the SARS-CoV-2 main
protease (Mpro) and monoamine oxidase B (MAO-B). Inn@ve ensemble docking techniques
that incorporate protein flexibility have been appli%%&ntify potent inhibitors against these
enzymes. A study by Ramadhan efa. al co olecular docking and molecular dynamics
simulations on 76 compounds derived, ﬁ@‘lzadimchta indica, identifying odoratone (ORN),
salimuzzalin (SMZ), and nimboc&&%\lCD as the top candidates with docking scores of
—11.57, —9.83, and —9.60 kc@ respectively exceeding the binding affinity of the reference
drug nirmatrelvir (—8.4 Qmol). These findings highlight Azadirachta indica phytochemicals

as promising lea({tb:g%nt iral drug development targeting COVID-19210-256.257,

The trajectofbbcomputational disease research increasingly favors integrative frameworks that
unify Mdologies across biological scales. Hybrid models combining agent-based simulations
with machine learning optimization enable both mechanistic insight and predictive capability?3$.
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 receptor??2¢0261  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 diVﬁ disease
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\;éb Chapter Three

Methodology

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 furthe ggses.

Phytochemical extraction was carried out through cold maceration. In As\procedure, 150 g of

powdered leaf material was weighed, transferred into separate co , and immersed in 1 L

each of distilled water, ethanol, and methanol. The solution allowed to stand for 72 hours

at room temperature with regular agitation to enhance th((le se of active constituents. After the
maceration period, each mixture was initially sieve& muslin cloth to remove coarse debris
and filtered using Whatman filtering paper.‘@queous, methanol and ethanol solvents were
subsequently evaporated using a rotar}hx&qp ator (40-45 °C) under reduced pressure, to obtain

the crude extract of Azadirachta in@ These extracts were stored in labeled sterile containers at
4 °C until further analysisQQ\
3.1.1 Gas @bmatography-Mass Spectrometry Analysis

Gas Os()/gdtography-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 pum 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 pL (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 identiﬁcat%elied on
spectra matching with the compounds in the database of the National Institute @dards and

Technology (NIST) library. The names, molecular weights, retention tim&&{kak areas of the

detected compounds were recorded for interpretation. &

3.1.2 Molecular Docking Studies
Molecular docking was done to predict the bindin eractions between phytochemicals
identified in the extracts of Azadirachta indic@ key target proteins implicated in the

pathogenesis of diabetic retinopathy!. Thi @aimed at selecting the extract with the most

pharmacological relevance based on li@p tein binding strength.

3.1.2.1 Ligand Preparation® \AQ

Phytochemical ligand s r&res were obtained from in Structure Data Format (SDF) from the
PubChem datab@ ://pubchem.ncbi.nlm.nih.gov). The ligands were then subjected to
structural o@aﬁon and format conversion to PDB format in Discovery Studio Visualizer.
The OD‘\ngéd 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-xB; 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: IWWW), and

6. Nuclear Factor Erythroid 2-related Factor 2 (Nrf2; PDB: 1U6D) Q\

The protein structures were sourced from the RCSB Protein Data Bank @@ WW.rcsb.org).

Preparation of the proteins was conducted in Discovery Studio \%@r by eliminating non-
essential components such as water molecules, heteroatoms, an@u d ligands. Polar hydrogens
and Kollman charges were subsequently assigned in Au@ckTools v1.5.7, after which the

proteins were saved in PDBQT format for docking a& i

3.1.2.3 Docking Procedure ®%

The active sites of the proteins were da\&ed using the CASTp3 server, and where binding
pockets were not predicted, the P@&eb4 server was used as an alternative. A docking grid
box was defined for each pro@% encompass the identified active site. The grid box parameters

(center coordinates and boxsdimensions) were set as follows:
1. Nuclear Factor-kappa B

PDB ID: 1A3Q

Grid Center and Size Dimesions
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PDB ID: 1B09

Center x =20.75
Center y = 68.53
Center z =-9.362
Size x =56

Size y =50

Size z=44
Exhaustiveness = 8
Energy range =3

C-reactive Protein

Grid center and Size Dimesion 6’6
(8)

a.

o

e

A

o

=

g.

Center x =135.35
Center y = 157.649 @
Center z=24.399 . @
. S
Size x =60

Size_y=§.$

Size_z§

E iveness = 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=066

f. Size z=66

g. Exhaustiveness = 8

=

Energy range =3

4. Brain Derived Neurotrophic Factor
PDB ID: IBND

Grid Center and Size Dimesion

X
N\
Q;\‘o

Center z=154.132 A

Size x = 46 QQ\

o

Center y =-5.766

e

d.
e. Size y=46 5&
: size g 90

Size_zG

g E iveness = 8
h. Rrgy_range =3

5. Nerve Growth Factor
PDB ID: IWWW

Grid Center and Size Dimesion

Q
(&
O

a. Center x=11.673 &KQ
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a. Center x=3.815
b. Center y=15.412

c. Center z=20.899

d. Size x=280
e. Size y=54
f. Size z=62 Q\

g. Exhaustiveness = 8 ’\< 0

h. Energy range =3

6. Nuclear Factor Erythroid 2-related Factor 2 %

PDB ID: 1U6D QQ
Grid Center and Size Dimesion @fb

a. Center x=10.636 @
b. Center y=24.036 E_@
S
c. Center z=77.246 . A
. S
d. Size x=50

e. Size y= 50@

f. Size_26

g E iveness = 8

h. Rrgy_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, n—n stacking,

and electrostatic interactions. Visualization and interaction analysis of the selected xes were

2
&
S

ADMET (the Absorption, the Distribution, the Metabolism, Excretion, and the Toxicity)

carried out using Discovery Studio Visualizer.

3.1.2.4 ADMET Profiling

profiling of the major phytochemicals was performed u@ the SwissADME online server

(http://www.swissadme.ch) and the Pro Tox 3.06%6 server (https:/tox.charite.de). The
analysis focused on physicochemical properﬁ@)bilicity, water solubility, pharmacokinetics
parameters (such as gastrointestinal abﬁ\& ion, ability to cross the blood-brain barrier, and
likelihood of being a P—glycoprote@lcatrate), drug-likeness based on Lipinski’s Rule of Five,
and toxicity prediction. The @iﬁg provided insights into the pharmacological suitability and

safety of the lead comp @as potential therapeutic agents.

o\\'
3.2 Experi gy Animals

For the st %& healthy adult Wistar rats aged 9-10 weeks, with an average body weight of
150g, %56 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.
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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 researéh. Ethical

approval for the study was obtained from Lead City University ethical review c@ee.

C

3.2.1 Determination of Body Weight &

Following the acclimatization period, the initial body weight of e%umal was recorded. The

recorded weight was then used to calculate doses of s ocin, treatment extracts and

2
3.2.2 Induction of Diabetes @%

Diabetes mellitus was induced in the gg&@ using streptozotocin, a compound known for its

Metformin administered.

selective cytotoxicity to pancreatic &cc’dls. After an overnight fast, the rats received a single
intraperitoneal injection of s‘%@otocin (55 mg/kg), prepared freshly in ice cold 0.1 M citrate

buffer (pH 4.5) kept at 4°

Following STZ a@stration, the animals were allowed free access to food and water. Seventy-
two hours % duction, the fasting blood glucose of the animals was measured using Accu-
check}hyometer 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:

e Group 1 (the control Group): Non-diabetic rats that received only distilled water

throughout the study. Q\

e Group 2 (untreated Group): Diabetic rats that did not receive treat@ewed as the

negative control. O
e Group 3 (Low-Dose Treatment Group): Diabetic rats@ﬁ'stered Azadirachta indica

leaf extract at a dose of 200 mg/kg body weight. Q

e Group 4 (High-Dose Treatment Group): Dia&ats administered Azadirachta indica

leaf extract at a dose of 400 mg/kg bo@ight.

e Group 5 (Standard Drug Co@%kﬁ)iabetic rats administered 7pg/kg of metformin,

serving as the positive cq\@gmup.

The treatments were adminjstered for 21 days.

33 Animal @

Following @al administration of treatment, all experimental animals were fasted overnight
(12 ho ith 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 histologica%luation,

while the other was placed in sucrose solution and stored in a freezer for later b@ical assays.

C

3.3.1 Organ Harvest and Determination of Relative Organ WeiglO&

The harvested tissues which included the retina, the optic nerv, ﬁld the visual cortex were

weighed and their values recorded as relative organ weight@OOg rat weight.
Relative Organ Weight (%) = Tissue weight x 100 66
Animal weight ’b

.,&\

3.3.2 Post-Mitochondrial FractiO\gyz aration

Following animal sacrifice aﬁ@%al dissection, tissues designated for biochemical analysis
were processed to 0btai®%st-mitochondrial fraction (PMF). Excised retinal tissues were
briefly rinsed in ‘c@‘a -buffered saline (PBS) to remove blood, gently dried with sterile filter
paper, and w g./Each retina was then transferred into a mortar and manually homogenized
using &;@ 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.

34 Histological Evaluation of Retina, Optic Nerve, and Visual Cortex

3.4.1 Histological Assessment of Retinal, Optic Nerve, and Visual Cortex % Using

Hematoxylin and Eosin Staining Q

Principle

Hematoxylin and Eosin (H&E) staining is based on differential h® affinities of tissue
components for specific dyes. Hematoxylin, being basic, stain@%ic structures in shades of
blue to purple, highlighting regions abundant in nucleic a@including chromatin, ribosomes,
and RNA-rich areas of the cytoplasm. Eosin, an act i@lterstain, colors acidophilic elements

in pink, orange, or red, emphasizing structure\gbs red blood cells, cytoplasm, muscle fibers,

and collagen fibers?. Q
S\

3.4.1.1 Tissue Preparation é

Formalin-fixed, parafﬁn—embéd@ tissue sections of the retina, optic nerve, and visual cortex

were cut at 5 um thickne$s_utilizing a rotary microtome, mounted on glass slides coated with

poly-L-lysine to (@swe adherence.
3.4.1.2 Meﬂbb’ogy

For Hés%gﬁylin & 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 400x%
magnification. Digital photomicrographs were acquired with an AmScope camera and analyzed
arisons

using AmScope software. Retinal layer thicknesses were measured in Imagel at ten non-
m

overlapping regions per section, and mean values were calculated to standardi'fQ)

across groups. '\<

3.4.2 Histological Assessment of Retinal, Optic Nerve Fibre ual Cortex Neurons
by Cresyl Violet Stain Q

3.4.2.1 Principle: Q

Cresyl Violet (Nissl) staining is based on the afﬁﬁ’bﬁ the basic dye cresyl violet for acidic
components of neurons, particularly the rib@NA contained within rough endoplasmic
reticulum (Nissl substance). This reacﬁg@ectively stains neuronal cell bodies and nucleoli a
deep violet-blue, allowing clear Vi%‘l{cﬂ\ion of neuronal distribution and structural organization
within the retinal layers. The.@d is especially valuable for assessing neuronal integrity and
detecting degenerative chahges in neural tissue’.

3.4.2.2 Meth dogg;\\'

Parafﬁn-emﬁ&%d retinal, optic nerve fibre and visual cortex sections were deparaffinized and
rehyerQ/ sing 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 ImagelJ 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 Localizationﬂ'\Retinal
Sections

3.4.3.1 Principle < O,

Glycol groups in carbohydrates are cleaved by periodic acid, ge g aldehyde moieties.
These aldehydes subsequently interact with Schiff’s reagent ta@d magenta-colored complex

localized at the sites of aldehyde formation, where PAS-p0sifive substances appear red, while

nuclei appear blue. 6’§
O

0
S

e Periodic acid solution (1% W/{

3.4.3.2 Reagents Used

Distilled / Deionized m@QJ

Schiff’s staining &@
Tap water :' @

Mayer@aematoxylin

{)@ d 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 secon Qﬁections
were then placed in tap water for 10 minutes to achieve bluing. Finally, dehydfation through

graded alcohols, clearing in xylene, and mounting were perforr@p ior to microscopic

O

3.5  Biochemical Analyses Q

QO

3.5.1 Determination of Fasting Blood Glucos bls

O

The fasting blood glucose levels were wared to monitor glycemic response throughout the

evaluation.

experimental period. Blood glucose &gﬂ\ngs were taken 72hrs post induction, and subsequently
at three-day intervals until th .@of the treatment period. Blood was drawn from the tail vein
after an overnight fast%l glucose concentration levels was assessed using Accu-chek
glucometer, as @@facmrer instructions, to determine the hypoglycemic response to
treatment oveéme? This protocol enabled the assessment of the hypoglycemic effect of the

admini@ 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

procedure®. 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 Cu?>" 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 NaOQ\distilled

water and adjusting the final volume to 200 mL. O
%ﬁ'SHzo) and 1.8

2. Biuret reagent was prepared by dissolving 0.6 g of copper sulfat&‘\u
g of sodium potassium tartrate in 150 mL of 0.2 M sodi xide solution. To this
mixture, 1 g of potassium iodide was added, and the % lume was adjusted to 200 mL
with 0.2 M NaOH.

2
&

Each sample was diluted four-fold byy@ing 20 pl of each sample with 80 uL of distilled

3.6.1.2.3 Procedure for Samples:

water. To this diluted sample, 300 ul\ggt\w Biuret reagent was introduced, and the mixture was
left to stand at room temperatﬁr&r 30 minutes. Absorbance readings were then recorded at 540

nm against a blank cor@ng only the reagent. Protein concentrations were calculated by

reference to a s B@libration curve and multiplied by five to obtain the values for the

original undil@ samples.

3.6.1.3 essment 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
Kale’. 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.

2.

3.

4.

A 30% trichloroacetic acid solution was prepared by dissolving 4.5 g of TCA
(CCI:COOR) in distilled water and adjusting the final volume to 15 mL. \

A 0.1 M hydrochloric acid solution was obtained by diluting 13 pL @%trated HCl
(36.5-38%) with distilled water to a final volume of 15 mL. &

A 0.75% thiobarbituric acid solution was prepared by diss 1125 g of TBA in 0.1
M HCI. Dissolution was aided by stirring in a wate%@t 50 °C, and the volume was
made up to 15 mL with the same solvent. Q

A 0.15 M Tris-KCl buffer (pH 7.4) was pre y dissolving 0.559 g of KCl and 0.909
g of Tris base in 45 mL of distilled wb@djusting the pH to 7.4 with HCI, and bringing

the volume to 50 mL with distiﬁ@ I.

3.6.1.3.3 Procedure: . Aé
N\

A portion of the test sam@?qual to 100mmol/L, was combined with 400mmol/L of Tris-KCl

buffer and and i’ﬁol/L trichloroacetic acid (30%). To this preparation, 120 mmol/L

thiobarbituric@ solution (0.75%) was introduced. The mixture was maintained in a water bath

at 80 OK/ 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

reference’.

Calculation:
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Malondialdehyde concentration was calculated by applying an extinction coefficient of 0.156

uM-'cm™, as reported by Adam-Vizi and Seregi (1982).

Lipid peroxidation (nmol MDA/mg protein) = Absorbance x volume of mixture

Es32nm X volume of sample x total protein (mg /

mL) \
Where Eszoum = Es;2nm denotes the molar extinction coefficient for the MD@ complex,

taken as (0.156 puM~'cm™). ,\(/

3.6.1.4 Estimation of Superoxide Dismutase (SOD) Activity

3.6.1.4.1 Test principle: Q

The principle of the assay follows the method descri ed@\/[isra and Fridovich®. In this method,
the inhibition of epinephrine auto-oxidation b xide dismutase (SOD) at alkaline pH (10.2)
forms the basis of a widely used assay.fgr\t'énzyme. In this system, superoxide radicals drive
the conversion of epinephrine to adre{@ome, and the amount of adrenochrome generated rises

with increasing pH and epinepQ'h@ concentration.
S
\?:b

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 Q%O mL of

deionized water containing 0.5 mL of concentrated hydrochloric facid*(37%) to aid

3.6.1.4.3 Protocol Q$

For the assay, 50 pL of each test sample was introduced a cuvette containing 2.5 mL of 0.05

solubility.

M carbonate buffer (pH 10.2) and 0.3 mL of e@rine solution. The contents were gently
mixed by inversion, and the change in absorbg\g’vas recorded at 480 nm at 30-second intervals
for a total of 2.5 minutes. A reference E%’K%“ as prepared in an identical manner, with distilled

water substituting for the test sa @
Calculation QQ
The percentage i@on of auto-oxidation was obtained using the relation:

% inhibiti@rél 00 — (100 x 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 (H20:) exhibits measurable absorbance at 240 nm, despite
lacking a true absorbance maximum at this wavelength. The decomposition of H20- by catalase
results in a corresponding decrease in absorbance, which can be monitored
spectrophotometrically. An extinction coefficient of 0.0436 mM'cm™ is comel used to
relate absorbance to H.O» concentration. To terminate the enzymatic r c@, ammonium
molybdate is added, which rapidly inhibits catalase activity. The unco@d hydrogen peroxide
(H20:) reacts with the ammonium molybdate reagent to generate a complex, the intensity
of which is quantified spectrophotometrically at 405 nm°. consumed hydrogen peroxide

subsequently combined with the reagent to generaﬁe @bw complex, the intensity of which

was quantified spectrophotometrically at 405 nm. fb

A colorimetric Kit was used for this ass.asr\%
3.6.1.5.1 Reagents @

1. Double-distilled @

2. Normal salin % NaCl)

3. Phosp%tegwlfered saline (0.01 M, pH 7.4).
3.6.1.5@9 ent 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: QJOQ

1. For the control tube, 1 mL of buffer solution was added to a 5 xube.

2. Into a second 5 mL EP tube (sample tube), the require@me of homogenate was
combined with 1 mL of buffer. Q

3. All prepared tubes were incubated at 37 °C for ;é@ﬁtion of 5 minutes.

4. Subsequently, 0.1 mL of substrate was i ced into each tube, followed by gentle
inversion to ensure mixing. The rea S&Qas allowed to proceed for exactly 1 minute at
37 °C. &(9

5. For the control setup,.angﬁs consisted of 1 mL of chromogenic solution, 0.1 mL of
clarificant, and tl@@ﬁed volume of the homogenate , after which the contents were

thoroughly nﬁ@

6. Inthe tube 1 mL of chromogenic solution together with 0.1 mL of clarificant was

@ated and mixed evenly

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 umol of hydrogen peroxide (H20) per

minute at 37 °C.

CAT activity = AA x 32.5% xf + Cp; \
U/mgprot I"'xV OQ

Where: %O
32.5 represents the reciprocal of the slope obtained from th@d curve.

1 corresponds to the reaction time in minutes. ber

AA is the difference in optical density betwea@fantrol and the sample (ODcontrol — ODsample).
V is the sample volume in milliliters. éj\’&

F denotes the dilution factor ap@he sample prior to the assay.

Cypr is the protein concentﬁbn of the sample expressed in g protein/L (gprot/L).

3.6.1.6 Quagé'ﬁg,;% of Glutathione

3.6.1.6.1 T inciple:

Reduced glutathione (GSH) content in retinal tissue was determined following the approach
described by Beutler et al'®. 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:

e Acid Reagent

e Phosphate Solution Q\
e DTNB Solution (O

e GSH Standard 0&

e GSH Standard Stock Diluent %

3.6.1.6.3 Preparation of GSH Standard Diluent Q

Reagents were maintained at room temperature b@hey were used. To prepare the GSH
standard diluent, 1.3 mL of the stock soluti@:ombined with 11.7 mL of double-distilled

water. The diluent was freshly prepared 1 diately prior to use.
3.6.1.6.4 Preparation of 1 mm@sH Standard Solution

For the 1 mmol/L GSH @ solution, 3.07 mg of GSH was added to 10 mL of the freshly
prepared diluent. Thb&cure was thoroughly homogenized to ensure complete dissolution. This

standard solut& also prepared immediately before use.

3.6.1.6{?9paration 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 umol/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(umol/L) 0 10 20 40 50 60 80 100

1 mmol/L GSH standard (uL) 0 3 6 12 15 18 ZQ 30
270

GSH standard diluent (uL) 300 297 294 288 285 282
Procedure: / <

A volume of 0.1 mL from each sample was combined @n equal volume of acid

reagent. The resulting mixture was centrifuged a x g for 10 minutes, and the
supernatant was collected for analysis. ’bQ
1. To each well, 25 pL of DTNB sol as added.

2.

4.

5

In the control wells, 100 pL %}l; reagent was added.
For the standard well§d§}' L

concentrations w ed.

In the sau@s, 100 uL of the prepared sample supernatant was added.

of the GSH standard solutions at the designated

. Ea h@eceived 100 uL of phosphate buffer solution.
h ‘6

6. E ¢*~Contents in each well were gently mixed for one minute and then left

Qrdmdisturbed 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
technique!'. 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 targert in. Test
samples and reference standards were added, allowing antigen binding Qt} immobilized
antibody. A biotin-labeled secondary antibody, also specific to KB-p65, was then
introduced, followed by incubation with an avidin—horseradis %ase (HRP) conjugate to
amplify the detection signal. After thorough washmg minate unbound reagents, a

antigen—antibody complex exhibited a progres

chromogenic substrate solution was added to initiate development Wells containing the
(@color change, which was subsequently

terminated by the addition of a stop solut d1ng a stable yellow product. Absorbance was
recorded at 450 nm (£ 2 nm) using @ctr photometer, and the optical density obtained was
directly proportional to the con 10n of Rat NFKB-p65. Quantification of the analyte in the

test samples was carried s@lterpolation from a standard calibration curve.

1. Preparat@ﬁsh Buffer
A wor@ wash buffer was obtained by diluting 30 mL of concentrated stock with 720
\%& 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 x 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, 62 Q .5, 156.25,

Serial Dilution Procedure &

1. Seven microcentrifuge tubes were arranged, eT -filled with 500 pL of the

78.13, and 0 pg/mL.

reference standard diluent.

2. From the 5000 pg/mL stock solution @QLwas transferred into the first tube,
producing a concentration of 250()\}\@L after mixing.

3. 500 pL of this new solutio’r%@s ransferred to the next tube to make 1250 pg/mL,
and this serial dilut.ion @nued down to 78.13 pg/mL.

4. The eighth tu @/mL) served as the blank and received only the diluent. All

standard dilutions were prepared fresh before use.

3. Biotin&Q&i}etection Antibody Working Solution

Prio say setup, the volume required was determined based on 100 pL per well, with
X%lall excess prepared to account for handling losses. The concentrated biotinylated
detection antibody stock was briefly centrifuged at 800xg for 1 minute, after which it was
diluted from 100x to 1x 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 pL per well, with a slight surplus prepared to account for
handling. The concentrated stock was centrifuged at 800xg for 1 minute, after which it
was diluted to a 1x working concentration by mixing in a 1:99 ratio with the designated

diluent. The prepared solution was freshly made immediately before applicatio&

3.6.2.1.2 Procedure: OQ

1. Wells were assigned for the diluted standards, blanks, and lé\samples. Into each
designated well, 100 puL of the respective solution was «li ed. All standards and
samples were analyzed in duplicate, in line with r ended practice. The optimal
dilution of each sample had been determined b@e and through preliminary trials or
technical guidance. Plates were sealed with@%rovided adhesive cover and incubated
for 90 minutes at 37 °C. Note: Liqui&@e dispensed carefully at the base of the wells,
avoiding contact with inner waﬁ’\%reventing foam formation.

2. Following incubation,. t tents of each well were discarded without washing.
Subsequently, 100 ® the prepared Biotinylated Detection Antibody solution was
introduced 1n’t\' ch well. A new sealing film was applied, and the plate was incubated
for 1 ou® °C.

3. The ody solution was removed, after which 350 pL of wash buffer was added to

M 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 uL. 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 puL 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 prewz&d for 15
minutes in preparation for measurement. Q

7. To terminate the reaction, 50 puL of stop solution was dispensed i@ well in the
same sequence as the substrate reagent had been applied. Q

8. The absorbance of each well was immediately measuré% nm using a microplate

reader, with results expressed as optical density val

3.6.1.2.1 Test Principle: The enzyme-link munosorbent assay (ELISA) utilized in this

3.6.2.2 Determination of C-Reactive Protein (CR

study was designed on the sandwich p@ . In this assay, the wells of the microplate had
been precoated with an antlbody déﬁc? against rat C-reactive protein (CRP). Both test samples
and reference standards w. 6®roduced into the wells, allowing CRP antigens to bind to the
immobilized antlbod secondary, biotin-labeled antibody specific to rat CRP was
subsequently ap&d/\followed by an avidin—horseradish peroxidase (HRP) conjugate to enable
signal amph ion. After thorough washing to remove unbound material, a chromogenic
substrwas 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 @crystals
formed in the stock solution, the container was placed in a 40 °C w and gently
agitated until complete dissolution. &

Standard Working Solution: The standard solution was ifrged briefly for 1 minute
at at 10,000 x g, and reconstituted with 1 mL of sa ent. After standing for about
10 min, the solution was gently inverted to @r full dissolution, giving a stock
concentration of 10 ng/mL. Serial dilutioérgere carried out in seven tubes, each
containing 500 pL of diluent. From@tock, 500 pL was added to the first tube to
obtain 5 ng/mL, and sequential 1@ dilutions were prepared down to 0.16 ng/mL. The
final tube, which conte:ir&c@ky diluent, served as the blank. All dilutions were freshly
prepared before th s@}
Biotinylate.d’gc ion Ab Working Solution: Biotinylated detection Ab concentrate

was cent at 800 x g for 1 min before dilution. A 1:99 ratio of concentrate to

dilu% s used to obtain a 1% working solution. This reagent was prepared in sufficient

Mtity to allow for 100 puL per well, with a slight excess included, and was made

freshly prior to application.
Concentrated HRP Conjugate Working Solution: The avidin—-HRP conjugate
concentrate was also centrifuged at 800 x g for 1 min before use. A 1:99 dilution with its

designated diluent produced the 1x working solution. The volume was prepared to
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accommodate 100 pL 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 pL from each dilution was dispensed into the ponding
wells. All standards and samples were analyzed in duplicate. The di t@‘a tor for the
samples had been established either through preliminary optirné(ion or based on the
manufacturer’s technical recommendations. The plate was ith the adhesive cover
provided in the kit and incubated for 90 min at 37 °C ions were dispensed carefully
at the bottom of each well, avoiding contact ywith the inner surface and preventing
foaming. 6’6
Following incubation, residual liquﬂ\\@’bremoved from the wells without washing.
Subsequently, 100 puL of the vI@lated Detection Antibody working solution was
introduced into each vx:ell. é&sh plate sealer was applied, and the plate was incubated
for 1 hat 37 °C. Q\
After incub‘agi\' the contents were discarded from the wells. Each well then received
350 n 0@ buffer and was left to soak for 1 min. The wash buffer was subsequently
aspi or decanted, and the plate was gently tapped against absorbent paper to dry.
\bﬂs 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 pL 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 pL 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 @%ore OD
measurements. ) QJ

7. To terminate the reaction, 50 puL of stop solution was addeh well in the same
sequence used for the substrate reagent.

8. The absorbance (optical density, OD) of each we@ recorded immediately using a

2
®%
N

3.6.2.3 Determination of Vascul&éf?othelial Growth Factor (VEGF)

microplate reader set at 450 nm.

3.6.2.3.1 Test Principle: Q\
The assay was basex) he sandwich Enzyme-Linked Immunosorbent Assay (ELISA)

technique'3. The @

rat Vasculai‘@dothelial Grpwth Factor A (VEGFA). Samples containing VEGFA were

ate supplied in the kit was pre-coated with a capture antibody specific to

dispen&@to 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 \
N

1. Standard Preparation: QJO
An initial volume of 120 pL of the supplied standard (640 n % reconstituted with
an equal volume (120 pL) of the standard diluent, yielding%ng/L stock. The mixture
was left to equilibrate for approximately 15 mim@ gentle mixing before serial
dilutions were performed. A series of two-fg@‘utions of the 320 ng/L stock was
prepared in duplicate with the standard di to obtain concentrations of 160, 80, 40,
and 20 ng/L. Residual aliquots of t Qiard were stored at —20 °C and utilized within
one month. ’\é;\'

2. Wash Buffer Preparan%Q
To obtain a 1x w golutlon 20 mL of the 25x concentrated wash buffer was diluted
to a final vel f 500 mL with deionized water. If crystalline precipitates were visible,
the so 10(#4as gently mixed until they dissolved completely.

3. I@'eparanon

R 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 puL 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 pL of sample was added, followed by 10 puL of rat VEGFA antibody. Subsequently,
50 uL 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.

. Washing: < 3
Following incubation, the sealer was removed and each well v‘&hed five times with

300 pL of wash buffer, with soaking for 30—60 seconds t: cach cycle. After the final

wash, the plate was tapped gently on absorbent pap ove excess liquid.

. Substrate Reaction:

To each well, 50 puL of Substrate Sol tlo as added followed by 50 pL of Substrate
Solution B. The plate was sealed an :K?ated in the dark at 37 °C for 10 minutes.

. Reaction Termination and l{@rement

The reaction was stop, %y adding 50 pL of stop solution to each well, which

immediately char@% color from blue to yellow. The absorbance was measured at 450

nm withir{j@tes using a preheated microplate reader.

3.6.2.4 Detq@ation of Glial Fibrillary Acidic Protein (GFAP)

3.6.2.4\.\%%t Principle: The assay employed in this study is based on the sandwich enzyme

immunoassay format'4. 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 in&polation

3.6.2.4.2 Procedure &QJ

Prior to the assay, all kit reagents and samples were allowed to e@ge to room temperature

(18-25 °C). Reagents were checked to ensure they wery dissolved and well mixed
before the experiment commenced. Q

from a standard calibration curve.

1. A working wash buffer (1x) was obtaine iluting the concentrated 25% wash buffer

stock with ultrapure water.

N

2. The standard was spun downK é@x g for 1 minute, dissolved in 1.0 mL of diluent,
and kept at room temperQ%or 10 minutes prior to use. The solution was mixed gently,
avoiding foam fo@ . The reconstituted stock solution had a concentration of 4000
pg/mL. A se&\'&?&f seven standard dilutions was prepared using 0.5 mL of Standard
Diluen&gﬂr in each tube. A two-fold serial dilution was carried out to achieve the
fo@r\bﬂg 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.

. 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.

. The substrate solution was dispensed using sterilized tips, with re Ql mounts
discarded to prevent contamination of the stock. QJG

Separate wells were assigned for standards, the blank, and test s, with seven wells

allocated for the standard dilutions and one for the bla %ume of 100 pL of either

standard working solution or sample was added int@ esignated wells. The plate was

covered and incubated for 80 minutes at 3 O%‘@e was taken to add solutions to the

bottom of the wells, avoiding contact with% ell walls to minimize foaming.

. After incubation, the contents of thx\e\%were emptied, rinsed with 200 pL of 1x Wash

buffer, and left to stand for lfﬁ\m‘[es. The remaining liquid was removed by inverting

the plate onto absorbent, . This washing step was repeated three times. The plate was

blotted after the S@%sh to ensure all residual buffer was removed. During washing,

care was @ to touch the walls of the wells with pipette tips. Washing liquid was
ire

poure y to avoid contaminating adjacent wells.
. B@ated antibody working solution (100 puL) 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 pL) 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 pL) 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 uL) 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 measuth at 450
S

3.6.3 Assessment of Neurotransmitters and Neurotrophic Factors &QJ

3.6.3.1 Determination of Glutamate %

3.6.3.1.1 Test Principle: Q

Q

The Glutamate Assay Kit functions through é nzymatic reaction where glutamate

nm using a microplate reader.

dehydrogenase oxidizes glutamate, generati ADH. The resulting NADH subsequently
reduces the tetrazolium salt 3-(4,5-dim&@s’azol-}yl)-Z,S-diphenyltetrazolium bromide (MTT)
to a colored formazan product. Thésorbance of this chromogenic compound, recorded at 565

nm, correlates directly w@tamate concentration in the sample!®.

3.6.3.1.2 Reagent, %
>

Assay @fer
@gﬂution

e FEnzyme A 120

e FEnzyme B
e MTT Solution

e 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 pL 2.5 mM Glutamate Premix through the dilution of 15
uL of a 100 mM standard glutamate stock solution with 585 pL of distilled %r. Serial
dilutions were then performed to create a range of standards from @o 2.5 uM.
Specifically, eight standards were prepared by mixing varying V%&d the Glutamate
Premix and distilled water in a 96-well plate to obtain final ate concentrations of
2.5uM, 2.0 uM, 1.5 uM, 1.0 uM, 0.75 pM, 0.5 pM, O.2®/l, nd 0.0 uM respectively.
For the assay, 20 pL aliquots of each standard sample were transferred into
individual wells of a transparent 96-well r%’r&e. Blank controls were included to
correct for background absorbance in d tissue extracts.

The working reaction mixture fog&well consisted of freshly prepared assay buffer (60
plL), mixed with 1 pL eacb@nzyme A, Enzyme B, NAD, and the tetrazolium salt
MTT (14 pL ). For %@eactions (without Enzyme A), a modified reagent mix was
prepared to serv }Aample blank control.

Subsequeé?}%%uL of the right mixture was dispensed into the wells containing
stan%éor samples. After thorough mixing by tapping the plates briefly, absorbance

Y%ﬁgs were taken at time zero (ODO0) 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 assay!®. 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 tetrametbq&enzidine
(TMB) substrate produces a color signal. The reaction is stopped with an ac@lution, and
absorbance is measured at 450 nm (£10 nm). The concentration of Gﬁ% each sample is

determined by comparison with a standard calibration curve. &

All assay reagents and test samples were brought to reach &mperature (18-25 °C) prior to

Q
é’b
1. Wash Buffer: fb,

The concentrated wash buffer (25@dilut€d with double-distilled water to obtain the

use.

1% working wash solution. ,\C;\\'
2. Standard Working So ut& :

The standard Via]\@%ltrifuged at 1000 x g for one minute, reconstituted with 1.0 mL
of standar ‘@, and maintained at room temperature for approximately 10 minutes,
followed, by gentle agitation to minimize foaming. The resulting stock solution had an
in@oncentraﬁon 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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Procedure C?
)

1.

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.
1x Biotinylated-Conjugate and 1x 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 dil Q&enerate
working solutions. As an example, a small volume of Streptavidin-@as combined
with a one-hundred—fold larger volume of its diluent @hieve the required
concentration.
TMB Substrate Solution: QQ
The volume of TMB substrate needed for e% was dispensed using sterile pipette
tips. Any surplus solution was discarded than returned to the original container, in
order to minimize the risk of con‘@bgn.

N\
50 puL each of sta d@lilutions, blank, and samples were dispensed into designated
wells of th? Q&ed 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

intr carefully at the bottom of the wells to minimize foaming.

2. x&:r incubation, wells were emptied and washed three times with 200 uL of 1x Wash

Buffer, allowing 1-2 minutes per wash, and residual liquid was removed. Streptavidin-
HRP Working Solution (100 puL) was added to each well, followed by incubation for 60
minutes at 37 °C. The washing process was then repeated five times. 90 uL. 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 uL) 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

N

O

3.6.3.3 Quantification on Nerve Growth Factor (NGF) &

microplate reader.

The assay is based on the sandwich ELISA technique!’”. The %plate is coated with an
antibody specific to rat NGF, to which standards or sam@Qd. A biotin-labeled detection
antibody and an avidin—HRP conjugate are then in ro@ sequentially, forming an antibody—
antigen—antibody complex. After unbound mat are removed through washing, substrate

solution is added, producing a blue color 1 % 1ve wells. Addition of the stop solution converts

t 450 + 2 nm. The measured intensity is directly

the color to yellow, and absorbance {G%\%d

proportional to the concentratior&}F in the sample.

3.6.3.3.1 Reagent QQ
1. Wash B@

A t% 0 mL of the concentrated stock was combined with 720 mL of distilled water,
Nng 750 mL of 1x wash buffer.
2. Standard Working Solution
The standard vial was centrifuged at 10,000 X 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 pL of diluent, were prepared. An equal volume (500 puL)
of the 2500 pg/mL stock was added to the first tube to obtain 1250 pg/ Q%sequent
two-fold dilutions were carried out by transferring 500 L stepwisg, int0the following
tubes, with the last tube containing only diluent serving as the @k Reconstituted stock
at 2500 pg/mL was aliquoted and stored at —20 °C.

4. Biotinylated Detection Antibody Solution QQ

from 100x to 1x with the correspondi t at a ratio of 1:99. The working solution

The concentrated antibody stock was briei@ﬁ@ﬁged (800 x g, 1 minute) and diluted
was freshly prepared before use, w%ﬁ required volume estimated at 100 pL per well.
5. HRP Conjugate Solution &C;\\'
The concentrated avidi was centrifuged under the same conditions (800 x g, 1
minute) and dilu%&with HRP diluent to obtain a 1x working solution. The volume
required {;;\‘Qa' ulated at 100 pL per well, with slight excess prepared to ensure
1

adequacy.
Proce&qﬁb’b

1. Wells were allocated for the standards, blank, and samples, with 100 uL. of each solution

s solution was also made fresh immediately before use.

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 pL of Biotinylated Detection Antibody working solution was
dispensed into each well. The plate was resealed and incubated at 37°C for 1 hour.

. Following this, the wells were emptied, and 350 puL 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 uL. of HRP Conjugate working solutio Qﬁdded 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. O

Subsequently, 90 puL of Substrate Reagent was introdu:c% each well, and the plate
a

was covered and incubated in the dark at 37°C @ proximately 15 minutes. The

microplate reader was preheated for 15 mingg@r to measurement. Finally, 50 uL of

Stop Solution was added to each well i same order as the substrate solution, the

wells gently tapped to ensure r@, and the optical density of each well was
immediately measured at 450 \

3.6.3.4 Quantification O%Q\»erived Neurotrophic Factor (BDNF)

3.6.3.4.1 Test Pr&@

The assay used 1,based on the Sandwich Chemiluminescence Immunoassay (CLIA) technique'®.

The m% te 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 conceash buffer
was combined with 720 mL of distilled water, giving a total of 75&14.

Standard Working Solution: The standard vial was spu 7000 x g for 1 minute,
followed by addition of 1 mL of Reference Standard ple Diluent. The mixture was
left for 10 minutes at room temperature with gQ{le nversions to dissolve fully, then
mixed thoroughly using a pipette. This i@ an 800 pg/mL stock solution. Serial
dilutions were then prepared accor(?%\go experimental needs, with a recommended
gradient of 800, 400, 200, 100, M 2.5, and 0 pg/mL.

Dilution Procedure: S.ex&étubes were each filled with 500 pL. of Reference Standard
& Sample Diluent. of the 800 pg/mL stock was added to the first tube to produce

.

400 pg/mL. ’5&

generate @J‘[ion series. The final tube contained only diluent and served as the blank.

rom each tube was then transferred sequentially to the next to

4. Biod@ed Detection Antibody Working Solution: The volume needed for the

Mriment (100 pL per well) was slightly exceeded to ensure sufficiency. The
concentrated antibody was centrifuged at 800 x g for 1 minute, then diluted 1:100 with its
specific diluent to prepare the working solution immediately before use.

HRP Conjugate Working Solution: The required volume (100 pL/well) was slightly

exceeded. The concentrated HRP Conjugate was centrifuged at 800 x g for 1 minute, then
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3.6.3.4.3 Procedure %

1.

3.8

diluted 1:100 with HRP Conjugate Diluent to create the working solution just before the
assay.
Substrate Mixture Solution: Volumes were calculated based on the number of wells

(100 pL/well) and slightly exceeded. Equal parts of Substrate Reagents A and B were

S
S

mixed immediately before use to produce the working solution.

The wells designated for the diluted standards, blank mples received 100 pL of the
respective solutions. The plate was sealed a ;bated at 37°C for 90 minutes.
Following incubation, the contents were re and 100 pL of Biotinylated Detection

Antibody working solution was addeﬁ\\Qach well. A new sealer was applied, and the

plate was incubated at 37°C for® ’ﬁqﬁ
S

Afterwards, each well w @shed with 350 puL of wash buffer, soaked for 1 minute,

decanted, and pa%@})n absorbent paper; this wash cycle was repeated three times.
Next, 100 uL of HRP Conjugate working solution was added to each well, the plate
resealed, @cubated at 37°C for 30 minutes. The washing step was then repeated five

t1m escribed previously.

3. \lely, 100 pL 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.

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'&lica

Extracts Q

The retention times, molecular formulae, and peak areas of the bioactive c&yunds identified
through GC-MS analysis from the aqueous, methanol, and ethanol e?@ Azadirachta indica

leaves are presented in Tables 4.1, 4.2, and 4.3 0
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Table 4.1: Phytochemical Constituents of Aqueous Extract of Azadirachta indica 1dentified

by GC-MS

Peak Retention Peak Compound Name Molecular Molecular

No Time Area Formula Weight

(min) (%) (g/mol)

1 10.701 42.23  Glycerin C3H;s05 6&3

2 11.033 2.33 2-Pentanol, 3-chloro-2-methyl-  CsHi3CIO ( 036 620

3 11.115 2.81 1,2-Cyclopentanedione, 3- C6H® 112.1265
methyl- $

4 11.374 3.74  2(3H)-Furanone, dihydro-3- Gs 1003 130.1418
hydroxy-4,4-dimethyl-

5 11.615 1.63 4—Methyl—5H—ﬁJran—2—or}e‘® CsHeO2 98.0999

6 11.890 178 Phenol,2,6-dimethq@ CsH100s 154.1632

7 13.676 7.32 Benzofuran, 2,-diliydro- CsHsO 120.1485

8 14.979 735  2-Meth ’Sr nylphenol CoH100> 150.1745

9 15.403 2.26 @ 2,6-dimethoxy- CsHi1003 154.1632

10 16.032 GQQCyclobutyl 2-propanol C7H140 114.1855

11 17.441 °5\& D-Allose CeH 1206 180.16

12 18.3 56 1.40 Phenol, 3,4,5-trimethoxy- CoH 1204 184.1892

13 \lj& 3.47  Tricyclo[5.1.0.0(2,4)]octane-5-  Ci14H2202 222.32

carboxylic acid, 3,3,8,8-
tetramethyl-, methyl ester

Source: Researcher’s Field Work, 2025

162



Table 4.1 Contd: Phytochemical Constituents of Aqueous Extract of Azadirachta indica

Identified by GC-MS

Peak Retention Peak Compound Name Molecular Molecular
No Time Area Formula Weight
(min) (%) (g/l{ml)

14 19.099 4,06  a-D-Glucopyranose, 4-O-B-D- C12H201 @65
galactopyranosyl- O

15 19.717 1.31  2-Dodecenal ClezzK 182.3025

16 20.113 2.07  Phytol @%0 296.5

17 20.749 1.85  Phenethyl alcohol, 2,5- Q C11H1603 196.2429
dimethoxy—alpha-me!@

18 21.154 0.73  Hexadecanoic acid(& ylester  Ci7H340: 270.4507

19 21.468 2.38 2—Cyclohexe%e\—bmethanol, Ci0Hi1580 154.2493

2,6,6-tr@}1w
20 21.652 1.44 7,9@& “butyl-1- C17H240s 276.3707

.0& iro(4,5)deca-6,9-diene-2,8-

N

20 21747 ,ng Bicyclo[3.2.0]heptan-2-one, 6- 166.22
0 hydroxy-5-met Ci10H1402
22 23.;846 0.64  N,N-bis [2-
QJ Trimethylsiloxyethyl] Ci2H31NO,Si,  277.55

\/ ethanamine

23 24.325 1.62 1-Tricosanol C23H430 340.6266

Source: Researcher’s Field Work, 2025
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Table 4.2: Phytochemical Constituents of Methanol Extract of Azadirachta indica 1dentified

by GC-MS

Peak Retention Peak Compound Name Molecular  Molecular

No Time Area Formula Weight

min) (%) (g/mol)
1 10.471 19.25 Glycerin C3Hsg03 10938
2 10.600 590  Ethyl-1-propenyl ether CsHi100 1323
3 10.750 1.08  1-(1’-Pyrrolidinyl)-2-propanone CH N&/ 127.1842
4 10.825 1.06  4(H)-Pyridine, N-acetyl- 123.1525
5 11.299 1.80  Octane, 2,7-dimethyl- 22 142.2817
6 11.504 1.39  4-Methyl-5H-furan-2-one Q CsHeO2 98.0999
7 11.656 0.82 1,7-Nonadien-4-ol, 4,8—dimeth@ C11H200 168.2759
8 11.954 1.02 1,2,3,-Propanetriol, 1-ace CsH1004 134.1305
9 12211 1.88  Cyclopropyl carbino % C4HsO 72.1057
10 12314 2.96 1,2—Cyclopentan§@e, 3,3,5,5- CoH1402 154.2063
tetramethxl‘&
11 12642 086 Pivaloyl &}ne, Lol form CsHi 02 1422
12 13.642 7.58  Ben ’(\1, 2,3-dihydro- CsHsO 120.1485
13 13.750 3.83 x -Epoxyoctane CsHi100 86.1323
14 13910 1 .02QH—Pyrrole—2,5—dione, 3-ethyl-4- C7HoNO, 139.1519
° 5\' methyl-
15 14.00 Q}M 5-Hydroxymethylfurfural CsHeO3 126.1100
16 14.9@ 3.36  2-Methoxy-4-vinylphenol CoH1002 150.1745
17 5%3 2.07  Phenol, 2,6-dimethoxy- CsHi1003 154.1632
18 \%3 12 15.77 1,3-Propanediol, 2-(hydroxymethyl)- CsH;203 120.1470
2-methyl-

19  17.420 5.83  D-Allose CeH1206 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 Retention Peak Compound Name Molecular  Molecular
No Time Area Formula Weight
min) (%) (g/mol)
20 17953 1.13  3’°,5’-Dimethoxyacetophenone Ci0H1203
21  18.177 0.56  2(4H)-Benzofuranone, 5,6,7,7a- CiiHi60 0.2435
tetrahydro-4,4,7a-trimethyl- (/
22 18.999 1.93  Bicyclo[4.3.0]nonan-1-01, 7,9- l 136.23
bis(methylene)-
23 19.097 5.09 .alpha.-D-Glucopyranoside, meth@ C7H1406 194.1825
24 19401 1.64  4-Acetyl-1 —methylcyclohexeneg CoH140 138.2069
25 19.995 0.75  9,12-Octadecadienoic ci@)-, Ci13H3202 280.4455
2,3-dihydro B
26 20.133 2.46 Bis(2—ethy1hexy\ ’gate C24H3304 390.5561

27  20.335 1.12 2—Pentadeg:%'% 6,10,14-trimethyl-  CisH360 268.5

28 20.949 .76 5 -Isoprm@&m thyl-hepta-3,5-dien- C11H200 168.28
2-ol Q

29  21.152 0.81 ecanoic acid, methyl ester C17H3402 270.4507

30 22272 O.86Q—Propenoic acid, 2-methyl-, pentyl CoH1602 156.2221
ester

31 23.21 ? (}24 9-Octadecenoic acid (Z)-, methyl Ci9H3602 296.4879
fb ester

32 \{3.?;0 042  Phytol CxHuO  296.5310

v

Source: Researcher’s Field Work, 2025
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Table 4.3: Phytochemical Constituents of Ethanol Extract of Azadirachta indica 1dentified

by GC-MS

Peak Retention Peak Compound Name

Molecular Molecular

No time Area Formula  Weight
(min) (%) (\g/mol)

1 10.360 6.00  Glycerin C3Hsg03 09

2 10.601 3.49  2-Hydroxy-gamma-butyrolactone CsHs OQI 02.0886

3 11.671 1.21  Ethanone, 1-[3-methyl-3-(4-methyl-3- 1(‘@]{ 182.26

pentenyl)oxiranyl]- K

4 11.733 8.08  1-(1’-Pyrrolidinyl)-2-propanone % 7HisNO  127.1842

5 12.213 2.19  Cyclopropyl carbinol Q C4HsO 72.1057

6 12.478 5.06  Tricyclo[5.1.0.0(2,4)]octane- &xylic CisH220, 22232

acid, 3,3,8,8-tetramethy @1 ester

7 13.566 1.53  2-Propanone, 1- ’? C3HeO2 74.0785

8 13.622 3.07 Pivaloylacer@ ol form CsHi402 1422

9 13.652 5.01 Be:nz @&%,3—dihydro— CsHzO 120.1485

10 13.760 1.56 N, tyl-sec-butylamine CsHioN 129.2432

11 14.964 2.66 ﬁhoxy-&vinylphenol CoH1002 150.1745

12 16.760 3& 1,3-Propanediol, 2-(hydroxymethyl)-2- CsHoNOs  151.1180

0 nitro-
13 17.4 b 2.32  Oleic acid CisH3402  282.4614
14 1@ 1.60  2(4H)-Benzofuranone, 5,6,7,7a- CiiHi602  180.243
\/ tetrahydro-4,4,7a-trimethyl-
15 19.088 249 Lactose Ci2H2011  342.2965
16 19.415 7.40  4-Methyl-5H-furan-2-one CsHeO2 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 Retention Peak Compound Name Molecular Molecular
No time Area Formula  Weight
(min) (%) (\g/mol)
17 20.111 628 Phytol acetate C2aHax02 £~338.5677
18 20.342 447  2-Pentadecanone,6,10,14-trimethyl- CisH ©Q268.4778
19 20.577 1.81  5-Hydroxymethylfurfural Q} 126.1100
20 20.608 1.42  3,7,11, 15-Tetramethyl-2-hexadecen-1-o0 0H4oO 296.5310
21 20.953 2.70  5-Isopropyl-6-methyl-hepta-3,5-dien=2- Ci11H200 168.28
22 21.159 3.37  Hexadecanoic acid, methyl este Ci7H3402  270.4507
23 21.352 8.16  .alpha.-D-Glucopyranoside, @9 C7H1406 194.1825
24 21.860 9.81 Hexadecanoic acid, eth fg CisH3602  284.4772
25 23.233 379  9- Octadecenmc , methyl ester CioH3602  296.4879

26 23.387 18.29 Phytol % C20H400 296.5
27 23.632 1.70 Hexadeca Xc 2-methylpropyl ester ~ C20H4002  312.5304
28 24.011 327  2- Pro @&c acid, 2-methyl-, pentyl ester ~ CoH1602 156.2221

29 24.019 7.93 % ctadecenmc acid ethyl ester CH3s02  310.5145
30 24.138 12,15-Octadecatrienoic acid, methyl CioH3202  292.4562

(.;\, ester, (Z,2,7)-

31 25.38 IE 4-Acetyl-1-methylcyclohexene CoH140 138.2069

32 25@ 5.28  9,12-Octadecadienoic acid (Z,2)-, 2,3- CisH3202,  280.4455
\/ dihydro
33 25.650 1.75  Phytol C20H400 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 Q evaluated.
For each target, the binding poses of the standard drug and the a top-scor@gnpound were
visualized to show the orientation of the ligands within the active sit e types of contacts
formed with key amino acid residues, providing a structural s§tlve that complements the

S

docking affinity scores. Potential lead compounds were based on their high binding

@ility using ADMET profiling. The

, and ADMET profiling are presented in

affinities and further evaluated for pharmacokinetic

results of the binding affinities, 3D and 2D int

the corresponding Tables and Diagrams. Q

Based on the molecular docking @@)MET evaluations, the Ethanol extract of Azadirachta

indica was selected for furthe@; )
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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
(&

\J
Table 4.4: Molecular Docking Evaluation of Metformin against Kele otein Targets

Key: NF-kB: Nuclear Factor kappa B, CRP: C-reactive Protein, @: Glial Fibrillary Acidic

Protein, BDNF: Brain Derived Neurotrophic Factor, NGF: rowth Factor, Nrf2: Nuclear

2

Source: Researcher’s Field Work, 2025 \Qrb

Factor Erythroid 2-related Factor 2
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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- CRP GFAP BDNF NGF Nrf2

kB *
o)

1.  2-Methoxy-4-vinylphenol -6.0 55 -47 -6.5 O 4 -

2. Glycerin -4.2 -40 -3.6 _QJ -4.1 -

3. 2(3H)-Furanone, dihydro-3-hydroxy-4,4- -5.5 -49 -4.0 A 5.0 54
dimethyl- %0

4.  3’,5’-Dimethoxyacetophenone -4.3 -4.403 . -4.9 49 45

5. Hexadecanoic acid, methyl ester -5.0 ® -3.7 -6.5 41 52

6. Benzofuran, 2,3-dihydro- Q5.6 -4.5 -6.2 54 53

7. 1,2-Cyclopentanedione, 3-methyl- @9 50 -43 -5.7 5.0 47
8. Phenol, 3,4,5-trimethoxy- . * 60 35 42 58 45 58
9. 2-Cyclohexene-1-methanol, 2, c,’\ 53 49 44 55 52 =60

trimethyl- . Q
10. 4-Methyl-5H-furan-2- $ 4.3 4.6 -3.5 -5.2 4.8 -
11.  Phenethyl alcohol %imethoxy-alpha- -5.7 55 43 -4.7 53 -6.0
methyl-

o\\'
12. D—Allos&Q/ -6.3 -5.8 4.6 -6.0 -6.3 -

>
Key: N@ 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- CRP GFAP BDNF NGF Nrf2

kB *

O
13.  Tricyclo[5.1.0.0(2,4)] octane-5-carboxylic  -6.9 -62 -65  -52/~668 -7.2

acid, 3,3,8,8-tetramethyl-, methyl ester QJ
14.  7,9-Di-tert-butyl-1-oxaspiro(4,5)deca-6,9- -6.0 -6.4 -4.5 i -6.2 -6.9
diene-2,8-dione %
15. 2-Pentanol, 3-chloro-2-methyl- 43 AN, -5.2 43 45
16. 2-Cyclobutyl-2-propanol -4.4 -3.9 -5.5 5.8 4.7

17. Bicyclo[3.2.0]heptan-2-one, 6-hydroxy-5- —6.}60.6 -4.7 -4.9 -6.1  -6.5

methyl-6-vinyl- b
18.  Phytol @ 0 -45 -38 -3.3 55 -

19. 2-Dodecenal A 44 -44 32 -5.5 44 -47

é_){\)

Key: NF-kB: Nuclear Factor kap, y CRP: C-reactive Protein, GFAP: Glial Fibrillary Acidic

Protein, BDNF: Brain D@\eurotrophic Factor, NGF: Nerve Growth Factor, Nrf2: Nuclear

Factor Erythroid 2_“‘51& actor 2

Source: Resea&e ield Work, 2025

\/QJ’Z}
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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- CRP GFAP BDNF NGF Nrf2

kB \

1. 2-Methoxy-4-vinylphenol -6.0 55 47 -6.5 O -
2. Glycerin 42 40 -3.6 -4.1 -
3. 3’,5’-Dimethoxyacetophenone 43 44 33 0 9 -49 45
4.  Hexadecanoic acid, methyl ester 5.0 4.1 % -6.5 41 52
5. Benzofuran, 2,3-dihydro- -4.8 @4.5 -6.2 54 53
6. 2-Pentadecanone,6,10,14-trimethyl- -5.3,6Q4.6 -4.2 -4.6 46 -55
7. Octane, 2,7-dimethyl- ’é 48 -44 35 40 45
8. 2(4H)-Benzofuranone, 5,6,7,7a- -6.4 -5.5 -5.6 -6.0 -7.2
tetrahydro-4,4,7a-trimethyl- &
9. 1H-Pyrrole-2,5-dione, 3-ethy, é} thyl- -56 -56 -48 68 -61 -58
10.  1,3-Propanediol, 2- (hydT thyl)-2- 5.1 49 -38 -4.0 -49 48
nitro-
11. 1,2,3,-Propanetriol, 1-acetate 52 44 4.1 -4.7 -4.7 -5.0
12. .alpha.-D- . %noside, methyl -64 56 -45 -5.5 -6.3 -6.7
13.  Cyclop 1 carbinol 34 35 3.0 -4.2 -3.6 -
14. E—P D ic acid, 2-methyl-, pentyl ester -4.6  -48 -4.2 -4.3 5.2 47

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

indica Methanol Extract against Key DR Protein Targets

S/N Compound Name Binding Affinities (Kcal/mol)

NF- CRP GFAP BDNF NGF Nrf2

kB \

15. 4-Acetyl-1-methylcyclohexene -5.3 54 44 -6.2 O -5.5
16.  1,2-Cyclopentanedione, 3.3,5.5- 41 54 47 {/ 5.1
tetramethyl-
17. 4-Methyl-5H-furan-2-one -4.3 -4.6 %0 -4.8 -
18.  5-Hydroxymethylfurfural -5.2 -4.9 -5.2 5.1 <51
19. D-Allose -6.3 Q 60 63 -
20. 1,7-Nonadien-4-ol, 4,8-dimethyl- -3.5 0 -43 -4.3 3.0 42
21. 4(H)-Pyridine, N-acetyl- 46% 33  -4.6 -4.7 3.1 -5.0
22.  Phytol 45 38 -3.3 -5.5 -
23.  9,12-Octadecadienoic acid (Z, Z) 2,3 47 =37 -3.4 -5.1
dihydro % -5.2

24.  5-Isopropyl-6-methyl- hqpt %&wn 2-0l -5.1 52 -4.0 -4.4 47 =57

25.  Ethyl-1-propenyl e & -3.8 3.8 -3.1 -4.1 -39 34

26. Pivaloylacetone, en -4.3 5.1 42 -4.7 47 44
27.  cis-2,3-Epo %ﬁ 4.2 4.7 3.6 -3.8 44 44
28.  1-«(I” P& yl) -2-propanone -4.5 -43  -3.6 -5.1 42 4.6

Key: N& 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- CRP GFAP BDNF NGF  Nrf2

kB *
o)

1. 2-Methoxy-4-vinylphenol -6.0 -55 -4.7 -6.5 -
2. Glycerin 42  -4.0 -3.6 -3.8 -4 -

3. Hexadecanoic acid, methyl 5.0 41 -3.7 —6\ -4.1 -5.2

ester %
4. Hexadecanoic acid, 2-methyl -5.1  -6.7 -5.7 0 -6.5 -4.6 -5.7
propyl ester
5. 2-Propanone, 1-hydroxy- -5.8  -6.6 Q& -5.7 -6.8 -5.4
6. Benzofuran, 2,3-dihydro- -4.8 —5.©%4.5 -6.2 -5.4 -5.3

7. 2-Pentadecanone,6,10,14- —5.3@? -4.2 -4.6 -4.6 -5.5
trimethyl- . 5\'

8. 2(4H)-Benzofuranone, 0\‘%6 -6.4 -5.5 -5.6 -6.0 -7.2
5,6,7,7a-tetrahydro-4 4 Q

trimethyl- QQ\

9. 1,3—Propanedio%— 5.1 -49 -3.8 -4.0 -4.9 -4.8

(hydrOX)(ﬁggSi})
7

-nitro-

Key: NF—%&!uclear 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- CRP GFAP BDNF NGF  Nrf2

kB *
o)

10. .alpha.-D-Glucopyranoside, -64  -5.6 -4.5 -5.5 -6.7

methyl <

11. Cyclopropyl carbinol 34 35 -3.0 —@ -3.6 -
12. Tricyclo[5.1.0.0(2,4)] octane- -6.9  -6.2 -6.5 % -6.8 -7.2

5-carboxylic acid, 3,3,8,8- Q
tetramethyl-, methyl ester Q
13. 2-Propenoic acid, 2-methyl-, -4.6  -4.8 Q& -4.3 -5.2 -4.7
pentyl ester 6%
14.  4-Acetyl-1- -5. 3 % -4.4 -6.2 -5.7 -5.5
methylcyclohexene
15. 4-Methyl-5H-furan-2-one ® -4.6 -3.5 -5.2 -4.8 -
16. 5- Hydroxymethylfurfural Q -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-lf@%ne 52 -6.6 -6.7 -6.3 -6.3 -5.2

19. Ethanone, Jﬁthy] -3-(4- -58 -64 -6.8 -5.9 -6.7 -6.8

methyl )oxiranyl]-

Key: ]\jéqmclear 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- CRP GFAP BDNF NGF  Nrf2

kB *
o)

20. 2-Hydroxy-gamma- -6.6 4.5 -6.6 -5.6 -5.9
butyrolactone QJ

21.  Phytol 5.0 45 -3.8 « -5.5 -

22. 9,12-Octadecadienoic acid 5.4 -4.7 -3.7 %@ -5.1 -5.2

(Z,2)-, 2,3-dihydro

23, 9,12,15-Octadecatrienoic 56 63 4Q 6.5 45 57
acid, methyl ester, (Z,Z,7)-

24, 5-Isopropyl-6-methyl-hepta-  -5.1  -5. %%4 0 -4.4 -4.7 -5.7
3,5-dien-2-ol

25. Ethyl-1-propenyl ether & 3.8 -3.1 -4.1 -3.9 -3.4
26. 3,7,11, 15-Tetramethyl-2- C%é -4.9 -6.2 -6.9 -5.5 -5.7

hexadecen-1-ol

217. Pivaloylacetone, eno 43 5.1 -4.2 -5.7 -4.7 -4.4

28. Phytol, acetate Q -6.1  -5.7 -4.8 -4.3 -4.9 -6.3

29. 1-(1’-Pyrrolidinyl )-2- 45 43 -3.6 -5.1 -4.2 -4.6
propano@

30. 1-(1’ olidinyl)-2- 45 43 -3.6 -5.1 -4.2 -4.6

\@ﬁone
~

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- CRP GFAP BDNF NGF Nrf2
kB

1. Tricyclo[5.1.0.0(2,4)]octane- Aqueous -6.9 -6.2 -6.5 -5.2 -6.8 -7.2
S-carboxylic acid, 3,3,8,8- Ethanol
tetramethyl-, methyl ester \

2. Ethanone, 1-[3-methyl-3-(4- Ethanol -58 -64 -6.8 -5.9 6!7 -6.8
methyl-3-pentenyl)oxiranyl]- Q/

3. 1H-Pyrrole-2,5-dione, 3- Methanol -5.6 -5.6 -4.8 6.8 -6.1 -5.8
ethyl-4-methyl- %0

4, 9,12,15-Octadecatrienoic Ethanol 56 -6.3 3 -6.5 -45 5.7
acid, methyl ester, (Z,2,7)- Q

5. 7,9-Di-tert-butyl-1- Aqueous  -6.0 @ 4.5 -5.7 62  -6.9
oxaspiro(4,5)deca-6,9-diene- 6’6
2,8-dione @%

6.  N-Isobutyl-sec-butylamine 52 -6.6 -6.7 -6.3 -6.3  -52

SN
¢
>
N

o)

Source: Researcher’s Field Work @

Ethan&l
VY
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Interactions

- Conventional Hydrogen Bond

Q

Figure 4.1: 3D and 2D Interaction between Metf(@ and Nuclear Factor-kappa B

Source: Researcher’s Field Work, 2025 @
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Interactions

- Conventional Hydrogen Bond D Pi-Donor Hydrogen Bond

Carbon Hydrogen Bond

b’b‘

Figure 4.2: 3D and 2D Interaction K@h&’letformm and C-reactive Protein

Source: Researcher’s Field Werk&
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Figure 4.3: 3D and 2D Interaction betwe wformln and Glial Fibrillary Acidic Protein

Source: Researcher’s Field Work, 2022_;\\'
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Figure 4.4: 3D and 2D Interaction betwe }le;formin and Nerve Growth Factor

Source: Researcher’s Field Work, 20 t_;\\'
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Interactions
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Figure 4.5: 3D and 2D Interaction b%w Metformin and Brain Derived Neurotrophic

Factor \C)

Source: Researcher’s Field Wos& 5
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Figure 4.6: 3D and 2D Interaction b@ Metformin and Nuclear Factor Erythroid 2-
related Factor 2 \

Source: Researcher’s Field WB@ 5

183



LYs
A:252

Interactions

- Conventional Hydrogen Bond D Alkyl

Figure 4.7: 3D and 2D interaction b %(g Tricyclo[5.1.0.0(2,4)]octane-5-carboxylic acid,
3,3,8,8-tetramethyl-, methyl ester @uclear Factor- kappa B

Source: Researcher’s Field Wb@%S
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N
Figure 4.8: 3D and 2D Interaction between N-Iso u;a@u-butylamine and Nuclear Factor
Erythroid 2-related Factor 2

Source: Researcher’s Field Work, 2025 @
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Interactions

nventional Hydrogen Bond D Alkyl

o
Figure 4.9: 3D and 2D interaction \Qen Ethanone, 1-[3-methyl-3-(4-methyl-3-
pentenyl)oxiranyl]- and C-Reactive P RP)

Source: Researcher’s Field Work, 20@
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Figure 4.10: 3D and Qeraction between 1H-Pyrrole-2,5-dione, 3-ethyl-4-methyl- and
Glial Fibrillary otein (GFAP)

Source: Resea@er Field Work, 2025
\,Q:b

187



A N
g A @i L
B9 @“'

Interactions

- Conventional Hydrogen Bond D Alkyl
D Carbon Hydrogen Bond D Pi-Alky!

O
N

Figure 4.11: 3D and 2D 1nteract10n$n 9,12,15-Octadecatrienoic acid, methyl ester,

(2,Z2.,Z)- and Brain Derived Neurotr ctor (BDNF)

Source: Researcher’s Field Wor@
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Table 4.9: Predicted Pharmacokinetic Properties of Lead Compounds and Standard Drug

Properties Tricyclo[5.1.0.0(2,4)] Ethanone, 1-[3- 1H- 9,12,15- 7,9-Di-te§ N- Metformin
octane-5-carboxylic  methyl-3-(4- Pyrrole- Octadecatrie  buty Q Isobuty
acid, 3,3,8,8- methyl-3- 2,5-dione, noic acid, 0 sb@,S)d I-sec-
tetramethyl-, methyl pentenyl)oxiranyl] 3-ethyl-4- methyl ester, ca-6,9-diene-  butyla
ester - methyl- (Z,Z,Z)-\ 2,8-dione mine
Molecular C14H2207 C11H1502 C7HoNO> CioH \ C17H2403 CsHioN C4H;1Ns
Formula
Molecular 222.32 182.26 139.15 @9@ 276.37 129.24  129.16
Weight b’b
(g/mol) \Q’b
Bioavailabili 0.55 0.55 & 0.55 0.55 0.55 0.55
ty Score éﬁ\&
Water Soluble Soluble AQ’\ Very Very Soluble  Soluble Very Highly
Solubility }bQ\ Soluble Soluble Soluble
Lipophilicity 3.17 . 1.28 1.28 291 2.64 0.34
(ilogP) ’\\§
GI High 6 High High High High High High
absorption . %’b
~

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)] Ethanone, 1-[3- 1H- 9,12,15- 7,9-Di-te§ N- Metformin
octane-5-carboxylic  methyl-3-(4- Pyrrole- Octadecatrie  butyl- Isobuty
acid, 3,3,8,8- methyl-3- 2,5-dione, noic acid, OJQ)J 4,5)d I-sec-
tetramethyl-, methyl pentenyl)oxiranyl] 3-ethyl-4- methyl ester, ca-6,9-diene- butyla
ester - methyl- (2.,2.,7)- Oz,s-dione mine
zBBB Yes Yes No No s Yes Yes No
permeability QO
Hydrogen 2 2 2 Q\ 3 1 2
bond b’b
acceptor \\Q’b
Hydrogen 0 0 . @ 0 0 1 3
bond donor ,\C—)
Lipinski’s Yes Yes \ Yes Yes Yes Yes Yes
rule QQ
Synthetic 3.31 '@9 2.09 2.09 4.35 1.11 3.02
accessibility XQ/

\J
&’Z}
Source: Researcher’s Fieh\/ k, 2025
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Table 4.10: Toxicity Prediction of Lead Compounds and Standard Drug.

&

Toxicity Tricyclo[5.1.0.0(2,4)] Ethanone, 1-[3- 1H- 9,12,15- 7,9-Di-tert\ N- Metformin

octane-5-carboxylic =~ methyl-3-(4- Pyrrole- Octadecatrien butyl- -% Isobutyl
Class acid, 3,3,8,8- methyl-3- 2,5- oic acid, AS @0‘ ,5)de -sec-

tetramethyl-, methyl pentenyl)oxira dione, methyl ester, i butylam

ester nyl]- 3-ethyl- (Z,Z2,7)- ine

: S
methyl- &$
LD50 (Mg/Kg) 3881 5000 1800 20000 ( > 900 1190 680
Toxicity 5 5 4 6 3 4 4 4
Class r§
Hepatotoxicity Inactive Inactive Inact@ nactive Inactive Active Inactive
Mutagenicity Inactive Active T?@ve Inactive Inactive Inactive  Inactive
Cardiotoxicity Inactive Inactive c;\\'%active Inactive Inactive Inactive  Inactive
Carcinogenicity Active Inac.tiQé Inactive  Inactive Inactive Inactive  Inactive
Neurotoxicity Inactive @@ Active  Inactive Inactive Active Inactive
Nephrotoxicity Inactive ,\%Inactive Inactive  Inactive Inactive Inactive  Inactive
Cytotoxicity Inactlé' eQ/ Inactive Inactive  Inactive Inactive Inactive  Inactive
Imunnotoxicity I@e Inactive Inactive  Inactive Inactive Active Inactive
AN
~

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. Q\

The control group (Group 1) showed a normal increase in body weight, wi hgmoan gain of 41.5
+ 11.1 g, reflecting normal growth and metabolic balance. In co r@he diabetic untreated
group (Group 2) exhibited variable responses, including weigh s%some animals, resulting in
a modest mean change of 3.5 £ 25.3 g, indicative of m@olic disturbance associated with
diabetes induction. Rats treated with A. indica at 20@(Group 3) showed a slight reduction
in body weight (4.3 = 17.4 g), suggesting h '%protection against diabetes-induced weight
loss. The higher dose of 4. indica (400 %ﬁg Group 4) similarly resulted in an overall decline

in body weight, consistent with the F®1 observed in the diabetic untreated group.

Metformin-treated rats (Gr: 1splayed a comparable trend (4.7 = 18.6 g), showing variable

effects but no 31gn1ﬁcan difference compared with the A. indica-treated groups.

Overall, whil guﬁca and metformin did not fully prevent diabetes-induced weight loss, their

effects ap@i to moderate the extent of reduction compared to untreated diabetic rats.

N
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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 diQes without
treatment significantly reduced retinal total protein levels to 17.95 + 1.68 mig/g tisSue (P < 0.05
vs. control), indicating a substantial loss of protein due to diabetic dam@

Treatment with A. india at 200 mg/kg raised the total protein level$22 + 2.21 g/l tissue. This
increase was not statistically significant compared to the ¢ > 0.05 vs. control), however,

this values were significantly higher than those 1i @abetic untreated group (P < 0.05),
suggesting a partial restoration of protein content.f]bg

Administration of 4. india at 400 mg/kg r &r\% in a total protein level of 22.54 + 0.68 mg/g
tissue, which was significantly lo@a the control group (P < 0.05), but remained
significantly higher than in -t\thdbetic untreated group (P < 0.05), indicating moderate
protective effects at the k@%%se.

Metformin-treate 'r@ owed a total protein level of 22.64 + 1.81 g/l tissue. This value was
lower than tha& control (P <0.05) yet higher than in the diabetic untreated group (P < 0.05),
reﬂecting%%ﬂar 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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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 uM, repre@in normal
baseline oxidative status. Induction of diabetes without treatment signiﬁc@l/ evated MDA
levels to 2.292 £ 0.00354 uM (P < 0.05 vs. control), indicating hei@%ﬂ oxidative stress.

Treatment with A. india at 200 mg/kg significantly reduced M vels to 2.069 £+ 0.01343
UM compared to the diabetic group (P < 0.05), and @stically similar to the control
(P > 0.05), suggesting a protective antioxidant eff§ﬂowever, treatment with 4. india at
400 mg/kg yielded an MDA level of 2.211 1@296 uM, which was significantly higher

R

than the control (P < 0.05), and also 31%1 antly different from the 200 mg/kg group (P <
m

N\

Metformin treatment resul 24 an MDA level of 2.130 + 0.01524 uM, which was

0.05), indicating a less effective tigating oxidative damage.

significantly lower thv@%iabetic untreated group (P < 0.05), but not significantly different

from the cont@ 200 mg/kg A. indica group (P > 0.05), reflecting effective antioxidant
a

activity co@

Altho@‘e 200 mg/kg A. indica and metformin treatments significantly improved MDA

le to the lower dose of the extract.

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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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 deQ&
Administration of Azadirachta indica at 200 mg/kg significantly im SH levels to
0.6979 £ 0.02581 mM (P < 0.05 vs. control), while the 400 m &ﬁse led to a similar
increase, reaching 0.7240 + 0.1648 mM (P < 0.05 vs. orﬁ Although these values
remained lower than the control, they were not si y different from the diabetic
untreated group (P > 0.05), suggesting partial %@fﬁcwnt restoration of glutathione at
both doses.

Metformin treatment produced a { Vel of 0.8365 + 0.05199 mM, which was
significantly elevated compare e diabetic untreated group (P < 0.05), yet still

significantly reduced relatrv%%e control (P < 0.05). There were no statistically significant

differences among t\\@% treatment groups or between any of them and the diabetic

untreated grot@%)

\/Q:Z}
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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 @resulted

in a SOD level of 0.02957 + 0.01220 U/mg, which was not signiﬁc@fferent from

control (P > 0.05), suggesting restoration of antioxidant activit@ose.

Similarly, Azadirachta indica 400 mg showed a SOD aeti of 0.01841 + 0.00084 U/mg,
with no significant difference from control (P > 0.0§)NMetformin treatment yielded a SOD
level of 0.03286 + 0.01205 U/mg, also sta@ly similar to control (P > 0.05). When
compared to diabetic untreated, Azadirqc dica 200 mg/kg significantly increased SOD
activity (P < 0.05), and metforminéi\&-c an even stronger effect (P < 0.05). The 400 mg/kg
bodyweight Azadirachta iigd@atmen‘[ did not significantly differ from diabetic untreated
(P > 0.05). No sign%@hfferences were observed among the Azadirachta indica 200
mg/kg body wqi@)o mg/kg body weight, and metformin groups (all P > 0.05), indicating

comparabl&gc}y in restoring SOD activity.

201



ns

.
ns
ns
ns ns
® * llns ns
0 _'_ Il Control
0.044 ' I Diabetic Untreated
Il Diabetic + Al 200mg/ke
0.03 I Diabetic + Al 400mg/kg

I Diabetic + Metformin

0.02-

0.01+

Retina Tissues (U/mg Protein)

Activity of Superoxide Dismutase in

0.00-
Groups

NN

Figure 4.18: Ef} f A. indica on Retina Tissue Superoxide Dismutase Activity in DR

Rats 6Q/

Vah@&sented as mean + SD, (n=4). *P <0.05

Source: Researcher’s Field Work, 2025

202



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 com @ 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, botl@%gniﬁcantly different
from control (P > 0.05). When compared to diabetic untreated, AZadirachta indica 200 mg/kg
significantly increased CAT activity (P < 0.05), while achta indica 400 mg/kg and
metformin treatments showed even more pronouncg%%dses, indicating effective restoration
of CAT activity by these treatments. fb
No significant differences were observed %ﬂ Azadirachta indica 200 mg/kg, 400 mg/kg, and
metformin groups (all P > 0.05), s@ng similar efficacy in ameliorating diabetes-induced
CAT depletion. . \AQ
N
)
C
O
O
\¥

203



ns

)
| 5
* % |

1
” ns ns
=¥}
a |
ﬁ 8 X%k Xk ns ns
5 H ! B Control
E = Bl Diabetic Untreated

%)
=35 6 B Diabetic + Al 200mg/ke
2% B Diabetic + Al 400mg
‘E g 44 Bl Diabetic + Metformin
Sll=]
o
Q
=
IS
5
«
0..
Groups
° \\\

Figure 4.19: Sff A. indica on Retina Tissue Catalase Activity in DR Rats

ed as mean = SD, (n=4). *P <0.05, **P <0.01, ***P < 0.001

Values re%
Source\%lsearcher’s Field Work, 2025

204



4.1.4.6 Effect of Azadirachta indica on Retina Tissue Nuclear Factor kappa-B (NF-kB)

Concentration

Figure 4.20 illustrates the NF-kB levels across the experimental groups. The control group
showed an NF-«kB concentration of 0.01400 + 0.00529 ng/ml, serving as a reference. In contrast,
the diabetic untreated group exhibited a significant elevation in NF-«kB levels t%3133 +

0.00681 ng/ml compared to control (P < 0.05), reflecting enhanced inﬂam@ signaling

associated with diabetes. «

Treatment with Azadirachta indica 200 mg/kg reduced NF—KB@ to 0.02467 + 0.00153
ng/ml, although this decrease was not statistically signifi ative to control (P > 0.05).
Similarly, Azadirachta indica 400 mg/kg and metformngoups demonstrated NF-kB levels of

0.01667 £ 0.00306 ng/ml and 0.02200 + 0.00100 p@ respectively, both comparable to control

(P> 0.05). @

Compared to diabetic untreated, 4za \bta indica 400 mg/kg treatment significantly decreased
NF-«kB levels (P < 0.05), while t uctions observed with Azadirachta indica 200 mg/kg and
metformin treatments did&@h statistical significance (P > 0.05)
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4.1.4.7 Effects of Azadirachta indica on Retina Tissue C-reactive Protein (CRP)

N\

Figure 4.21 presents the C-reactive protein (CRP) concentration across perimental

Concentration

groups. The control group exhibited a CRP concentration of 0.0953 3Qtﬂ 04315 ng/ml,
serving as a reference. The diabetic untreated group showed a @cant increase in CRP
levels to 0.2447 + 0.01457 ng/ml compared to control %) indicating heightened
systemic inflammation associated with diabetes. Q

Treatment with Azadirachta indica 200 mg/kg@% CRP levels to 0.09433 + 0.04163
ng/ml, which was not significantly differw@% control (P > 0.05). Similarly, Azadirachta
indica 400 mg/kg and metformin _g;& demonstrated CRP levels of 0.08267 + 0.06408
ng/ml and 0.05767 + 0.03842 n@, respectively, both statistically comparable to control
(P > 0.05). $

Compared to the dlalkbuntreated group, treatments with Azadirachta indica 200 mg/kg (P
< 0.05), Aza{/&n ndica 400 mg/kg (P < 0.05), and metformin (P < 0.05) significantly

lowered C@evels, demonstrating their anti-inflammatory potential.

\*
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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 %gniﬁcant
increase in VEGF levels to 10.64 + 0.706 pg/ml compared to control (P 4@" , reflecting
enhanced angiogenic signaling associated with diabetic pathology. «

Treatment with Azadirachta indica 200 mg/kg reduced VEGF Je g 7.237 + 0.602 pg/ml,
which was not significantly different from control (P > 0.@9imilaﬂy, Azadirachta indica
400 mg/kg and metformin treatments yielded VEGF saf 7.116 £ 1.424 pg/ml and 6.379
+ 0.612 pg/ml, respectively, both comparable to @%1 (P >0.05).

Compared to the diabetic untreated gl@adirachta indica 200 mg/kg (P < 0.05),

Azadirachta indica 400 mg/kg (P < and metformin (P < 0.05) treatments significantly

N

decreased VEGF levels, indic@é?heir potential to mitigate diabetes-induced angiogenic
&
O

responses.
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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 tivation in
diabetic retina. &

Treatment with Azadirachta indica 200 mg/kg reduced GFAP le 0.558 = 0.138 ng/ml,
which was not significantly different from control (P > O.@ﬁmilaﬂy, Azadirachta indica
400 mg/kg and metformin groups showed GFAP levels 466 £ 0.442 ng/ml and 0.446 +
0.173 ng/ml, respectively, both comparable to c%rb(P >0.05).

Compared to the diabetic untreated gr@adirachta indica 200 mg/kg (P = 0.05),

Azadirachta indica 400 mg/kg (P = O\@and metformin (P = 0.05) treatments significantly

lowered GFAP levels, demo%ﬁtﬂg their capacity to attenuate diabetes-induced glial
N
&

activation.
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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

=

Administration of Azadirachta indica at 200 mg/kg effectively lowered glutam Is to 51.50

excitotoxicity commonly associated with diabetic retinal damage.

+ 8.79 mM, a value statistically indistinguishable from that of the co oggwup (P > 0.05).
Similarly, treatment with Azadirachta indica 400 mg/kg and metfa resulted in glutamate
concentrations of 69.67 = 9.82 mM and 58.67 = 15.57 mM ectively, both demonstrating
normalization of glutamate levels (P > 0.05). Relative @Je diabetic untreated group, all
therapeutic interventions produced highly signiﬁcan%%%ons in glutamate concentrations (P <
0.05), indicating their effectiveness in mitiga@xcitotoxic effects induced by diabetes.
N

N

&
&
N
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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 a&ed with

diabetic neuropathology. : O

Administration of Azadirachta indica at 200 mg/kg effectively restore A concentrations to
1285 + 179 pg/ml, showing no significant deviation from contro@es (P > 0.05). Similarly,
treatments with Azadirachta indica 400 mg/kg and metfo 'Qlded GABA levels of 1338 +

78 and 1263 + 169 pg/ml, respectively, both comparabl@?he control group (P > 0.05).

Relative to the diabetic untreated condition ’berapeutic interventions elicited statistically

significant increases in GABA levels (P < @

X
N\
Q;\"J
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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 %lps. The
control group exhibited an NGF concentration of 11.01 + 2.47 pg/ml. The untreated

group showed a significant reduction in NGF levels to 4.85 + 0.69 pg/m rg;aled to control (P

< 0.05), indicating impaired neurotrophic support in the diabetic stat%Q

Treatment with Azadirachta indica 200 mg/kg markedly 1 NGF levels to 18.46 + 1.49
pg/ml, significantly higher than both control and diabeti gﬂed groups (P < 0.05). Similarly,
Azadirachta indica 400 mg/kg and metformin treat@%elevated NGF concentrations to 14.85
+ 1.59 pg/ml and 13.92 + 1.46 pg/ml, respecﬁs\K@ Both increases reached statistical significance

relative to the diabetic untreated gro < 0.05), while the 400 mg/kg treatment group

exhibited values comparable to ‘[K@ﬁol group at P > 0.05.

Furthermore, a statistica@ﬁcant variation was observed between Azadirachta indica 200

mg/kg and metformh\('%ups (P < 0.05), suggesting a stronger effect at the lower dose in this

parameter. 6
&
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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. Q\

Treatment with Azadirachta indica at 200 mg/kg and 400 mg/kg resulteden%\IF levels of
12.00 £ 1.93 pg/ml and 10.48 + 1.02 pg/ml, respectively, which wer@&\gtatistically different
from control (P > 0.05). However, metformin administration led k%)table increase in BDNF

concentration to 17.71 + 2.61 pg/ml, significantly higher diabetic untreated group (P <

0.05) and the Azadirachta indica 400 mg/kg group (P < Q&).
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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 celll&e‘r, inner

plexiform layer, inner nuclear layer, outer plexiform layer, and outer nuclear | Q\IF +GCL,
Qm;

IPL, INL, OPL, ONL, and PRL) were preserved and well organized, \& rm nuclei and

normal ganglion cell density. Group 2 exhibited marked Vacuolatlon RL alongside focal
neuronal loss in the INL, severe layer disruption, ballooning tion, edema, and ganglion
cell loss. Treatment with Azadirachta indica at 200 d6Group 3) resulted in partial
restoration of retinal thickness, mild reduction of ne oss in the INL, decreased vacuolation
in the PRL, improved ganglion cell count, &ed pyknotic cells. The 400 mg/kg dose
(Group 4) elicited more pronounced .im ents with near-normal layer thickness, well-
defined retinal layers, minimal p@s, and significant reduction of PRL vacuolation.

Metformin-treated animals (' p 5) maintained retinal thickness; however, multifocal

ballooning degeneration @minent vacuolation in both ONL and PRL persisted, reflecting

partial but insufﬁ('e@ervation of retinal architecture.
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Figure 4.28: Photomicrogra \AX4OO), of Hematoxylin and Eosin stained Retina of control
group and Diabetic untréated, group, and Group 3 treated with 200mg/kg of Azadirachta indica
extract. Group 1 s%mtact retinal layers and normal nuclei. Group 2 shows severe
degeneration, ed% ell loss. Group 3 treated with 200mg/kg of Azadirachta indica shows
partial restoration fewer pyknotic cells.

Blue: NFL @ (Nerve Fiber Layer and Ganglion Cell Layer)

Green: nner 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

222



. N

Figure 4.29: Photomicrographs (x400), of Hematoxylin and ﬁlined Retina of Animals
treated with 400mg/kg of Azadirachta indica extract and 7 f Metformin. Group 4 shows
near-normal layers with minimal pyknosis. Group 5 shows tained thickness with multifocal

degeneration and focal cell loss. &Q

Blue: NFL + GCL (Nerve Fiber Layer and G@ Cell Layer)
Green: IPL (Inner Plexiform Layer) \

Yellow: INL (Inner Nuclear Layer) (—)\

Black: OPL (Outer Plexiform Lq&@

Red: ONL (Outer Nuclea@e\
Double-head blue: PRL (Phetoreceptor Layer)
Source: Reseag@’s%\él 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 pm) and a neuronal count of 190.404. In contrast, the
untreated diabetic control group showed severe ballooning degeneration, PRL nthg, mild
ganglion cell loss, irregular INL with edema, disorganized retinal layers, andinuntetrous pyknotic
nuclei, with total retinal thickness reduced to 48.99 um. The 200 zadirachta indica-
treated group exhibited partial restoration of PRL thickness e@ INL edema, improved
ganglion cell count, and fewer pyknotic cells (total thickn 776 um). The 400 mg/kg group
demonstrated comparable improvements, with nea —n@ ganglion cell density, well-defined
retinal layers, and minimal pyknosis (total thic “61.56 um). Interestingly, the metformin-
treated group maintained PRL thickness b&k\&led signs of multifocal degeneration and focal
ONL loss, with the lowest total reti@c ess (33.94 um) despite a relatively high neuronal
count (214.311). These findin gest that Azadirachta indica, particularly at 400 mg/kg,

provided greater histoarc@ll 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 &%7

Azadirachta
3 Group 3  Diabetic + A.indica indica extract 200 ‘ 173.886
mg/ kg
Azadira Q
4 Group 4  Diabetic + A4.indica mdlcm 00 9124608 198.124
Diabetic + etformm 7
5 Group 5 Metformine \% wo/kg 9124608 214.311

S’

Source: Researcher’s Field W, §025
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S
Figure 4.30: Photomicrograp. 00), of Creysl Violet stained Retina of Control (Group 1),
Diabetic untreated (Gro nd group treated with with 200mg/kg of Azadirachta indica
extract, where Group k, shewsNormal Nissl substance distribution, with Group 2 displaying

disorganized cell s;\pyknosis with loss of nuclei, and group 3 improved layering, fewer
pyknotic.

Blue: NFL (Nerve Fiber Layer and Ganglion Cell Layer)
Green P&nner 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
400mg/kg of Azadirachta indica extract, Group
Group 4 showing well-defined layers with mini
in the outer nuclear layer in focal areas.

%sQained Retina of Group 4 treated with

ed with with 7ug/kg of Metformin with
yknosis, while Group 5 shows loss of cells

Blue: NFL + GCL (Nerve Fiber Layeré_?;(% glion Cell Layer)
Green: IPL (Inner Plexiform Lay

Yellow: INL (Inner Nuclear i $

Black: OPL (Outer Plexi?%Layer)

Red: ONL (Outer :& Layer)
PRL (Photoreceptor Layer)

Double-headg
Source: RQ%C er’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 axond %ge and
neuroinflammation. Treatment with Azadirachta indica at 200 mg/kg fresulttd in partial
preservation of Nissl bodies and neuronal structure compared to the @e ed group, although
swelling and gliosis remained evident. Increasing the dose to O$g produced near-normal
neuronal staining and architecture, with minimal gliotic c@ , closely resembling the control
group. Metformin-treated animals also demonstrat y&%& Nissl staining and preserved optic

nerve structure, with neuronal counts (227.41 %) slightly exceeding those of controls,

suggesting possible compensatory neuronal %&ial responses.

S
D)
S
¢
%6
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Table 4.12: Optic Nerve Fibre Neuronal Count

S/N Label Description Treatment Neuronal
Count
1 Group 1 Normal control Vehicle 189.637
2 Group 2 Diabetic control None 180.93*
. . Azadirachta 0
3 Group 3 Dﬁ-l,);zt;g; indica extract 168
' 200 mg/ kg ’\
C Azadirachta
4 Group 4 DIEE;;;S; indica extract @ 228.8
' 400 mg/ kg Q
Diabetic + Metfo ip§
5 Group 5 Metformin g /é 9124608 227.41
VN

R

¢

\?:Z>6

@0’

229



Figure 4.32: Photomicrograp.$Q0()), of Creysl Violet stained Optic Nerve of control group
(Group 1), Diabetic un@ group (Group 2), and Group 3 treated with 200mg/kg of
Azadirachta indica, e Group 1 normal neuronal staining, intact myelin, Group 2 shows
reduced Nissl staining; neuronal swelling with angular neuronal architecture with gliosis, Group

3 Moderate ation of Nissl bodies with marked gliosis.

Sourcc%&archer’s Field Work, 2025
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Figure 4.33: Photomicrographs (x400)s ysl Violet stained Optic Nerve of Group 4 treated

with 400mg/kg of Azadirachta ind'&&y owing near-normal Nissl pattern with architecture

similar to Group 1, and Group Q&éd with 7pg/kg of Metformin, showing preserved neuronal
staining with architecture si '\to Group.

Source: Researcher.’%&l 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 in%ity was
maintained, consistent with hyperglycemia-induced neurodegeneration. ent with
Azadirachta indica at 200 mg/kg reduced the severity of neurona‘@gﬁge and gliosis
compared to the untreated group, though both changes persisted. 400 dose produced visual
cortex neurons closely resembling controls, with only mild sinell shrinkage and mild gliosis
in group 4 receiving the treatment dose. Metformin-treat%aﬁals displayed deeper cytoplasmic
staining and well-defined Nissl substance, althouéréerall structural preservation was less

pronounced than that observed with the highe\\@ 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 ( 6%735
. . Azadirachta Q
3 Group 3 Diabetic + 4 Jicq extract 20 &4608 210.401
A.indica
mg/ kg Q
. . AZ@U‘Q
4 Group 4 Diabetic + ndif@¥Xiract 400 9124608 217.628
A.indica
\ mg/ kg
Diabeti \ Metformin
5 Group 5 Metf & Tugke 9124608 204.877
a\
\‘

Q\

Source: Researcher.’&&i Work, 2025

\?:Z>6

C

233



Figure 4.34: Photomlcro §(x400) of Creysl Violet stained Visual Cortex of control group
(Group 1), Dlabetl %eated group (Group 2) and Group 3 treated with 200mg/kg of

Azadirachta indi where Group 1 shows normal neuronal staining with normal neuronal
architecture a enificant inflammation, Group 2 Severe neuronal shrinkage with moderate
gliosis, ma %IUCICHI pyknosis, and unaffected myelin, while Group 3 shows persistent
neuronal age with moderate gliosis.

Sourcexgsearcher’s Field Work, 2025
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Figure 4.35: Photomicrographs (x400), of Creysl Violet stdined Visual Cortex of Group 4 treated
with 400mg/kg of Azadirachta indica, showing ne %&milar to Group 1, with mild single cell
neuronal shrinkage, and mild glosis. Group 5 tre ith 7ug/kg of Metformin showed neurons
with deeper-stained cytoplasm with well stal substance.

Source: Researcher’s Field Work, 2025 5\\\
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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 dﬁgulation

X

Treatment with Azadirachta indica extract demonstrated a dose—depende&gawon in glycogen

and potential glial activation in the retina.

deposition. The low-dose group (200 mg/kg) exhibited modeé nuation of glycogen
i

a
accumulation relative to the diabetic untreated group, reﬂec@p ial restoration of normal
retinal metabolism. The high-dose group (400 mg/kg) show onounced reduction in glycogen
deposition, with staining patterns closely resemblinb@ntrol animals, suggesting an almost
complete restoration of retinal glycoprote@. Similarly, the metformin-treated group

(Group 5) demonstrated significant r.e@n in glycogen accumulation, comparable to the

control group. ’\Cj\

§
S

O
&
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Figure 4.36: Photonx‘( raphs (x400) of PAS-stained Retina showing glycogen deposition in

Groups 1-3. Gr ntrol) shows normal physiological glycogen distribution. Group 2
(diabetic untreate splays marked glycogen accumulation indicating metabolic dysregulation.
Group 3 (29&E /kg Azadirachta indica) exhibits moderate attenuation of glycogen deposition
compare diabetic untreated group.

Red circle indicates less glycogen deposition, black circle indicates more glycogen deposition.

Source: Researcher’s Field Work, 2025
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GROUP 4

Figure 4.37: Photomicrogr 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&m control. Group 5 (metformin-treated 7ug/kg) demonstrates a similar

[ ]
normalization of gly distribution, comparable to control levels.

Red circle i@es less glycogen deposition, black circle indicates more glycogen deposition.

Sourcc%earcher’s Field Work, 2025
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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 yision loss
globally'.The condition is not merely a vascular disorder but also involves comp @bnal and
glial alterations that compromise retinal function. Extensive research has thetefore”been directed
towards understanding the mechanisms underlying diabetic retir@d identifying novel

therapeutic strategies to mitigate its progression.

O
To contribute to ongoing research efforts addressing this @m, the present study investigated
the neuroprotective effect of ethanol extract of @imchm indica (A. indica) leaves on
neurodegeneration in a diabetic rat model, w'@msis on its potential mechanisms of action.
Specifically, the study evaluated biochgmieal alterations, oxidative stress markers, inflammatory

mediators, neurotransmitter and ne&tr hic factor balance, and histomorphological changes in

the retina and associated neu@:es, specifically optic nerve fibre, and visual cortex.

Phytochemical ana‘lys' sing GC-MS revealed numerous bioactive compounds in the aqueous,
methanol, and et@extracts of A. indica. Dominant constituents included glycerin, benzofuran
derivatives, ol, hexadecanoic acid esters, and vinylphenols. These findings align with
previousngeports on the diverse phytochemical profile of A. indica, which has been associated

with antioxidant, anti-inflammatory, and neuroprotective activities®*.

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 @ing weight
loss consistent with the metabolic derangements associated with diabetg&'&'s%utcome aligns
with earlier reports that diabetes is frequently accompanied by wei duction, attributed to

increased catabolism of muscle proteins and fat stores>. Q

Treatment with 200 and 400 mg/kg A. indica extract did Qﬁﬁcanﬂy ameliorate body weight

loss in diabetic animals, and the high-dose (400 n@(g group even showed enhanced weight

reduction. This is in contrast with previous‘@ts where neem leaf extract improved weight

gain in diabetic models, likely through nisms such as pancreatic B-cell regeneration and

improved insulin activity®’. H.ow @&he outcome of this study is consistent with findings from

a study which evaluated @a effect on feed consumption and weight gain in diabetic rat
»

model and, reported no&i ence of weight gain following neem treatment®.
[ ]

N\

The absence Of significant body weight amelioration following treatment with 4. indica extract
in type 1@‘[& rats, a result consistent with the metformin control group, can be explained
throught(e mechanisms of action relevant to insulin-deficient models. In streptozotocin-induced
diabetes, characterized by substantial B-cell destruction and insulin deficiency, the primary
therapeutic focus shifts from improving insulin sensitivity to preserving remaining [-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 effects®*. 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 a-glucosidase suppresion and Q&o‘nent of
glucose utilization in peripheral insulin independent tisues through AMP-actiyated*rotein kinase
activation rather than through insulin-sensitizing actions®!%!!:. This t@% approach explains
the improved glycemic control without concomitant weight i r%as energy resources are
directed toward cellular repair processes and antioxidant s‘@ ather than mass accumulation.

reduction, may reflect neem's influence on m

The dose-dependent response, with higher dose mg/kg) showing enhanced weight
@ic efficiency and its ability to reduce

hyperglycemia-induced catabolism withou@\ ating lipogenesis.

This observation is consistent wiﬂQ&{c]&al findings where effective glycemic control does not
invariably correspond with W. ain, as demonstrated in the case of metformin'2. Metformin
is generally considered V&Qt—neutral in type 1 and type 2 diabetes models, an effect attributed
to its multiface@%c anisms of action!>!3. These include the suppression of hepatic
gluconeoge\}sévia activation of AMP-activated protein kinase (AMPK) and inhibition of
mitoclN{/gdl 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 balance!3:!415,
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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 4. 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 findi &may be
attributed to a combination of mechanisms, including B-cell protective eftects, Upregulation of
GLUT4 expression with enhanced peripheral glucose utilization@&bition of intestinal

glucosidases leading to reduced glucose absorption, and fo ation of hepatic glucose

output! 1116, Q

Interestingly, the higher dose of 400 mg/kg pr(@ significant glucose-lowering effects
compared with the diabetic untreated group 0, suggesting a dose-related efficacy. This
aligns with prior studies reporting that, extract enhances pancreatic beta-cell function and
improves peripheral glucose utili@%ca\thereby reducing circulating glucose levels!”!'3, The
comparable effects of A4. ind@i metformin observed at later time points indicate that neem
extract may provide an '&rglyoemic activity through complementary mechanisms, including

[ ]
antioxidant defe{se%d uppression of inflammatory stress, in addition to direct metabolic

regulationm@

Q

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 Qne changes
are consistent with contemporary syntheses of diabetic retinopathy pathobiology that identify

oxidative stress as an early, central mediator of neurovascular injurylg.o

Retinal total protein was significantly reduced in the diabetic@&i relative to control, and
treatment with A. indica at both 200 mg/kg and 400 mg@as well as metformin, produced
partial restoration. The 200 mg/kg dose restored to‘m@lein to values not statistically different
from control and significantly higher than t@ic untreated group, whereas the 400 mg/kg
dose and metformin also improved prqtg&t remained below control. These findings indicate
that the treatments mitigated protet@fé&?}with the lower extract dose performing at least as well
as metformin on this parame%%e protective effect on protein content agrees with reports that
antioxidant and anti-infla tory interventions preserve retinal synaptic and structural proteins
in early diabetic Q}/&’h ely by reducing proteolytic stress and limiting oxidative modification
of proteins. preservation is reported in both botanical and small-molecule intervention
studie@h emphasize that limiting oxidative damage is necessary to maintain retinal protein

homeostasis?0-2122,

Lipid peroxidation (MDA). MDA increased with diabetes, and treatment produced differential
outcomes. 4. 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 second!”-?, 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 b Qal extracts
commonly display non-linear dose response behavior (hormesis or competitive antagonism
among phytoconstituents)**?, and excessive dosing can alter abso Xetabolism, or redox
balance in ways that blunt benefit. These mechanistic explanati n§

¢ supported by prior neem

studies that reported reductions in tissue MDA with nee@ cts, and by broader literature

documenting hormetic responses for polypharmacolig@t extracts' "4,

In the present study, neither of the A. indic produced a statistically significant recovery
of GSH compared to the healthy can within the experimental timeframe. Although all
treatment groups trended upward, &c?\letformin group having the highest levels amongst the
treated groups, none of the . 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 th@s often requires either longer treatment durations, direct provision of
precursors s@s N-acetylcysteine, or strong activation of Nrf2-dependent synthetic pathways?®.
It has )Qo/%éen 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 state?’.

Similarly, treatment with 4. 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 reco eQah ns with
mechanistic expectations, as phytochemicals can activate endogenous an@ nt pathways,
including Nrf2 signaling, to upregulate SOD and CAT, thereby min oxidative stress®®,
Comparable restorative effects have been reported in recen‘t@ inical studies of neem and

neem-based preparations, supporting these observations”’”Q

NF-kB. The diabetic untreated group showed a sig@%ncrease in retinal NF-kB relative to
control, reflecting canonical inflammation i ’@lycemia. Treatment with 4. indica at 400
mg/kg produced a statistically signiﬁcansx\ﬁ'xction in NF-xB versus diabetic untreated, whereas
the 200 mg/kg dose and metfomé@duced smaller, non-significant reductions relative to
control. This pattern sugges&@t constituents concentrated in the higher dose preparation
effectively antagonized activation in retinal tissue. The literature supports a mechanistic
link between ne@%‘t hemicals and NF-«B suppression, where nimbolide and other neem-
derived mol @s have been reported to inhibit NF-kB nuclear translocation and downstream

pro—inﬂ{/&tory gene expression in cellular and animal models®!-*2.

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 insilico’**¥, 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-xB and MAPK. These compounds reduce the transcription and release of pro-
inflammatory cytokines that drive CRP production in the liver. Additionally, Q& of the
Nrf2 pathway by neem phytochemicals enhances antioxidant defenses, iadir¢ctly mitigating

inflammation by lowering oxidative stress a key upstream trigger@c onic inflammatory

O

The elevation of Vascular Endothelia Factor (VEGF) in diabetic animals reflects pro-

responses in diabetes?”3>,

angiogenic retinal microenvironment driven by perx@l hyperglycemia, oxidative stress, and
inflammatory signaling®®. These upstream @fhnduce VEGF expression to attempt tissue
repair and compensate for ischemic or, l@c stress; however, sustained elevation contributes
to retinal vascular permeability, @ca\cularization, and tissue damage’’. Treatment with A.
indica extract at both 200 Y and 400 mg/kg doses, as well as metformin, significantly
reduced VEGF conce t}b\s to levels comparable to control animals, thereby mitigating
angiogenic signa(r‘lg;@’\%u

fibrillary agc‘@protein (GFAP), which serves as an indicator of reactive Miiller cells and

istological retinal damage. Concurrent with VEGF modulation, glial

astrocy‘is/%as significantly increased in untreated diabetic animals, reflecting pronounced
gliosis. Both doses of 4. 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-Kb driven cytokine production and oxidative stress,

which are key drivers of Miiller cell reactivity®®. 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 stabilization3°4°.

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 Miiller glia and neuronal transporters restrict its &wellular
accumulation; GABA provides inhibitory tone that prevents runaway Qation; and
neurotrophic factors such as NGF and BDNF sustain neuronal surviva}ngpﬁc maintenance
and repair*!: 42, Treatment with 4. indica in the present study, restor mate levels to values
comparable to the control group, indicating effective prote against excitotoxicity. This
effect was similar to that seen with metformin, suggestin@at both treatments preserve glial
transporter function and neuronal integrity align ith reports that antioxidants prevent
glutamate accumulation through restoration @ cell uptake mechanisms**4344, The fact that
A. indica performed on par with m@ﬁn in normalizing glutamate suggests that its
phytochemicals act through a Qﬁé?rgent mechanism involving antioxidant and anti-

inflammatory pathways.

Similarly, diabetic an gowed the expected decline, whereas treatment with both 4. indica
extract and metf@ restored levels to those indistinguishable from control. This implies that
both interv s were equally effective in preserving inhibitory neurotransmission. Similar
ﬁnding\htve been reported with plant antioxidant and anti-inflammatory therapies that stabilize
inhibitory interneurons in experimental diabetic retinopathy*. The ability of A. indica to match
metformin in this respect supports its role as a potent modulator of neurotransmitter

balance**047,
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Neurotrophic factors revealed more marked differences between treatments. As expected,
diabetes reduced both NGF and BDNF relative to control. 4. 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

X

BDNF showed a different pattern: metformin induced a much stronger r& estoring levels

limonoids stimulate NGF expression and enhance neuronal resilience?’.

beyond those observed with neem. This finding aligns with previ Q dence that metformin
activates AMPK—CREB signaling, directly upregulating B transcription and promoting
synaptic plasticity*®. 4. indica extract, while improving BD@ompared with the diseased group,
did not achieve the same extent of restoration as m&@m, suggesting that its action on BDNF

is likely indirect and mediated through its a@t and anti-inflammatory effects rather than

through direct transcriptional activation“%&

Histological assessment conc{uct&@&ing complementary stains captured both structural and
cellular consequences of @ and the extent of therapeutic protection. Diabetes induction
caused significant .ret' %organization and thinning, consistent with oxidative stress driven
neurodegeneration. matoxylin and Eosin assessment showed that A. indica treatment,
particularl 00 mg/kg, markedly preserved photoreceptor and total retinal thickness,
suggest\mgattenuation 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 survival>%-3,
The apparent non-linear dose response for neem is also reported in neurohormetic phytomedicine

literature and may reflect optimal phytochemical ratios at intermediate doses®*.

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 inﬂammatk@Qusing BRB
breakdown, glial activation, and progressive neurodegeneration™-¢. In &gudy, Cresyl violet
staining of the retina provided complementary cellular detail, w pronounced neuronal
distress in the diabetic untreated group was observed, inch@ chromatolysis and pyknotic
nuclei, yet paradoxically yielded the highest neuronal county Jhis apparent discrepancy can be
attributed to reactive gliosis and astrocytosis, whergi liferating astrocytes and Miiller cells
replace damaged neurons and form glial s %@d maladaptive remodeling that mimics an
attempted repair somewhat analogous &ulty angiogenesis, creating an overestimation of
viable neurons despite functional c@g%mise”. This process can resemble cellular regeneration

and contribute to an overes@%n of neuronal counts, though the neurons counted may be

structurally or functiona, &Tﬂpromised”’”.

A. indica tre tm&;\\;ﬁibited dose-dependent neuroprotection, with 4. indica 200mg/kg dose
reducing dibﬁtolysis and preserving Nissl substance, indicating improved neuronal
homeostagts. 4. 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 antioxidant®-6*, and metformin’s neuroprotective effects in retinal

injury reported in animal models®.

The optic nerve is supported by a neurovascular unit comprising retinal ganglion cell axons, glia,
and vascular elements that maintain structural and metabolic homeostasis®®. In a state of chronic
hyperglycemia, these defense systems are compromised via oxidative stress which adtivates the
astrocytes and glia, triggering reactive gliosis, impairing axonal transpoQQd inducing

mitochondrial dysfunction, leading to progressive axonal degeneration“ﬁ}\b

Similar to findings from retina assessement, cresyl violet staini e optic nerve showed
uniform Nissl profiles in controls, while diabetic untreated exhibited chromatolysis and
gliosis, consistent with axonal injury. The relatively p@er ed neuronal counts likely reflect
reactive gliosis, where proliferating glial cells m@fq apparent cellular density but do not
represent functional neuronal survival. This @nsatory mechanism maintains the appearance
of cellular density in histological se¢ 8&3, in alignment with studies done on experimental
models that confirms that in di.ab t@gﬁna, Miiller cells exhibit hyperplasia and GFAP induction,
sometimes preceding retin @oss, highlighting how glial proliferation may maintain cellular
architecture while neutons withdraw functionally. This glial response, initially protective,

°
becomes malaﬁa@ver time, sustaining inflammation and limiting repair%6°70,

A. indica @nent partially to nearly preserved optic nerve architecture, with the higher dose
achieving near-normal morphology, indicating axonal protection, gliosis suppression, and
reduced secondary neurodegeneration’!"’2. Metformin similarly preserved optic nerve structure
and Nissl staining, consistent with reports of glial remodeling and compensatory neurogenesis-

like responses observed in preclinical models’.
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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 nerve’+7>7,

Cresyl violet staining confirmed these effects, revealing neuronal shrinkag@ gliosis in
diabetic animals. The elevated neuronal counts likely reflect glial prohfe Q\&ptured by Nissl
staining rather than true neuronal preservation, consistent with rep t1fy1ng gliosis as both

a marker of injury and a maladaptive repair mechanism Within .78,

3

A. indica treatment attenuated cortical neuronal change@a dose-dependent manner, with the
higher dose yielding near-normal neuronal morphol@%sembling control animals, and reduced
gliosis, indicating robust neuroprotection. Mé@in also improved cortical histology, though to
a lesser degree. Nonetheless, this mod@sewation is consistent with its reported ability to

improve neuronal survival and co&%\eumprotection”.
L]

In normal health, Period@ Schiff (PAS) staining shows thin, uniform linear positivity in
retinal basement me es, including the inner limiting membrane, capillary membranes of the
inner retina, & ch’s membrane, reflecting neurovascular integrity®®. Diabetes induces
excessive@bprotein and glycogen deposition, leading to thickened, intensely PAS-positive

membra\n{s consistent with microangiopathy, and impaired metabolic exchange®!

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 4. 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 accumulation®>83#4 in agreement with prior studies reporting that

neem extracts and antihyperglycemic agents attenuate PAS-positive lesions in diabetic tissues®>#,
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Chapter Five Q\

5.1 Summary of Findings

Diabetes was successfully induced in the streptozotocin-treated rats, é'&ienced by persistent
hyperglycemia and weight loss relative to controls. Biochemica letological assessments
further confirmed retinal neurodegeneration. Untreated diabeti exhibited markedly elevated
oxidative and inflammatory markers (MDA, NF-«B, C%V GF, GFAP, glutamate) alongside
depleted antioxidant defenses (GSH, SOD, CA reduced neurotrophic/neurotransmitter
levels (GABA, NGF). These alterations &Qted oxidative damage, excitotoxicity, glial
activation, and pathological angiogen’g’\‘@n ing in the diabetic retina.Treatment with ethanol
extract of Azadirachta indica .ar&@aXed these abnormalities in a dose-dependent manner. The
400 mg/kg dose exerted %@ antioxidant effects by restoring SOD, CAT, and total protein
while signiﬁcantly.rg&ng NF-kB and inflammatory mediators, whereas the 200 mg/kg dose
more effectiv @ed MDA and produced consistent modulation of neurotransmitter balance.
Both doseQ ced CRP, VEGF, GFAP, and glutamate while restoring GABA and NGF, with
400 mg 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 indic, promising

neuroprotective agent in diabetic retinal degeneration. Its therapeutic ac&&si ributable to a
combination of antioxidant enhancement, suppression of inﬂammato ahgiogenic mediators,

and restoration of neurotransmitter and neurotrophic balancg., The, observed dose-dependent

effects, with the 400 mg/kg treatment consistently ourming 200 mg/kg, shows the

importance of dosage in optimizing efficacy. Theseém@ provide a strong experimental basis

for the development of Azadirachta indica as@

in diabetic retinopathy. ’\%\
AN

5.3 Recommendations é

erapeutic candidate for early intervention

1. Based on findings @ﬁhis study, it is recommended that Azadirachta indica ethanol
extract be subjected to further studies, and the dose optimized to maximize its
.
neuropro@, antioxidant, and anti-inflammatory effects in diabetic retinopathy.
2. Sinc% tformin did not significantly restore antioxidant activity or ameliorate
\&degeneraﬁon, 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 4. 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 OfQ stress,

¢
S

This study advances knowledge by demonstrating that ethaxtract of Azadirachta indica

inflammation, and neurotrophic support.

5.4 Contribution to Knowledge

mitigates retinal neurodegeneration in experimental dia@&rough a multifaceted mechanism
that integrates antioxidant reinforcement, suppressi%%ro—inﬂammatory signaling, modulation
of excitatory—inhibitory neurotransmission, @storation of neurotrophic support. The work
provides novel evidence that therapa\K' ponse is dose-dependent, with the higher dose

conferring broader biochemical ar@fs?ological protection, while the lower dose preferentially

N

attenuated lipid peroxid@ereby underscoring the critical role of dose optimization in
u

botanical interventions.&
° \

achieved with r@nin, which, despite lowering blood glucose, failed to reverse oxidative

ermore, the findings reveal the limitations of glycemic control as
imbalance Qb@ral injury. This comparative insight strengthens the case for A. indica as a

potentﬁ\%mct 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

1.

Suggestions for Future Research
Building on the findings of this study, the following areas are suggested for fuﬂ@igaﬁon:

Detailed dose response studies are needed to establish the optimal“therapeutic dose range

of Azadirachta indica extract and balance efficacy with saf%

Isolation and characterization of the bioactive phyt tuents should be undertaken,

with evaluation of their individual and synergisti(@lt utions to retinal neuroprotection.

Mechanistic studies should investigate W@Azadimchm indica exerts its effects

through established redox-sensitive é@rglmmatory signaling pathways, particularly

Nrf2/HO-1, PI3K/Akt, and MA%' modulation of these cascades could explain its

observed antioxidant, zinti—i@&nmatory, and neurotrophic activities.

Electrophysiologic @\ﬁmctional vision studies should be incorporated in future

models to .dgt\' ine whether the neuroprotection observed through biochemical and

histolo& asSays translates into measurable improvements in retinal function.

Des%
)

Mcated by ADMET analysis, future investigations should consider advanced

e favorable solubility profiles of many Azadirachta indica phytochemicals

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.

264



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.

Bibliography Q\
Books < 3

Medicine Phytochemistry: Applications and Trends, ‘pp.” 1-39. Cham: Springer
International Publishing, 2023. DOI: 10.1007/978-3-031-2(@3 12-1

Acharya, Chandan Kumar, Balaram Das, Nithar Ranja
Bhanumati Sarkar. "4 comprehensive pha
medicinal plants with anti-diabetic potent,

management, pp. 163-193. Singapore\%

N\

Arokiasamy, Perianayagam, Supriya S’%znd Y. Selvamani. "Global burden of diabetes
mellitus.” In Handbook of ealth, pp. 1-44. Cham: Springer International
Publishing, 2021. Q

dhu, Somnath Sau, Manna De, and
gical appraisal of Indian traditional
n Advances in diabetes research and
er Nature Singapore, 2023.

Barkmeier, Andrew J. "T timal screening for diabetic retinopathy: Balancing precision
and pragmatism. ayo Clinic Proceedings, vol. 96, no. 2, pp. 282-284. Elsevier,

2021. &

Claiborne A. “Catalase activity.” In: Handbook of methods for oxygen radical
resea R A Greenwald, Ed). Boca Raton, FL, pp. 283-284.

Devi, ni, Shalini Dhiman, Jaspreet Kour, Tamanna Bhardwaj, Neerja Sharma, Kanika

anna, Puja Ohri, Amrit Pal Singh, and Renu Bhardwaj. "Oilseed Cakes and Their

Biocarbon Products: A Sustainable Feedstock in Management of Nematodes in Fruit
Crops." In Oilseed Cake for Nematode Management, pp. 125-140. CRC Press, 2023.

Dhatariya, Ketan, Omair Mustafa, and Dimitra Stathi. “Hyperglycemic Crises.” Last updated
June 10, 2025. In Endotext, edited by Kenneth R. Feingold, SF Ahmed, Barry Anawalt, et
al. South Dartmouth, MA: MDText.com, Inc., 2000—. Accessed August 7, 2025.
https://www.ncbi.nlm.nih.gov/books/NBK279052/.

265


http://dx.doi.org/10.1007/978-3-031-21973-3_12-1
https://www.ncbi.nlm.nih.gov/books/NBK279052/

Gupta, Amod, Reema Bansal, Aman Sharma, and Arun Kapil. "Retinal Hard Exudates.”
In Ophthalmic Signs in Practice of Medicine, pp. 59-79. Singapore: Springer Nature
Singapore, 2024.

Halder, Mihir, and Sumita Jha. "Medicinal plants and bioactive phytochemical diversity: a
fountainhead of potential drugs against human diseases.” In Medicinal plants:
Biodiversity, biotechnology and conservation, pp. 39-93. Singapore: Springer Nature
Singapore, 2023.

Magliano, Dianna J., Edward J. Boyko, and IDF Diabetes Atlas. "Global pi@\ln IDF
DIABETES ATLAS [Internet]. 10th edition. International Diabetes Feder@, 021.

Manglik, Mr Rohit. Disorders of Cornea and Ocular Surface. EduGorilANPublication, 2024

O

Mishra, Chitaranjan, and Koushik Tripathy. "Retinal traction%chment. " In Statpearls
[Internet]. StatPearls Publishing, 2023. Q

Pandita, Deepu, Anu Pandita, and Chander Bhanu, eds. * @betic Plants for Drug Discovery:
Pharmacology, Secondary Metabolite Profi li’?% d Ingredients with Insulin Mimetic
Activity”. CRC Press, 2022. b

Sankaramoorthy, Aravind, and Sayon Roy. @Akzr basement membrane thickening: Basis of
disease pathology in diabetic retipQRathy. " In Advances in Vision Research, Volume
III: Genetic Eye Research the Globe, pp. 275-287. Singapore: Springer

Singapore, 2021.
&

Sultan, Sharjeel, and Riaz ed Memon. "Microvascular complications: Diabetic eye
disease." In BIDE's etes Desk Book, pp. 181-199. Elsevier, 2024.

Victor, Fernanda &V ,\Sérgio Ricardo de Lima Andrade, and Francisco Bandeira. "Diabetic
ketoacido d hyperosmolar hyperglycemic state." In Endocrinology and Diabetes: A
Proble%?rzented Approach, pp. 355-362. Cham: Springer International Publishing,
2022

Zaky, hbﬂamed Y., Eman E. Mohamed, and Osama M. Ahmed. "Neurodegenerative disorders:
available therapies and their limitations.” In Nanocarriers in Neurodegenerative
Disorders, pp. 29-46. CRC Press, 2025.

266



Website / Onine Sources

Cervoni, Barbie, RD. “Proliferative Diabetic Retinopathy: Symptoms and Treatment.” Verywell
Health. Accessed August 9, 2025. Verywell Health. \

Dale, Angela. “Reduction in Blindness Rates Since the Introduction of Digiotographic
Screening in an English Diabetic Eye Screening Programme.” Glouc hire Hospitals
NHS Foundation Trust. Accessed Aug 8, 2025.
https://www.gloshospitals.nhs.uk/healthcare-professionals/gsqi
improvements/Reduction-in-blindness-rates-digital-photogra
diabetic-eye-screening-programme/.

Dateline Health Africa. Economic Impact of Diabetes in@ aharan Africa. May 28, 2025.
Accessed August 8, 2025.Medicine 19, no. 2 (2022): 203-211.

International Diabetes Federation. IDF Diabete, ’9, 11th ed., 2025. PDF file. Accessed
August B 2025.
httns://diabetesatlas.org/media/uploadbﬁ /3/2025/04/IDF_Atlas _11th Edition 2025.pd

£ .@‘

International Diabetes Federation. (Biabetes Atlas, 11th edn. Brussels: International Diabetes
Federation, 2025. A August 8, 2025. https://diabetesatlas.org/data-by-
location/region/afripa[\(\\

Kim, Judy E., Brad H..Feldman, Vinay A. Shah, Koushik Tripathy, Harkaran S. Rana, Jason Hsu,
Jonathan ¢. d Jennifer I. Lim. "Diabetic Retinopathy.” EyeWiki. Last edited June
21, 20%5 .WAccessed August 8, 2025. https://eyewiki.org/Diabetic_Retinopathy

Lu, Rand@Anand Rajesh, Cecilia S. Lee, MD, MS, and Aaron Y. Lee, MD, MSCL. “The

\% to Validating Al Screening Systems.” Retina Today, September 2022. Accessed

AVigust 8, 2025. https://retinatoday.com/articles/2022-sept/the-path-to-validating-ai-
screening-systems

World Health Organization, Regional Office for Africa. “Diabetes.” WHO Africa. Accessed
August 8, 2025. https://www.afro.who.int/health-topics/diabetes.

267


https://www.gloshospitals.nhs.uk/healthcare-professionals/gsqia/quality-improvements/Reduction-in-blindness-rates-digital-photographic-screening-in-English-diabetic-eye-screening-programme/
https://www.gloshospitals.nhs.uk/healthcare-professionals/gsqia/quality-improvements/Reduction-in-blindness-rates-digital-photographic-screening-in-English-diabetic-eye-screening-programme/
https://www.gloshospitals.nhs.uk/healthcare-professionals/gsqia/quality-improvements/Reduction-in-blindness-rates-digital-photographic-screening-in-English-diabetic-eye-screening-programme/
https://diabetesatlas.org/media/uploads/sites/3/2025/04/IDF_Atlas_11th_Edition_2025.pdf
https://diabetesatlas.org/media/uploads/sites/3/2025/04/IDF_Atlas_11th_Edition_2025.pdf
https://diabetesatlas.org/data-by-location/region/africa/
https://diabetesatlas.org/data-by-location/region/africa/
https://eyewiki.org/Diabetic_Retinopathy
https://retinatoday.com/articles/2022-sept/the-path-to-validating-ai-screening-systems
https://retinatoday.com/articles/2022-sept/the-path-to-validating-ai-screening-systems
https://www.afro.who.int/health-topics/diabetes

Theses / Dissertations

Domingo-Vila, Clara. 2023. “Defining the Immune Phenotype of Extremely Early-O. Type 1
Diabetes”. PhD diss., King’s College London.

https://core.ac.uk/download/pdf/597059431.pdf 0
gbdes Mellitus and

Meyrueix, Laetitia Pauline Elise. "Assessment of the Effect of GestationgiDi
Metals Exposure in the Soweto First 1000 Days Cohort &lacental Epigenetic
Programming and Placental & Birth Outcomes.” PhD dis University of North
Carolina at Chapel Hill, 2022. %

Mustonen, Jyrki. "The effectiveness of intermittently scan@ontinuous glucose monitoring in
adults with type 1 diabetes: a registry-based studhy,_in“the Wellbeing Services County of
North Karelia in Finland." PhD diss., Ité—Sugrna 1iopisto, 2025.

Richardson, Caroline R., Jeffrey R. Borgesm\é@n Harrison, Jennifer A. Wyckoff, Anne S.
Yoo, James E. Aikens, Dina H. Griau?&Q al. "Management of type 2 diabetes mellitus."

(2021). . \%
Andersson Svird, Agnes. "Immu cal markers of type 1 diabetes pathogenesis prior to
clinical diagnosis." PhD # Lund University, 2022.

O
&

268


https://core.ac.uk/download/pdf/597059431.pdf

Journals / Articles

Abdalla, Mona Mohamed Ibrahim, and Jaiprakash Mohanraj. "Revolutionizing diabetic
retinopathy screening and management: the role of artificial intelligence and machine

learning.”" World Journal of Clinical Cases 13, no. 5 (2025): 101306. Q

Abduallah, Alduwish M., Ahmed Ezzat Ahmed, Majed A. Bajaber, and /%1219 A. Alalwiat.
"Evaluation of the Antidiabetic Effects of Methanolic Extract:/% m (Azadirachta
indica) Seeds on the Streptozotocin-induced Wistar Rats." Pak@ eterinary

Abduljawad, Asaad A., Mohammed Ahmed Elawad, Mo ﬁour Modawy Elkhalifa,
Alshebli Ahmed, Alashary Adam Eisa Hamdoo Hasan Mohammed Salim,
Muhammad Ashraf, Muhammad Ayaz, Syed Sha 1 Hassan, and Simona Bungau.
"Alzheimer’s disease as a major public healt ncern: Role of dietary saponins in
mitigating neurodegenerative disorders and &erlying mechanisms." Molecules 27,
no. 20 (2022): 6804. 6

Achika, J. 1., A. J. Yusuf, R. G. Ayo, and Qiman. "Flavonoids from Nigerian indigenous
medicinal plants and their bioaclj& . A review." Phytomedicine plus 3, no. 2 (2023):

100405. ,\C—;\

Adamu, Aliyu, Hamza Idris,*Fi %si Aliyu, Hafsat Ummi Sule, Fatima Jummai Umar, and
Aminu Hamza AmiduN\VYAzadirachta indica as an alternative treatment source for
methicillin-resist@ iphylococcus aureus infections.” Bima Journal of Science and
Technology 8, n¢. 16 (2024): 106-112.

N\

Ahmad, Rahqu Kona Chowdhury, Santosh Kumar, Mohammed Irfan, Govindool
Sharas dra Reddy, Farhana Akter, Dilshad Jahan, and Mainul Haque. "Diabetes
mellitils: a path to amnesia, personality, and behavior change.” Biology 11, no. 3 (2022):

N

Ahmat, Adam, Sunny C. Okoroafor, James Avoka Asamani, Delanyo Dovlo, Jean Jacques
Salvador Millogo, Mourtala Mahaman Abdou Illou, and Jennifer Nyoni. "Health

workforce policy and plan implementation in the context of universal health coverage in
the Africa Region.” BMJ Global Health 7, no. Suppl 1 (2022): e008319.

269



Akhtar, Samia, Shabib Aftab, Oualid Ali, Munir Ahmad, Muhammad Adnan Khan, Sagheer
Abbas, and Taher M. Ghazal. "4 deep learning based model for diabetic retinopathy
grading.” Scientific Reports 15, no. 1 (2025): 3763.

Akinloye, Oluseyi A., Dorcas 1. Akinloye, Mariam A. Lawal, Mujidat T. Shittu, and Damilohun
S. Metibemu. "Terpenoids from Azadirachta indica are potent inhibitors of Akt:

validation of the anticancer potentials in hepatocellular carcinoma in male Wistar
rats." Journal of Food Biochemistry 45, no. 1 (2021): e13559.

Akram, Muhammad, Zunera Sajid, Abu Bakr Umer Farooq, Iftikhar Ahmad@ Jamal,
Humaira Rizwana, Bandar M. Almungedhi, and Domenico Ronga. ”C/' rization of
physiological and biochemical attributes of neem (Azadirachta indica™4¢ Juss) under

salinity stress.” Horticulturae 10, no. 7 (2024): 702. &

Alam, Suhel, and Moh Aijaz. "Complications of cardiovascular di *The Impact of diabetes,
dyslipidemia, and metabolic disorders.” World J Phar@e 3(2024): 321-56.

Alarcon-Martinez, Luis, Yukihiro Shiga, Deborah Villa@a—Baughman, Nicolas Belforte,
Heberto Quintero, Florence Dotigny, Jorge L. va Vargas, and Adriana Di Polo.
"Pericyte dysfunction and loss of int icyte tunneling nanotubes promote

neurovascular deficits in glaucoma.” dings of the National Academy of
Sciences 119, no. 7 (2022): e21 10329%

Albert-Garay, Jesus Silvestre, Juan Ra iesgo-Escovar, and Rocio Salceda. "High glucose
concentrations induce oxidati ss by inhibiting Nrf2 expression in rat Miiller retinal
cells in vitro." Scientific reé(s 12, no. 1 (2022): 1261.

Al-Dosari, Dalia 1., Moh @M. Ahmed, Salim S. Al-Rejaie, Abdullah S. Alhomida, and
Mohammad S. OIan2017. "Flavonoid Naringenin Attenuates Oxidative Stress, Apoptosis
and Improve rotrophic Effects in the Diabetic Rat Retina" Nutrients 9, no. 10: 1161.
https://doj .3390/mu9101161

Aleksandro 6! A., and K. K. Sukhinich. "Astrocytes of the brain: retinue plays the
kilé&ussian Journal of Developmental Biology 53, no. 4 (2022): 252-271.

Ali, Abdalla, Ahmed Adawy, Zeinhom Ismaiel, Manal Hussein, and Abdelraheim Attaai. "The
impact of dietary neem leaf on the growth and biochemical traits of rabbits.” Scientific
Reports 15, no. 1 (2025): 20280.

Ali, Zaheer, Jingjing Zang, Neil Lagali, Nicole Schmitner, Willi Salvenmoser, Anthony
Mukwaya, Stephan CF Neuhauss, Lasse D. Jensen, and Robin A. Kimmel.
"Photoreceptor degeneration accompanies vascular changes in a zebrafish model of

270


https://doi.org/10.3390/nu9101161

diabetic retinopathy." Investigative Ophthalmology & Visual Science 61, no. 2 (2020):
43-43.

Alsabaani, Nasser A., Kawther Amawi, Samy M. Eleawa, Wisam Nabeel Ibrahim, Walid
Aldhaban, Ahmad Mohammad Alaraj, Badr Alkhalaf, Waqas Sami, Hisham Alshaikhli,
and Mahmoud A. Alkhateeb. "Nrf-2-dependent antioxidant and anti-inflammatory effects
underlie the protective effect of esculeoside A against retinal damage in streptozotocin-
induced diabetic rats.” Biomedicine & Pharmacotherapy 173 (2024): 116461.

Alshareef, Ibrahim, Sultan Assiri, Ashwaq K. Alosaimi, Omar S. Alhothali, Rol Isulami,
Shahad Alkidaiwi, and Khalid Al Hawsawi. "Acanthosis nigricans ng as skin
tags: a case report.” Cureus 15, no. 1 (2023). <

Retinopathy: Inflammation, Microvasculat Defects and
Neurodegeneration" International Journal of Mol iences 19, no. 1: 110.
https://doi.org/10.3390/ijms19010110

Altmann, Christine, and Mirko H. H. Schmidt. 2018. "The roglza in Diabetic
%

Ammara, A., A. Sobia, Z. Nureen, A. Sohail, S. id, T. Aziz, M. A. Nahaa et al.
"Revolutionizing the effect of Azadirachta i xtracts on edema induced changes in
C-reactive protein and interleukin-6 in albi ts: in silico and in vivo approach.” Eur

Rev Med Pharmacol Sci 27, no. 13 (@ 951-5963.

Andersa, Kumsa Negasa, Metekia Taﬁ@ilahun A. Teka, Ibrahim Mohammed Ali, Kasech
Tibebu Chane, Tolina Ke egasa, and Endris Hussen Ahmed. "Proximate
composition, some phytoc ical constituents, potential uses, and safety of neem leaf
flour: A review." Food® & Nutrition 12, no. 10 (2024): 6929-6937.

anila, Alexandra- Ioana atira Andreea Ghenciu, Emil Robert Stoicescu, Sorin Lucian
Bohntmeanu& na Jacob, Mihai-Alexandru Sandesc, and Alexandra Corina Faur.
2024. "Al uctase as a Key Target in the Prevention and Treatment of Diabetic
Retinopa A Comprehensive  Review” Biomedicines 12, no. 4: 747.
https / org/ 10.3390/biomedicines12040747

Ansarl,\&ej, Noushin Tabasumma, Nayla Nuren Snigdha, Nawfal Hasan Siam, Rachana V. N.
R.”S. Panduru, Shofiul Azam, J. M. A. Hannan, and Yasser H. A. Abdel-Wahab. 2022.
"Diabetic  Retinopathy: An Overview on Mechanisms, Pathophysiology and
Pharmacotherapy" Diabetology 3, no. 1: 159-175.
https://doi.org/10.3390/diabetology3010011

Antonetti DA, Silva PS, Stitt AW. “Current understanding of the molecular and cellular

pathology of diabetic retinopathy”. Nature Reviews Endocrinology. 2021
Apr;17(4):195-206.

271


https://doi.org/10.3390/ijms19010110
https://doi.org/10.3390/biomedicines12040747
https://doi.org/10.3390/diabetology3010011

Antropoli, Alessio, Alessandro Arrigo, Lamberto La Franca, Lorenzo Bianco, Eugenio Barlocci,
Emanuele Fusi, Francesco Bandello, and Maurizio Battaglia Parodi. "Peripheral and
central capillary non-perfusion in diabetic retinopathy: An updated overview." Frontiers
in Medicine 10 (2023): 1125062.

Arias-Alvarez, Marta, Cristina Tomas-Grasa, Maria Sopefa-Pinilla, Elvira Orduna-Hospital,
Guisela Fernandez-Espinosa, Sofia Bielsa-Alonso, Javier Acha-Perez, Diego Rodriguez-
Mena, and Isabel Pinilla. "Electrophysiological findings in long-term lype ] diabetes
patients without diabetic retinopathy using different ERG recording systems."\Scientific
Reports 14, no. 1 (2024): 3520. Q

Arias-Alvarez, Marta, Maria Sopefia-Pinilla, Guisela Fernandez- Espmoﬁd ira Orduna-
Hospital, Diego Rodriguez-Mena, and Isabel Pinilla. ”Earl)%e ion of retinal
dysfunction in type I diabetes  without retinop using  multifocal
electroretinography.” Scientific Reports 15, no. 1 (2025): 6

Usman, Mueez Aslam, and Azeem Asghar. "Thera potential of Azadirachta indica
(Neem)-a comprehensive review.” Sch Int J Tr mplement Med 5, no. 3 (2022):

47-64. b.(b

Attah, Alfred Francis, Adeshola Adebayo F@@ Olyjide Olubiyi, Hannah Dada-Adegbola,
Akinseinde Oluwadotun, Anthony Elujebd, and Chinedum Peace Babalola. "Therapeutic
potentials of antiviral plants usgﬁtmdﬁional African medicine with COVID-19 in
focus: A Nigerian perspectzve tiers in pharmacology 12 (2021): 596855.

Asghar, Hafiza Anam, Syed Qamar Abbas, Muhammad Kai@rshad, Asra Jabin, Bakhtawar

Attiku, Yamini, Muneeswar® Q% Nlttala Swetha B. Velaga, Chaithanya Ramachandra,

Sandeep Bhat, Kau olanki, Chaitra Jayadev et al. "Comparison of diabetic
retinopathy se&% grading on  ETDRS  7-field versus ultrawide-field
3

assessment." E& yno. 14 (2023): 2946-2949.

Bains, Harnai a@\/enkatkrish M. Kasetty, and Dennis M. Marcus. “Assessing DR With
idefield Imaging.” Retina Today, September 2023. Accessed August 8, 2025.
inatoday.com/articles/2023-sept/assessing-dr-with-ultra-widefield-imaging.

Bakri,%ie J., Mila Malhotra, and Ivaylo Stoilov. "Course of diabetic retinopathy in untreated
fellow eyes in RIDE and RISE: a post hoc analysis." Ophthalmic Surgery, Lasers and
Imaging Retina 53, no. 4 (2022): 202-207.

Baldelli, Sara, Mauro Lombardo, Alfonsina D’Amato, Sercan Karav, Gianluca Tripodi, and
Gilda Aiello. "Glucosinolates in Human Health: Metabolic Pathways, Bioavailability,
and Potential in Chronic Disease Prevention." Foods 14, no. 6 (2025): 912.

272


https://retinatoday.com/articles/2023-sept/assessing-dr-with-ultra-widefield-imaging

Balzamino, Bijorn Omar, Andrea Cacciamani, Lucia Dinice, Michela Cecere, Francesca Romana
Pesci, Guido Ripandelli, and Alessandra Micera. "Retinal Inflammation and Reactive
Miiller Cells: Neurotrophins’ Release and Neuroprotective Strategies.” Biology 13, no.
12 (2024): 1030.

Banerjee, Mousumi, Sikshya Moharana, and Srikanta Kumar Padhy. "Systemic Effects of
Intravitreal — Anti-VEGF  Therapy: A  Review of Safety across Organ
Systems.” Ophthalmology and Therapy (2025): 1-24.

Barreiro-Sisto, Uxia, Sandra Fernandez-Fariia, Ana M. Gonzalez-Noya, Rosa o, and
Marcelino Maneiro. 2024. "Enemies or Allies? Hormetic and Ap, @ Non-Dose-
Dependent  Effects of Natural Bioactive Antioxidants in é} reatment  of
Inflammation” International Journal of Molecular Scieng(i ¢ no. 3: 1892.

https://doi.org/10.3390/ijms25031892 0
'&don, Juan Alberto Lopez

Ulloa, Shaffi Mdala, Jacqueline Ramke, Jennifer ‘5 ans, and Matthew Burton.
"Effectiveness of task-shifting for the detection of diabetic retinopathy in low-and middle-
income countries: a rapid review protocol.” Systwtl reviews 10, no. 1 (2021): 4.

Bascaran, Covadonga, Nyawira Mwangi, Fabrizio D’Esposito

Batra, Neelu, Vigneshwari Easwar Kumar, Roshn@biar, Cristabelle De Souza, Ashley Yuen,
Uyen Le, Rashmi Verma, Paramit osh, and Ruth L. Vinall. "Exploring the
therapeutic potential of Neem (Azadir Indica) for the treatment of prostate cancer:
a literature review." Annals of.th tional medicine 10, no. 13 (2022): 754.

Benfey, Nicholas, David Foubert %ﬁoEdward S. Ruthazer. "Glia regulate the development,
function, and plasticity visual system from retina to cortex.” Frontiers in Neural
Circuits 16 (2022):

Beutler E., O. Duro {\and Kelly B. M. “Improved method for the determination of blood
’&L@ Clin Med 61 (1963): 882-8.Journal 43, no. 4 (2023).

glutathio(/

Beutler, E, @, O and Kelly, B.M (1963) “Improved method for the determination of blood
gl% one”. ] Lab Clin Med61: 882-888.

Bhattacharya, Reshmee, Mohammad Rizwan Alam, Mohammad Azhar Kamal, Kyung Jin Seo,
and Laishram Rajendrakumar Singh. "AGE-RAGE axis culminates into multiple
pathogenic processes: a central road to neurodegeneration.” Frontiers in molecular
neuroscience 16 (2023): 1155175.

Bianco, Lorenzo, Alessandro Arrigo, Emanuela Aragona, Alessio Antropoli, Alessandro Berni,
Andrea  Saladino, Maurizio Battaglia Parodi, and Francesco Bandello.

273


https://doi.org/10.3390/ijms25031892

"Neuroinflammation and neurodegeneration in diabetic retinopathy.” Frontiers in
Aging Neuroscience 14 (2022): 937999.

Biswas, Parijat, Monira Shahnaz, Masuma Akhter, Arifa Parvin Ripa, Taskina Ali, and Kazi
Rafiq. "Effects of Azadirachta indica on neuropathic pain induced by chronic
constriction injury to sciatic nerve of Wistar rat." Journal of Advanced Veterinary and
Animal Research 9, no. 3 (2022): 359.

Bitew M, Desalegn T, Demissie TB, Belayneh A, Endale M, Eswaram%ithy R.
“Pharmacokinetics and drug-likeness of antidiabetic flavonoids: Moleculdy docking and

DFT study.” Plos one. 2021 Dec 10;16(12):¢0260853. O

Boarescu, Paul-Mihai, Ioana Boarescu, Raluca Maria Pop, Stefan Hor&oslan, Ioana Corina
Bocsan, Vasile Rus, Rdzvan Olimpiu Mada et al. "Eva of oxidative stress
biomarkers, pro-inflammatory cytokines, and histologi% ges in experimental
hypertension, dyslipidemia, and type 1 diabetes mellitus."\International Journal of
Molecular Sciences 23, no. 3 (2022): 1438. 6

Boccuni, Isabella, and Richard Fairless. "Retinal gluta eurotransmission: from physiology
to pathophysiological mechanisms of retina % ion cell degeneration." Life 12, no. 5
(2022): 638. ’b

Boum, Yap, Sylvie Kwedi-Nolna, Jessica E: \aberer, and Rose RG Leke. "Traditional healers to
improve access to quality healt”\% in Africa.” The Lancet Global Health 9, no. 11

(2021): ¢1487-¢1488.
\"J

Brahim Mahamat, Ousman, '@% Asraoui, Ayoub Farihi, Mohamed Bouhrim, Ibtissam
Boussaoudi, Soum smaili, Rashed N. Herqash, Abdelaaty A. Shahat, Brahim Boy
Otchom, and Yo Saoud. "Phytochemical analysis and antioxidant activity of
Azadirachta @ A. Juss from the Republic of Chad: in vitro and in silico studies."
Open Ch@ 3,no. 1 (2025): 20250178.

Brai, Barth%‘1 w IC, Ruth Ometere Joseph, Titilope Ruth Komolafe, Busayo Elizabeth
A , Olamide Olajusi Crown, Kayode Komolafe, and Ifedayo Victor Ogungbe.
\@w seed oil ameliorates diabetic phenotype by suppressing redox imbalance,

dyslipidaemia and pro-inflammatory mediators in a rodent model of type 2

diabetes." Archives of Physiology and Biochemistry 131, no. 3 (2025): 351-365.

Brai, Bartholomew, Ruth Ometere, Titilope Komolafe, Busayo Amosun, Kayode Komolafe, and
Ifedayo Ogungbe. "Neem seed oil improves redox imbalance and exhibits
antihyperglycemic, antilipidemic, and anti-inflammatory properties in a rodent model of
type 2 diabetes.” Authorea Preprints (2023).

274



Budamagunta, Madhu S., Hidetoshi Mori, Joshua Silk, Ryan R. Slez, Baldzs Bognar, Ulises Ruiz
Mendiola, Tamas Kalai, Izumi Maezawa, and John C. Voss. "Nitroxyl Hybrids with
Curcumin and Stilbene Scaffolds Display Potent Antioxidant Activity, Remodel the
Amyloid Beta Oligomer, and Reverse Amyloid Beta-Induced
Cytotoxicity.” Antioxidants 13, no. 11 (2024): 1411.

Cai, Chunyang, Chufeng Gu, Chunren Meng, Shuai He, Lhamo Thashi, Draga Deji, Zhi Zheng,
and Qinghua Qiu. "Therapeutic effects of metformin on central nervous system diseases:

a focus on protection of neurovascular unit." Pharmaceutical Research 41, no. 10
(2024): 1907-1920.

Cammalleri, Maurizio, and Paola Bagnoli. "The Long-Standing Probl QProlifemtive
Retinopathies: Current Understanding and Critical Cues.” Cells 4, no™¥4 (2025): 1107.

Campochiaro, Peter A., David Eichenbaum, Margaret A. Chang% oyd Clark, Jordan M.
Graff, Sophie Le Pogam, Melina Cavichini Cordeiro et-al. "futerim results of the phase
11l portal extension trial of the Port Delivery Syste, ranibizumab in neovascular
age-related macular degeneration." Ophthalmolog@fma 9, no. 2 (2025): 144-155.

Care, Diabetes. "Standards of care in diabetesZOZb’&etes care 46 (2023): S1-S267.

Carpi-Santos, Raul, Ricardo A. de Melo Re&\@wa Carvalho Alcantara Gomes, and Karin C.
Calaza. "Contribution of Miiller cells itvthe diabetic retinopathy development: focus on
oxidative stress and inflammatiop! tioxidants 11, no. 4 (2022): 617.

&Acar, Ummugulsum Onal, Saltuk Bugra Baltaci, Rasim

Kasim Baltaci. "3', 4"-Dihydroxy Flavonol (DiOHF)

on Neurogenesis and Retinal Damage in Experimental Brain
ior)of Rats.” Current Pharmaceutical Design (2025).

Cetin, Osman, Tugce Aladag, G
Mogulkoc, and Abdu
Exerting a Positiv
Ischemia-Reperfu

®

Chatterjee, Sou@h, Souvik Bag, Debraj Biswal, Dipanwita Sarkar Paria, Raktima
Bandyopadhyay, Basanta Sarkar, Abhijit Mandal, and Tushar Kanti Dangar. "Neem-
base@ﬁtcts as potential eco-friendly mosquito control agents over conventional eco-
to@ emical pesticides-A review.” Acta Tropica 240 (2023): 106858.

A\

Chaudhary, Shweta, Jill Zaveri, and Norbert Becker. "Proliferative diabetic retinopathy
(PDR)." Disease-a-Month 67, no. 5 (2021): 101140.

Chen, Chengming, Zhaoyang Wang, Weiming Yan, Yanyan Lan, Xiaolong Yan, Tian Li, and
Jing Han. "Anti-VEGF combined with ocular corticosteroids therapy versus anti-VEGF
monotherapy for diabetic macular edema focusing on drugs injection times and
confounding factors of pseudophakic eyes: a systematic review and meta-
analysis.” Pharmacological Research 196 (2023): 106904.

275



Chen, Dhruti P., Candace D. Henderson, Jaeline Anguiano, Claudia P. Aiello, Mary M. Collie,
Vanessa Moreno, Yichun Hu, Susan L. Hogan, and Ronald J. Falk. "Kidney disease
progression in membranous nephropathy among Black participants with high-risk
APOLI genotype.” Clinical Journal of the American Society of Nephrology 18, no. 3
(2023): 337-343.

Chen, Li-You, Hsin-Lin Cheng, Chih-Kai Liao, Yu-Hsiang Kuan, Tang-Jun Liang, To-Jung
Tseng, and Hsing-Chun Lin. "Luteolin improves nephropathy in hyperglycemic rats
through anti-oxidant, anti-inflammatory, and anti-apoptotic mechanisms." &rnal of

Functional Foods 102 (2023): 105461. Q

Chikwati, Raylton P., Nigel J. Crowther, Mich¢le Ramsay, Lisa K. Micklesﬁj!d,@ne A. Norris,
Kagiso P. Seakamela, Engelbert A. Nonterah et al. "Incident typ etes and its risk
factors in men and women aged 40—60 years from four sub- African countries:
results from the AWI-Gen study.” The Lancet Global Hea , no. 3 (2025): e459-
e466.

Chow, James CL. "Quantum computing in medicine."” Med@aences 12, no. 4 (2024): 67.

%rian Covache-Busuioc, Horia-Petre
rlatescu, and Vicentiu Mircea Saceleanu.
to neurodegenerative diseases: advances in
understanding Alzheimer’s, Parkinsoms¥ and Huntington’s diseases and amyotrophic
lateral sclerosis.” International ‘&al of molecular sciences 24, no. 13 (2023): 10809.
N

Claro, Angelo Emilio, Clelia Palarg:t arianna Mazza, Giovanna Elsa Ute Muti Schuenemann,

Marta Rigoni, Alfre(‘}(slu ecorvi, Luigi Janiri, Dario Pitocco, and Paola Muti.

"Historical use % icinal plants and future potential from phytotherapy to
phitochemicals.” Anhali di Botanica 14, no. 1 (2024).

Ciurea, Alexandru Vlad, Aurel George Mohan, R
Costin, Luca-Andrei Glavan, Antonio-Dani
"Unraveling molecular and genetic insi

Cleland, Charles T,@longa Bascaran, William Makupa, Bernadetha Shilio, Frank A. Sandi,
Heiko hﬁym, Ana Patricia Marques et al. "Artificial intelligence-supported diabetic
retino, screening in Tanzania: rationale and design of a randomised controlled
triQ J open 14, no. 1 (2024): e075055.

Cliver, Richard N., Natalia Castro, Thais Russomano, Gaetano Lardieri, Lindsay Quarrie, Helena
van der Merwe, and Maribel Vazquez. "Antioxidants derived from natural products
reduce radiative damage in cultured retinal glia to prevent oxidative stress." Neuroglia 3,
no. 3 (2022): 84-98.

Cunha-Vaz, José, Luis Mendes, and Débora Reste-Ferreira. "Understanding nonproliferative
diabetic retinopathy progression using noninvasive imaging." Eye (2025): 1-8.

276



Cusi, Kenneth, Manal F. Abdelmalek, Caroline M. Apovian, Kirthikaa Balapattabi, Raveendhara
R. Bannuru, Diana Barb, Joan K. Bardsley et al. "Metabolic Dysfunction—Associated
Steatotic Liver Disease (MASLD) in People With Diabetes: The Need for Screening and
Early Intervention. A Consensus Report of the American Diabetes Association."” Diabetes

Care 48, no. 7 (2025): 1057-1082.

D’Esposito, Fabiana, Francesco Cappellani, Federico Visalli, Matteo Capobianco, Lorenzo
Rapisarda, Alessandro Avitabile, Ludovica Cannizzaro, Roberta Malaguarnera, Giuseppe
Gagliano, Antonino Maniaci, and et al. 2025. "Pericytes as Key Players !n Retinal

Diseases: A Comprehensive Narrative Review" Biology 14, 736.
https://doi.org/10.3390/biology14070736 GQ
D’Esposito, Fabiana, Francesco Cappellani, Federico Visalli, Matte(&?li&dlanco, Lorenzo
Rapisarda, Alessandro Avitabile, Ludovica Cannizzaro, Robe alaguarnera, Giuseppe
Gagliano, Antonino Maniaci, and et al. 2025. "Pericytes 'y Players in Retinal
Diseases: A Comprehensive Narrative Review" B y 14, no. 7: 736.

https://doi.org/10.3390/biology14070736

Dang, Jinye, Gongrui Zhang, Jingjing Li, Libo He, Yi Bi g:, Jiaxiu Cai, Guohua Cheng et al.
"Neem Leaf Extract Exhibits Anti-Aging a joxidant Effects from Yeast to Human
Cells." Nutrients 16, no. 10 (2024): 1506.

"Neem Leaf Extract Exhibits Anti*Aging and Antioxidant Effects from Yeast to Human
Cells." Nutrients 16, no. 10 (2 ~13506.

N

Danila, Alexandra-loana, L 53\3 dreea Ghenciu, Emil Robert Stoicescu, Sorin Lucian

Bolintineanu, Roxan ob, Mihai-Alexandru Sandesc, and Alexandra Corina Faur.
2024. "Aldose Reductdse as a Key Target in the Prevention and Treatment of Diabetic
Retinopathy: omprehensive  Review” Biomedicines 12, no. 4: 747.
i $390/biomedicines12040747

Dang, Jinye, Gongrui Zhang, Jingjing Li, ?&?\Qe, Yi Ding, Jiaxiu Cai, Guohua Cheng et al.

Das, Tarapra Brijesh Takkar, Sobha Sivaprasad, Thamarangsi Thanksphon, Hugh Taylor,
demann, Janos Nemeth, Patanjali D. Nayar, Padmaja Kumari Rani, and Rajiv
ekar. "Recently updated global diabetic retinopathy screening guidelines:
monalities, differences, and future possibilities.”" Eye 35, no. 10 (2021): 2685-2698.

Dave, Nitish, Atif Igbal, Margi Patel, Tarun Kant, Virendra Kumar Yadav, Dipak Kumar Sahoo,
and Ashish Patel. "Deciphering the key pathway for triterpenoid biosynthesis in
Azadirachta indica A. Juss.: a comprehensive review of omics studies in nature’s
pharmacy.” Frontiers in Plant Science 14 (2023): 1256091.

277


https://doi.org/10.3390/biology14070736
https://doi.org/10.3390/biology14070736
https://doi.org/10.3390/biomedicines12040747

de Castro Neto, Arthur Cesario, Fernanda Oliveira Magalhaes, Isabella Cecilio Resende Ferreira,
Gyovanna de Oliveira Silva, Natalia Escoura Vendramini, Maria Vilaga Omena Silva,
Amanda Vilela Ledo et al. "Feed Consumption and Weight Gain in Diabetic and Non-
Diabetic  Rats Treated With Azadirachta Indica (Neem) and Plathymenia
Reticulata.” Journal of the Endocrine Society 5, no. Supplement 1 (2021): A46-A47.

de Sousa, Natalia F., Luciana Scotti, Erika Paiva de Moura, Mayara dos Santos Maia, Gabriela
CS Rodrigues, Herbert Igor Rodrigues de Medeiros, Simone Mendes Lopes, and Marcus
Tullius Scotti. "Computer aided drug design methodologies with natural products in the
drug research against Alzheimer’s Disease.” Current Neuropharmaco 0, no. 5

(2022): 857-885. O

Devi, Jyoti, and Ram Babu Sharma. "Medicinal importance of % ta indica: An
overview." J. Drug Deliv. Therap 13, no. 6 (2023): 159-165. Q

Diawara, Abdoulaye, Djibril Mamadou Coulibaly, Talib Yusu 1t@[ussain, Cheickna Cisse,
Jian Li, Mamadou Wele, Mahamadou Diakite, Kassim re, Seydou O. Doumbia, and
Jeffrey G. Shaffer. "Type 2 diabetes prevalence, awss, and risk factors in rural Mali:
a cross-sectional study." Scientific Reports 13, r%l 023): 3718.

Duangjan, Chatrawee, Panthakarn Rangsinth, Shz@ Zhang, Xiaojie Gu, Michael Wink, and
Tewin Tencomnao. "Vitis viniferam tract protects against glutamate-induced

oxidative toxicity in HT22 hippoca euronal cells and increases stress resistance
properties in Caenorhabditis elg& Frontiers in Nutrition 8 (2021): 634100.

Dvoriantchikova, Galina, Michellégawker, and Dmitry Ivanov. "Molecular mechanisms of
NMDA excitotoxicity in \t&A ina." Scientific reports 13, no. 1 (2023): 18471.

Eidenberger, Lukas, amin Kogelmann, and Herta Steinkellner. "Plant-based
biopharmaceytical engineering."” Nature Reviews Bioengineering 1, no. 6 (2023): 426-

439. 0

El Allaoui, ae, Kawthar El Ahmadi, Aouatif El Abdouni, Imane Dira, Mohamed El
B i, Mohamed Bouhrim, Bruno Eto, Abdelaaty A. Shahat, Rashed N. Herqash, and
1ja Haboubi. "Trends and insights in medicinal plant extract research: a ten-year
liometric and visualization study." Horticulturae 10, no. 11 (2024): 1163.

bi

El-Beltagy, Abd El-Fattah BM, Amira MB Saleh, Amany Attaallah, and Reham A. Gahnem.
"Therapeutic role of Azadirachta indica leaves ethanolic extract against diabetic
nephropathy in rats neonatally induced by streptozotocin.” Ultrastructural

pathology 45, no. 6 (2021): 391-406.

278



Elechi, Kelechi Wisdom, Jacob Ukpabio Inuaeyen, Adeyemi Moshood Samba, Okoli Chidera
Godfrey, Tochukwu Hillary Ezinwanne, Shalom Jesufunminiye Adedeji, and Olabisi
Promise Lawal. "Evidence-Based Integration of Traditional Medicine in Nigeria:

Translational Impacts on Healthcare Access, Quality, and Resilience.” Path of
Science 11, no. 5 (2025): 10001-10010.

El-Mansi, Ahmed A., M. A. Al-Kahtani, Ahmed M. Rady, Eman A. El-Bealy, and A. M.
Al-Asmari. "Vitamin A and Daucus carota root extract mitigate ST. Z—induced diabetic

retinal degeneration in Wistar albino rats by modulating neurotransmigsion and
downregulation of apoptotic pathways.” Journal of Food Biochemistry 4Q 4(2021):
e13688.

ElSayed, Nuha A., Grazia Aleppo, Vanita R. Aroda, Raveendhara R&gdu, Florence M.
Brown, Dennis Bruemmer, Billy S. Collins et al. "5. F ing positive health
behaviors and well-being to improve health outcomes: stan of care in diabetes—
2023." Diabetes care 46, no. Supplement 1 (2023): S68-S

Eltony, Sohair A., Heba S. Mohaseb, Manal M. Sayed@ Amel A. Ahmed. "Metformin
treatment  confers protection of the opt erve following  photoreceptor

degeneration.” Anatomy & cell biology 54,8(6 21): 249-258.

Ezeigwe, Obiajulu C., Francis C. Ezeonu udi O. Okani, Daniel N. Onwusulu, and
Maryclare E. Onuegbu. "Aqueous ext of Azadirachta indica leaves favorably alters
the course of streptozotocin- indm&iabetes in rats: A comparative prospective cohort

study.” Biomedical Research ﬁl} rapy 7, no. 7 (2020): 3877-3889.

Fakunle, P. B., Ehiremen S $ tata Roy, D. A. Omotosho, D. O. Taiwo-Ola, Odubela
a

Kayode C.J.Em nd O. P. Folahan. "Assessment of the Ameliorative Effects of
Aqueous Neem irachta Indica) Leaves Extract on Lead Acetate Induced
Neurotoxzczty bellum of Adult Wistar Rats." Journal of Medical and Dental
Sc1encelt§ 11, no. 2 (2024): 36-48.

Fanaro, Gust ernardes, Marcelo Rodrigues Marques, Karin da Costa Calaza, Rafael Brito,

A oreira Pessoni, Henrique Rocha Mendonga, Deborah Emanuelle de Albuquerque
ﬁos José¢ Luiz de Brito Alves, Evandro Leite de Souza, and Marinaldo Pacifico
alcantl Neto. 2023. "New Insights on Dietary Polyphenols for the Management of
Oxidative Stress and Neuroinflammation in Diabetic Retinopathy” Antioxidants 12, no.
6: 1237. https://doi.org/10.3390/antiox 12061237

Fang, Wangyi, Xiaojing Huang, Kaicheng Wu, Yuan Zong, Jian Yu, Huan Xu, Jiemei Shi,
Jiaojiao Wei, Xujiao Zhou, and Chunhui Jiang. "Activation of the GABA-alpha receptor
by berberine rescues retinal ganglion cells to attenuate experimental diabetic
retinopathy.” Frontiers in Molecular Neuroscience 15 (2022): 930599.

279


https://doi.org/10.3390/antiox12061237

Fernandez-Albarral, Jose A., Rosa de Hoz, José A. Matamoros, Lejing Chen, Inés Lopez-Cuenca,
Elena Salobrar-Garcia, Lidia Sanchez-Puebla et al. "Retinal changes in astrocytes and
Miiller Glia in a mouse model of laser-induced glaucoma: a time-course
study.” Biomedicines 10, no. 5 (2022): 939.

Fung, Timothy HM, Bakula Patel, Emma G. Wilmot, and Winfried MK Amoaku. "Diabetic
retinopathy for the non-ophthalmologist.” Clinical Medicine 22, no. 2 (2022): 112-116.

Ganguly, Nilanjan, Tapasi Das, Avishek Bhuniya, Ipsita Guha, Mohona Chakrava;%:ukanya
Dhar, Anirban Sarkar et al. "Neem leaf glycoprotein binding to Dectin-%c tors on
dendritic cell induces type-1 immunity through CARD9Y mediated intra@ r signal to
NFxB." Cell Communication and Signaling 22, no. 1 (2024): 237.

Ganiyu, Aderounmu Ibrahim, Umar Sani Zango, and Martin Osibe 'Effect of Azadirachta
indica (Neem) Aqueous Leaves Extract on Markers of Nepl¥optthy in Streptozotocin-
Induced Diabetic Wistar Rats.” Sahel Journal of Life @n es FUDMA 3, no. 1 (2025):
146-157.

Ganorkar, Rohini, Salman Khan, and Kolagani Chan ohan. "Antidiabetic and Other 25
Potential Features of Azadirachta indica&buss.(Neem). " Antidiabetic Medicinal
Plants and Herbal Treatments (2023): 379,

Garcia-Bermudez, Mariana Y., Kristine «. Sreude, Zaynab A. Mouhammad, Peter Van
Wijngaarden, Keith K. Martin, &; iriam Kolko. "Glial cells in glaucoma: friends, foes,
and potential therapeutic targé) rontiers in neurology 12 (2021): 624983.

insulin resistance: iations with chronic inflammation, genetic and epigenetic

Gasmi, Amin, Sadaf Noor, Al Wenzel, Lyudmila Pivina, and Geir Bjerklund. "Obesity and
factors." Current;\ﬁlal chemistry 28, no. 4 (2021): 800-826.

Gawish, Abeer Qaa}}l\ﬁ%hammed Sherif ElMofty, Safa Jambi, Doaa Felemban, Yassmeen
n

SalahPBidi gheb, and Shadia Abdelhameed Elsayed. "Phytotherapy in periodontics as
an e, e and sustainable supplemental treatment: a narrative review.” Journal of
Periodontal & Implant Science 54, no. 4 (2023): 209.

N

Gevorgyan, Smbat, Hamlet Khachatryan, Anastasiya Shavina, Sajjad Gharaghani, and Hovakim
Zakaryan. "Targeting SARS-CoV-2 main protease: a comprehensive approach using

advanced virtual screening, molecular dynamics, and in vitro validation." Virology
Journal 21, no. 1 (2024): 330.

Ghasemi A, Jeddi S. “Streptozotocin as a tool for induction of rat models of diabetes: A
practical guide.” EXCLI journal. 2023 Feb 21;22:274.

280



Ghosh, Arijit, Sougata Ghosh, Moumita Ray, Rania Indu, Sangita Bhattacharya, Anjan Adhikari,
Sankhadip Bose, Sabyasachi Banerjee, and Pradip Kumar Sur. “Evaluation of the
Neuroprotective Action of Azadirachta indica Leaves Extract in Streptozotocin-Induced
Diabetic  Rodent  Model.”  Journal of Natural Remedies (2024).
https://doi.org/10.18311/jnr/2024/34128.

Ghusn, Wissam, Maria Daniela Hurtado, and Andres Acosta. "Weight-centric treatment of type 2
diabetes mellitus.” Obesity Pillars 4 (2022): 100045.

Gomez-Jiménez, Verénica, Raquel Burggraaf-Sanchez de las Matas, and Ang &Ortega.
2025. "Modulation of Oxidative Stress in Diabetic Retinopathy: Th ic Role of

Natural Polyphenols"” Antioxidants 14, no. 875.
https://doi.org/10.3390/antiox 14070875 &
Gongalves, Ana C., Ana R. Nunes, Amilcar Falcao, Gilberto Alv uis R. Silva. "Dietary

effects of anthocyanins in human health: A comprehensjve review.” Pharmaceuticals 14,
no. 7 (2021): 690. 6

Gong, Tianyao, Dongmei Wang, Jinyan Wang, Qun_Muang, Haiyan Zhang, Chunmeng Liu,
Xinglin Liu, and Hejiang Ye. "Study on the@nism of plant metabolites to intervene

oxidative stress in diabetic retinopathyANErontiers in Pharmacology 16 (2025):
1517964. @
Gonzalez-Pefia, Marco Antonio, Ana %a Ortega-Regules, Cecilia Anaya de Parrodi, and

and  Encapsulation tenoids—A Review"” Plants 12, no. 2: 313.

José Daniel Lozada-Ramirez . "Chemistry, Occurrence, Properties, Applications,
https://doi.org/10.3390¢ @)20313

of

N

Gornall, Allan G., Char . Bardawill, and Maxima M. David. "Determination of serum
proteins by 1 of the biuret reaction.” J. biol. Chem 177, no. 2 (1949): 751-766.

N\
Gourdy, Pie gﬂ(lce Darmon, Francois Dievart, Jean-Michel Halimi, and Bruno Guerci.
"Co@g glucagon-like peptide-1 receptor agonists (GLP-1RAs) and sodium-glucose
c orter-2 inhibitors (SGLT2is) in patients with type 2 diabetes mellitus
\&vl)_ " Cardiovascular diabetology 22, no. 1 (2023): 79.

Gregg, Edward W., James Buckley, Mohammed K. Ali, Justine Davies, David Flood, Roopa
Mehta, Ben Griffiths et al. "Improving health outcomes of people with diabetes: target
setting for the WHO Global Diabetes Compact.” the lancet 401, no. 10384 (2023): 1302-
1312.

Guo, Huiqin, Haili Wu, and Zhuoyu Li. 2023. "The Pathogenesis of Diabetes" International
Journal of Molecular Sciences 24, no. 8: 6978. https://doi.org/10.3390/ijms24086978

281


https://doi.org/10.18311/jnr/2024/34128
https://doi.org/10.3390/antiox14070875
https://doi.org/10.3390/plants12020313
https://doi.org/10.3390/ijms24086978

Halilu, Emmanuel Mshelia. "Cultivation and conservation of african medicinal plants for
pharmaceutical research and socio-economic development.” In Medicinal plants.

IntechOpen, 2022.

Harwal, Niveditha, S. Shashidhar, H. R. Hithashree, Ravi Bypareddy, and B. N. Vishwanath.
"Comparative study to evaluate retinal changes using spectral-domain optical coherence

tomography in diabetics without diabetic retinopathy.” Indian Journal of
Ophthalmology 71, no. 3 (2023): 916-919.

Hein, Martin, Hassanain Qambari, Paula Yu, Dao-Yi Yu, and Chandrakumar Ba@singam.
"Interpericyte Tunneling Nanotubes Are Nonuniformly Distributed e Human
Macula." Investigative ophthalmology & visual science 65, no. 13 (20249+#28-28.

Hilliard, Brandon K., Jessica E. Prendergast, and Mia J. Smith. 2025 @&T ies: B Cells in the
5 no

Islet-Immune-Cell  Interface in TID" Biomolec 3: 332.
https://doi.org/10.3390/biom 15030332 Q
Hotherr, Alexis, Julie Williams, Li-Ming Gan, Magnus berg, Pernille BL Hansen, and

Kevin J. Woollard. "Targeting inflammation for /\%‘veatment of Diabetic Kidney Disease:
a five-compartment mechanistic model." BN%@ rology 23, no. 1 (2022): 208.

Hossain, Md Jamal, Md Al-Mamun, and ’giul Islam. "Diabetes mellitus, the fastest
growing global public health con s Early detection should be focused.” Health
Science Reports 7, no. 3 (20245@?

i, and Zahra Bahari. "The anti-cancer properties of neem

h its antioxidant activity in the liver: its pharmaceutics and

ature review." Journal of Complementary and Integrative

Iman, Maryam, Mohammadreza
(Azadirachta indica) th
toxic dosage forms N

Inusah, Abdul Hana\‘%ni, Andrew Mpagwuni Ziblim, Elim Kwasi Ahorlu, Abdul Wahab
Chiemina< Baka' ie, Hakeem Seidu-Aroza, and Taiwo Temitope Ogunjobi. "Novel
DrugsSor “Freatment of Diabetes Mellitus: What Is Their Place in African Healthcare
Syst International Journal of Advanced Biological and Biomedical Research 12,
n 24): 389-410.

Igbal, Danish, Syed Mohd Danish Rizvi, Md Tabish Rehman, M. Salman Khan, Abdulaziz Bin
Dukhyil, Mohamed F. AlAjmi, Bader Mohammed Alshehri, Saced Banawas, Qamar Zia,
Mohammed Alsaweed, and et al. 2022. "Soyasapogenol-B as a Potential Multitarget
Therapeutic Agent for Neurodegenerative Disorders: Molecular Docking and Dynamics

Study" Entropy 24, no. 5: 593. https://doi.org/10.3390/¢24050593

Irakoze Mukamana, S. "The Impact of Urbanization on Diabetes Prevalence and Management in
Sub-Saharan Africa."”

282


https://doi.org/10.3390/biom15030332
https://doi.org/10.3390/e24050593

Jallod, Iman Mohammad Said, Ammar Khalo Abbas, Faheemah Ismael Yaqoob, and Abdul-Aziz
Ahmed Aziz. "Bridging diabetes and cancer: harnessing biomarkers as dual sentinels for

diagnosis, prognosis, and therapeutic advancements.” Naunyn-Schmiedeberg's
Archives of Pharmacology (2025): 1-26.

Jan, Yih-Kuen, Nicolas Kelhofer, Tony Tu, Owaise Mansuri, Kingsley Onyemere, Shruti Dave,
and Suguna Pappu. 2024. "Diagnosis, Pathophysiology and Management of
Microvascular Dysfunction in Diabetes Mellitus” Diagnostics 14, no. 24: 2830.
https://doi.org/10.3390/diagnostics 14242830 \

Jensen, Troels Stachelin. "The pathogenesis of painful diabetic neuropa@?«d clinical
presentation.” Diabetes research and clinical practice 206 (2023): 1{10753%

retinopathy and emerging therapies.” Cellular and Mole e Sciences 78, no. 16

(2021): 5977-5985. Q

Jodynis-Liebert, Jadwiga, and Matgorzata Kujawska. 2020N"Biphasic Dose-Response Induced
by Phytochemicals: Experimental Evidence" Jou@d of Clinical Medicine 9, no. 3: 718.
hitps://doi.org/10.3390/jcm9030718 Sb.

Ji, Liyang, Hong Tian, Keith A. Webster, and Wei Li. ”Neurovasge ulation in diabetic

Jones, Andrew JY, Florian Gabriel, Aditi ’Qe, and Daniel Nietlispach. "Structure and
dynamics of GPCRs in lipid q%ﬁl anes: physical principles and experimental

approaches." Molecules 25, no? % 20): 4729.

Jun, Lauren, Megan Robinson, iah Geetha, Tom L. Broderick, and Jeganathan Ramesh
Babu. "Prevalence a mechanisms of skeletal muscle atrophy in metabolic
conditions." Intern Journal of Molecular Sciences 24, no. 3 (2023): 2973.

Kadir, Afreen, Tam@nosh, K. Ilango, Vilas Nilkanthrao Deshmukh, Purnima Mahato, K. V.
V. S. Kriﬁ:a(,y . Bali, Yash Dhubkaria, and Anil Kumar. "In-depth review on taxonomy,
phytochem , traditional uses and pharmacological significance of Azadirachta indica
plan“.b ropean Journal of Biomedical 11, no. 6 (2024): 277-284.

Kang,MZheng, and Chunxue Yang. "Oxidative stress and diabetic retinopathy: Molecular

mechanisms, pathogenetic role and therapeutic implications.” Redox biology 37 (2020):
101799.

Kaur, Rasanpreet, Vidhi Mishra, Saurabh Gupta, Shalini Sharma, Anukool Vaishnav, and Shoor
Vir Singh. "Industrial and environmental applications of plant-derived saponins: an
overview and future prospective.” Journal of Plant Growth Regulation 43, no. 9 (2024):
3012-3026.

283


https://doi.org/10.3390/diagnostics14242830
https://doi.org/10.3390/jcm9030718

Kengne, Andre P., and Ambady Ramachandran. "Feasibility of prevention of type 2 diabetes in
low-and middle-income countries.” Diabetologia 67, no. 5 (2024): 763-772.

Khanani, Arshad M., Peter A. Campochiaro, Jordan M. Graff, Dennis M. Marcus, Daniel Miller,
Robert A. Mittra, Carl Regillo et al. "Continuous Ranibizumab via Port Delivery System
vs Monthly Ranibizumab for Treatment of Diabetic Macular Edema: The Pagoda
Randomized Clinical Trial." JAMA ophthalmology 143, no. 4 (2025): 326-335.

Khin, Phyu Phyu, Jong Han Lee, and Hee-Sook Jun. "Pancreatic beta-cell dysfuncti%z;n type 2
diabetes.” European Journal of Inflammation 21 (2023): 1721727X2311

Khin, Phyu Phyu, Jong Han Lee, and Hee-Sook Jun. "Pancreatic beta-cel aQWction in type 2
diabetes.”" European Journal of Inflammation 21 (2023): 1721 231154152.

Kobat, Sabiha Gungor, and Burak Turgut. "Importance of miiller %’ Beyoglu Eye J 5, no. 2

(2020): 59-63. Q

Kokori, Emmanuel, Gbolahan Olatunji, Ikponmwosa | Qgieuhi, John Ehi Aboje, Doyin
Olatunji, Sikiru Ademola Aremu, Stephen C uﬁ&neka Igwe, Abdulrahmon Moradeyo,
Yusuf Ismaila Ajayi, and Nicholas Aderintg:\'Feplizumab’s immunomodulatory effects
on pancreatic f-cell function in type betes mellitus." Clinical Diabetes and
Endocrinology 10, no. 1 (2024): 23. §Q

Kostopoulou, Eirini, Xenophon Sinopiagiﬂbo irios Fouzas, Despoina Gkentzi, Theodore Dassios,
Stylianos Roupakias, and G imitriou. 2023. "Diabetic Ketoacidosis in Children
and Adolescents; Diagno d Therapeutic Pitfalls" Diagnostics 13, no. 15: 2602.
https://doi.org/l0.3390/@\%&0513152602

Bukowiecka- siak. 2022. "Evidence from a Systematic Review and Meta-Analysis
Pointing o ?he Antidiabetic Effect of Polyphenol-Rich Plant Extracts from Gymnema
montagm, omordica charantia and Moringa oleifera” Current Issues in Molecular

Krawczyk, Michal, Iz?&urzynska—Pedziwiatr, Lucyna Alicja Wozniak, and Malgorzata

Biol , 0. 2: 699-717. https://doi.org/10.3390/cimb44020049

Kropp\&olubnitschaja O, Mazurakova A, Koklesova L, Sargheini N, Vo TT, de Clerck E,
Polivka Jr J, Potuznik P, Polivka J, Stetkarova 1. “Diabetic retinopathy as the leading

cause of blindness and early predictor of cascading complications—risks and mitigation” .
Epma Journal. 2023 Mar;14(1):21-42.

Kumar, D. Mohan, and Priti Talwar. "Retinal degenerative diseases: Role of dietary supplements
in retinal health."” Discover Food 4, no. 1 (2024): 174.

284


https://doi.org/10.3390/diagnostics13152602

Kumar, Vinod, Abhidnya Surve, Devesh Kumawat, Brijesh Takkar, Shorya Azad, Rohan
Chawla, Daraius Shroff, Atul Arora, Ramandeep Singh, and Pradeep Venkatesh. "Ultra-

wide field retinal imaging: a wider clinical perspective.” Indian Journal of
Ophthalmology 69, no. 4 (2021): 824-835.

Kupis, Magdalena, Katarzyna Samelska, Anna Zaleska-Zmijewska, and Jacek Szaflik.
"Introduction to pathophysiology of diabetic retinopathy.” Klinika Oczna/Acta
Ophthalmologica Polonica 123, no. 2 (2021): 69-73.

Kyryliuk, M. L., and S. A. Suk. "Pathogenesis of diabetic macular edema: th@\ of pro-
inflammatory and vascular factors. A literature review." Internati@ ournal of
Endocrinology (Ukraine) 18, no. 3 (2022): 180-183.

Lee, Chang Hoon. "Reversal of epithelial-mesenchymal transition b @l anti-inflammatory
and pro-resolving lipids.” Cancers 11, no. 12 (2019): 184 lé

Lee, Ji-Hye, and Jaemin Lee. "Endoplasmic reticulum (E and its role in pancreatic [-
cell dysfunction and senescence in type 2 diabetes." rnational journal of molecular

sciences 23, no. 9 (2022): 4843. ’bQ
)

Lee, Min-Woo, Hyung-Bin Lim, Min-Su Kim, G PR ok Park, Ki-Yup Nam, Young-Hoon Lee,
and Jung-Yeul Kim. "Effects of prolejiged type 2 diabetes on changes in peripapillary
retinal nerve fiber layer thickness™>in diabetic eyes without clinical diabetic

retinopathy." Scientific Reportsi\% . 1(2021): 6813.

\Wan Ma, Paul W. Franks, Kristen J. Nadeau, Ewan R.
edondo. "Understanding diabetes heterogeneity: key steps
irie in diabetes.” The lancet Diabetes & endocrinology 11, no.

Leslie, Richard David, Ronald
Pearson, and Maria Jo
towards precision 1

11 (2023): 848-8

Li, Matthias, M a&adiq Jeeyavudeen, Ganesan Arunagirinathan, and Joseph Pappachan.
"Is ty abetes mellitus a behavioural disorder? An evidence review for type 2
diab % mellitus prevention and remission through lifestyle

</ ficution.” touchREVIEWS in Endocrinology 19, no. 1 (2023): 7.

Li, Weitang, Zhi Yin, Xiaoran Li, Dongqgiang Ma, Shuang Yi, Zhenxing Zhang, Chenji Zou et al.
"A hybrid quantum computing pipeline for real world drug discovery.” Scientific
Reports 14, no. 1 (2024): 16942.

Li, Yangjiani, William Mitchell, Tobias Elze, and Nazlee Zebardast. "Association between

diabetes, diabetic retinopathy, and glaucoma.” Current Diabetes Reports 21, no. 10
(2021): 38.

285



Li, Yiwen, Yanfei Liu, Shiwei Liu, Mengqi Gao, Wenting Wang, Keji Chen, Luqi Huang, and
Yue Liu. "Diabetic vascular diseases: molecular mechanisms and therapeutic
strategies.” Signal transduction and targeted therapy 8, no. 1 (2023): 152.

Liebman, Scott E., and Thu H. Le. "Eat your broccoli: Oxidative stress, NRF2, and sulforaphane
in chronic kidney disease.” Nutrients 13, no. 1 (2021): 266.

Liu, Chengzhi, Wenkang Dong, Jun Li, Ying Kong, and Xiang Ren. 2022. "O-GlcNAc
Modification and Its Role in Diabetic Retinopathy” Metabolites 12, 8: 725.
https://doi.org/10.3390/metabo 12080725 Q

administration of metformin protects against neuronal apoptosis\induced by cerebral
ischemia-reperfusion  injury  via  regulation of MPK/CREB/BDNF
pathway." Frontiers in Pharmacology 13 (2022): 832611.

Liu, Ke, Lulu Li, Zhijun Liu, Gang Li, Yanqing Wu, Xingjun Jiang, MerﬁcigV}ng et al. "Acute

Lizzo, Giulia, Eugenia Migliavacca, Daniela Lamers, Adri ¢zal, John Corthesy, Gerard
Vinyes-Parés, Nabil Bosco et al. "4 randomized contkglled clinical trial in healthy older

adults to determine efficacy of glycine and cetylcysteine supplementation on
glutathione redox status and oxidative damage. (Brontiers in aging 3 (2022): 852569.

Loganathan, T., A. Barathinivas, C. Som@? Balamurugan, T. G. Nagajothi, and R.
Jayakumararaj. "GCMS profile of\bioactive secondary metabolites with therapeutic

potential in the ethanolic leaf Bﬂ' ts of Azadirachta indica—: a sacred traditional
medicinal plant of india." J{@ of Drug Delivery and Therapeutics 11, no. 4-S

(2021): 119-26.
.\AQ

Lu, Tingting, Jiameng Sh engdan Pu, Yuxin Xu, Xiaotong Sun, and Xinyuan Gao. "The
role of microglia Ny the development of diabetic retinopathy and its potential clinical
application.” an Cell 38, no. 4 (2025): 101.

N\

Luo, Jiyu, Li &fg, Ao Xu, Yihan He, Haiyun Huang, Dongmei Qiu, Xiaoyu Guo, Hongli
Che %gyun Xu, Yang Li, and et al. 2024. "Gestational Diabetes Mellitus: New
Thi on Diagnostic Criteria” Life 14, no. 12: 1665.

\hit, "//doi.org/10.3390/1ife14121665

Luo, Jun, Yunpeng Sun, Qiurong Li, and Lingyi Kong. "Research progress of meliaceous
limonoids from 2011 to 2021." Natural Product Reports 39, no. 6 (2022): 1325-1365.

Lv, Kangjia, Hui Ying, Guangyi Hu, Jing Hu, Qizhi Jian, and Fang Zhang. "Integrated multi-
omics reveals the activated retinal microglia with intracellular metabolic reprogramming
contributes to inflammation in STZ-induced early diabetic retinopathy.” Frontiers in
Immunology 13 (2022): 942768.

286


https://doi.org/10.3390/metabo12080725
https://doi.org/10.3390/life14121665

Lv, Ziquan, and Yajie Guo. "Metformin and its benefits for various diseases.” Frontiers in
endocrinology 11 (2020): 191.

Madeira, Maria H., Inés P. Marques, Soénia Ferreira, Diana Tavares, Torcato Santos, Ana Rita
Santos, Jodo Figueira, Concei¢do Lobo, and Jos¢ Cunha-Vaz. "Retinal
neurodegeneration in different risk phenotypes of diabetic retinal disease.” Frontiers in
Neuroscience 15 (2021): 800004.

Macekawa, Shigeto, Kota Sato, Taiki Kokubun, Noriko Himori, Takeshi Yabana, Mig%) Ohno-
Oishi, Ge Shi, Kazuko Omodaka, and Toru Nakazawa. "4 plant-deriv§aa joxidant

supplement prevents the loss of retinal ganglion cells in the retinas A-injured
mice." Clinical Ophthalmology (2022): 823-832.

Maheshwari, Shruti, Vivek Kumar, Geeta Bhadauria, a @hinandan Mishra.
"Immunomodulatory potential of phytochemicals and othersbi e compounds of fruits:

A review.” Food Frontiers 3, no. 2 (2022): 221-238. 0

Marchesi, Nicoletta, Foroogh Fahmideh, Federica Boschi, Alessia Pascale, and Annalisa Barbieri.

"Ocular neurodegenerative diseases: intercon%&tion between retina and cortical
areas.” Cells 10, no. 9 (2021): 2394. trb

Marino, Attilio, Matteo Battaglini, Nadia S@, and Gianni Ciofani. "Natural antioxidant
compounds as potential pharmacebiﬁil ools against neurodegenerative diseases.”" ACS

omega 7, no. 30 (2022): 25974-'?\R'

Marques, Inés P., Maria L. Ribei rcato P. Santos, Luis G. Mendes, Débora Reste-Ferreira,
Ana R. Santos, Concel “&4 Lobo, and José G. Cunha-Vaz. "Different risk profiles for
progression of no ative diabetic retinopathy: a 2-year study." Ophthalmology
and therapy 12, n 023): 485-500.

Marrelli, Mari(n& "Medicinal  plants.” Plants 10, no. 7 (2021): 1355.
https:/Ado1.5#¢/10.3390/plants 10071355

Mathe@jiku, Noelle Whitestone, John Nkurikiye, Jennifer L. Patnaik, Prabhath Piyasena,

ait Uwaliraye, Gabriella Lanouette et al. "Impact of artificial intelligence assessment
of diabetic retinopathy on referral service uptake in a low-resource setting: the RAIDERS
randomized trial.” Ophthalmology Science 2, no. 4 (2022): 100168.

Mauricio, Didac, Monica Gratacos, and Josep Franch-Nadal. "Diabetic microvascular disease in
non-classical beds: the hidden impact beyond the retina, the kidney, and the peripheral
nerves." Cardiovascular diabetology 22, no. 1 (2023): 314.

287


https://doi.org/10.3390/plants10071355

Medina-Arellano, Alan E., Jests Silvestre Albert-Garay, Tania Medina-Sanchez, Karla
Hernandez Fonseca, Matilde Ruiz-Cruz, and Lenin Ochoa-de la Paz. "Miiller cells and

retinal angiogenesis. critical regulators in health and disease.” Frontiers in Cellular
Neuroscience 18 (2024): 1513686.

Mehrishi, Priya, Priti Agarwal, Shobha Broor, and Amisha Sharma. "Antibacterial and
antibiofilm properties of Azadirachta indica (Neem), Aloe vera (Aloe vera), and Mentha
piperita (Peppermint) against multidrug-resistant clinical isolates." Biomedical and
Biotechnology Research Journal (BBRJ) 6, no. 1 (2022): 98-104. \

Mellor, Joe, Anita Jeyam, Joline WJ Beulens, Sanjeeb Bhandari, Geoffrey ad, Emily
Chew, Ward Fickweiler et al. "Role of systemic factors in improviig the’prognosis of
diabetic retinal disease and predicting response to @z c retinopathy
treatment.” Ophthalmology science 4, no. 4 (2024): 100494.

Mendes, Luis, Luisa Ribeiro, Inés Marques, Concei¢doslobg, and José Cunha-Vaz.
"Characterization and Automatic Discrimination b @; Predominant Hypoperfusion
and Hyperperfusion Stages of NPDR" Journal of\ Pérsonalized Medicine 14, no. 9
(2024): 977. https://doi.org/10.3390/jpm1409097

Midena, Edoardo, Tommaso Torresin, Stefano S@n, Luca Danieli, Chiara Polo, Elisabetta
Pilotto, Giulia Midena, and Luisa FriZzi€r@2023. "The Disorganization of Retinal Inner
Layers Is Correlated to Miiller Cmpairment in Diabetic Macular Edema: An
Imaging and Omics Study" Intmnal Journal of Molecular Sciences 24, no. 11:
9607. https://doi.org/l0.3390/ijcnj‘ 607

Misra, Hara P., and Irwin Fr'd‘&gﬁ. "The role of superoxide anion in the autoxidation of
epinephrine and assay for superoxide dismutase.” Journal of Biological
chemistry 247, n@ 1972): 3170-3175.

Modzelewski, R gdalena Maria Stefanowicz-Rutkowska, Wojciech Matuszewski, and

\@_rja Bandurska-Stankiewicz. "Gestational diabetes mellitus—recent literature

Journal of clinical medicine 11, no. 19 (2022): 5736.
1.0rg/10.3390/jcm11195736

Mohaja\n,‘ﬁevaj it, and Haradhan Kumar Mohajan. "Hyperosmolar Hyperglycaemic State: A Life-
Threatening Complication of Type 2 Diabetes Patients.” Journal of Innovations in
Medical Research 2, no. 10 (2023): 30-35.

Mohamed, Doha Abdou, Rasha Salah Mohamed, Karem Fouda, and Hoda Bakr Mabrok.
"Dietary supplements for prevention of Alzheimer’s disease: In vivo and in silico

molecular docking studies.” Iranian Journal of Basic Medical Sciences 28, no. 2 (2025):
170.

288


https://doi.org/10.3390/ijms24119607
https://doi.org/10.3390/jcm11195736

Mohanasundaram, P., and M. S. Antoneyraj. "4 systematic review of neem flower (Azadirachta
indica): a promising source of bioactive compounds with pharmacological and
immunomodulating properties.” Tradit Med Res 10, no. 7 (2025): 41.

Moin, Md Sanaul, Javed Inam Siddiqui, Md Aftab Alam, Faiza Khatoon, Shayni Khan, and
Ahmed Minhajuddin. "Ethnomedicinal potential of widely used plant Azadirachta indica

A. Juss: A comprehensive review." The Journal of Phytopharmacology 10, no. 6 (2021):
456-467.

Morya, Arvind Kumar, Prasanna Venkatesh Ramesh, Prateek Nishant, KirandeeQ , Bharat
Gurnani, Aarti Heda, and Sarika Salodia. "Diabetic retinopathy: 1@. ew on its
pathophysiology and novel treatment modalities." World Journal odology 14,

no. 4 (2024): 95881. &

Mousavi, Sanaz, Aylar Safari, Hooman Nateghian, Morteza Ghej , and Leila Nikniaz.
"Comparing the detection rate of postpartum diabetes Nin early and 4—12 week
postpartum screening tests in women with gestation betes mellitus: A systematic
review and meta-analysis." Taiwanese Journal of s@ etrics and Gynecology 62, no. 3

(2023): 396-401.
>

a. 2021. "Retinal Vascular Endothelial
ration in Diabetic Patients” Journal of
1.0rg/10.3390/;cm10030458

De

Mrugacz, Malgorzata, Anna Bryl, and Katarzyn
Cell Dysfunction and Neuroretinal
Clinical Medicine 10, no. 3: 458. https

¥

Mudenda, Steward, Matthews Band @Mohamed and Billy Chabalenge. "Phytochemical
composition and antibacte@ ctivities of azadirachta indica (Neem): significance of
traditional  medicine® combating infectious diseases and antimicrobial
resistance." Journ l@barmacognosy and Phytochemistry 12, no. 5 (2023): 256-263.

Murugan, Raghul, w%zijesh Ajay Guru, B. Haridevamuthu, Bader O. Almutairi, Mikhlid H.

Almutairi liet, S. Renganayagi, Pushparathinam Gopinath, and Jesu Arockiaraj.
"Deacety yazadlradlone derived from epoxyazadiradione of neem (Azadirachta
indica Juss) fruits mitigates LPS-induced oxidative stress and inflammation in

zeb larvae.” Chemistry & Biodiversity 19, no. 9 (2022): €202200041.

Nagini,\gddavaram, Manikandan Palrasu, and Anupam Bishayee. "Limonoids from neem
(Azadirachta indica A. Juss.) are potential anticancer drug candidates.” Medicinal
research reviews 44, no. 2 (2024): 457-496.

Nahar, Nazmun, Suhaila Mohamed, Noordin Mohamed Mustapha, SengFong Lau, Nur Iliyani
Mohd Ishak, and Norshahira Solehah Umran. "Metformin attenuated histopathological
ocular deteriorations in a streptozotocin-induced hyperglycemic rat model." Naunyn-
Schmiedeberg's Archives of Pharmacology 394, no. 3 (2021): 457-467.

289


https://doi.org/10.3390/jcm10030458

Nakao, Shintaro, Sentaro Kusuhara, and Tomoaki Murakami. "Anti-VEGF therapy for the long-
term management of diabetic macular edema: a treat-to-target strategy based on
macular morphology.” Graefe's Archive for Clinical and Experimental
Ophthalmology 262, no. 12 (2024): 3749-3759.

Nakayama, Luis Filipe, Lucas Zago Ribeiro, Fernando Korn Malerbi, and Caio Vinicius Saito
Regatieri. "Ophthalmology and artificial intelligence: present or future? A diabetic
retinopathy screening perspective of the pursuit for fairness.” Frontiers in

Ophthalmology 2 (2022): 898181. \
Navneet, Soumya, Kyrie Wilson, and Bérbel Rohrer. "Miiller glial cells in ula.' their
activation and cell-cell interactions in age-related macular degeneration*Anvestigative
ophthalmology & visual science 65, no. 2 (2024): 42-42. &
Neuwahl, Simon J., Andrea J. Sharma, Ping Zhang, and Tho ~Hoerger. "Postdelivery
intervention to prevent type 2 diabetes and the cost-effestiverress of screening criteria for
gestational diabetes." Preventing Chronic Disease 22): E&9.

Nian, Shen, Amy CY Lo, Yajing Mi, Kai Ren, and D g. "Neurovascular unit in diabetic
retinopathy: pathophysiological roles and lal therapeutical targets." Eye and
Vision 8, no. 1 (2021): 15. ’b

Nigussie, Dereje, P. G. Davey, Belete Ade i\begesse, Abebaw Fekadu, and Eyasu Mekonnen.
"Anti-inflammatory and wouné %g activity of methanol extracts of Azadirachta
indica A. Juss, Lawosinia 1@ and Achyranthus aspera L in in vitro models."
Europe PMC (2022).

Nikolova, Galina, Julian @V Veselin Ivanov, Kamelia Petkova-Parlapanska, Ekaterina
Georgieva, and aramalakova. "The Azadirachta indica (Neem) seed oil reduced
chronic redo %osmszs imbalance in a mice experimental model on ochratoxine a-
induced hq«%@x ity." Antioxidants 11, no. 9 (2022): 1678.

O. Trott, A. on. “AutoDock Vina: improving the speed and accuracy of docking with a new
'function, efficient optimization and multithreading” Journal of Computational

\&nstry 31(2010) 455-461. DOI 10.1002/jcc.21334

Ogunjobi, T. T., S. A. Adeyanju, K. G. Akinwande, D. E. Obasi, A. A. Aigbagenode, A. Musa,
and S. O. Abdul. "Improving the prevention and treatment of Lean Type 2 Diabetes in

Sub-Saharan Africa: A review." European Journal of Sustainable Development
Research 9, no. 2 (2025).

Oloruntoba, Bamigboye, C. T. Senjobi, O. F. Ajiboye, O. O. Odeyemi, S. O. Ajayi, B. A. Ajani,
and S. A. Odewo. "USING HERBARIUM RECORDS AND IUCN RED LIST TO

290



UNRAVEL  EXTINCTION RISK PATTERN IN GENUS GARCINIA IN
NIGERIA." FULafia Journal of Science and Technology 9, no. 1 (2025): 30-33.

Oshitari, Toshiyuki. "The pathogenesis and therapeutic approaches of diabetic neuropathy in the
retina.” International journal of molecular sciences 22, no. 16 (2021): 9050.

Oshitari, Toshiyuki. 2023. "Advanced Glycation End-Products and Diabetic Neuropathy of the
Retina” International Journal of Molecular Sciences 24, no. 3: 2927.
https://doi.org/10.3390/1jms24032927

Pan, Deng, Lin Xu, and Ming Guo. "The role of protein kinase C in dia )@%mvascukzr
complications.” Frontiers in Endocrinology 13 (2022): 973058. &

Panda, Siva Prasad, P. Hemachandra Reddy, Uma Sankar Gorla, a @S. N. B. K. Prasanth.
"Neuroinflammation and neovascularization in diab%eye diseases (DEDs):
identification of potential pharmacotherapeutic targets@ol ular Biology Reports 50,

no. 2 (2023): 1857-1869. Q

Pande, Gauri S., and Pravin Tidake. "Lase, %atmem‘ modalities  for diabetic
retinopathy." Cureus 14, no. 10 (2022). DO@ﬁWcureu&%OM

Panunzi, Simona, Marcello Pompa, Alessz@Borri, Vincenzo Piemonte, and Andrea De
Gaetano. "4 revised Sorensen I - Simulating glycemic and insulinemic response to
oral and intra-venous glucose lej "% Plos one 15, no. 8 (2020): €0237215.

Pardina, Eva, Mireia Tondo, Joa@iles Escola-Gil, Joana Rossell, and Josep Julve. "Molecular
mechanisms involv% in  hyperglycemia-induced cellular ~damage.” Chronic
Complications o es Mellitus (2024): 25-38.

Parmar, Uday Praga ’SQ} , Pier Luigi Surico, Rohan Bir Singh, Francesco Romano, Carlo Salati,
Leopoldo a, Mutali Musa, Caterina Gagliano, Tommaso Mori, and Marco Zeppieri.
"Artifi intelligence (Al) for early diagnosis of retinal diseases.” Medicina 60, no. 4

QO@% 7.

Parvin,\Sﬂohana, Anika Reza, Sridebi Das, Md Main Uddin Miah, and Shanjida Karim.
"Potential role and international trade of medicinal and aromatic plants in the
world." European Journal of Agriculture and Food Sciences 5, no. 5 (2023): 89-99.

Pereira, Carolina Parga Martins, Ana Carolina Remondi Souza, Andrea Rodrigues Vasconcelos,
and Pietra Sacramento Prado. "Antioxidant and anti- inflammatory mechanisms of action
of astaxanthin in cardiovascular diseases.” International journal of molecular
medicine 47, no. 1 (2021): 37-48.

291


https://doi.org/10.3390/ijms24032927

Petkova-Parlapanska, Kamelia, Valeria Draganova, Ekaterina Georgieva, Petya Goycheva,
Galina Nikolova, and Yanka Karamalakova. "Systematic Inflammation and Oxidative
Stress Elevation in Diabetic Retinopathy and Diabetic Patients with Macular
Edema." International Journal of Molecular Sciences 26, no. 8 (2025): 3810.

Pingali, Usharani, Mohammed Abid Ali, Srinivas Gundagani, and Chandrasekhar Nutalapati.
"Evaluation of the effect of an aqueous extract of Azadirachta indica (Neem) leaves and
twigs on glycemic control, endothelial dysfunction and systemic inflammation in subjects
with type 2 diabetes mellitus—a randomized, double-blind, placebo-controlled clinical
study." Diabetes, Metabolic Syndrome and Obesity (2020): 4401-4412. Q

Pradhan, Dharmendra, Prafulla Kumar Sahu, Sukumar Purohit, Santo ar Ranajit,
Biswajeet Acharya, Shreya Sangam, and Amit Kumar Shgi§astavd. "Therapeutic
interventions for diabetes mellitus-associated complicatigfisy] \Current Diabetes
Reviews 21, no. 8 (2025): €030524229631. @

glia role on retinal extracellular matrix and m " Frontiers in Medicine 11

Prieto-Lopez, Laura, Xandra Pereiro, and Elena Vecino. " @chanics of the retina: Miiller
oéfzyg.
(2024): 1393057. Q

depression and diabetes and risk of and cause-specific mortality: a prospective

cohort study.” Diabetologia 65, no& ): 1450-1460.

Prigge, Regina, Sarah H. Wild, and Caroline ;@kson. "Depression, diabetes, comorbid

Quiriconi, Pialuisa, Vanco Hristov, ]{‘ buraya, Una Greferath, Andrew I. Jobling, and Erica
L. Fletcher. "The role of % oglia in the development of diabetic retinopathy." npj
Metabolic Health and Di e 2,no. 1(2024): 7.

Rahman, Md Mominur, ezaul Islam, Md Yamin, Md Mohaimenul Islam, Md Taslim Sarker,
Atkia Farza. an Meem, Aklima Akter, Talha Bin Emran, Simona Cavalu, and Rohit
Sharma. ¢” ing role of neuron-glia in neurological disorders: at a
glance, &_ipative Medicine and Cellular Longevity 2022, no. 1 (2022): 3201644.

Rahman, L#’ammad Arif, Sholeh Hidayat, Ujang Jamaludin, and Suroso Mukti Leksono.

\{' zation of neem trees (Azadirachta indica) as biopesticide from ancient India to

Indonesia: an ethnographic study based on literature review." Gravity: Jurnal Ilmiah
Penelitian dan Pembelajaran Fisika 9, no. 2 (2023).

Rajagopal, Rithwick, and Timothy Kern. "Clinical evidence of a photoreceptor origin in diabetic
retinal disease.” Ophthalmology Science 5, no. 1 (2025): 100591.

Rajan, Ravi Kumar. "4 comprehensive review on adaptive plasticity and recovery mechanisms
post-acquired brain injury.” Neuroprotection (2025).

292



Rajendran, Peramaiyan, Kaviyarasi Renu, Basem M. Abdallah, Enas M. Ali, Vishnu Priya
Veeraraghavan, Kalaiselvi Sivalingam, Yashika Rustagi, Salaheldin Abdelraouf
Abdelsalam, Rashid Ismael Hag Ibrahim, and Saeed Yaseen Al-Ramadan. "Nimbolide:
promising agent for prevention and treatment of chronic diseases (recent update).” Food
& Nutrition Research 68 (2024): 10-29219.

Rajendran, Peramaiyan, Kaviyarasi Renu, Basem M. Abdallah, Enas M. Ali, Vishnu Priya
Veeraraghavan, Kalaiselvi Sivalingam, Yashika Rustagi, Salaheldin Abdelraouf
Abdelsalam, Rashid Ismael Hag Ibrahim, and Saeed Yaseen Al-Ramadan. "Nimbolide:
promising agent for prevention and treatment of chronic diseases (recent ."Food
& Nutrition Research 68 (2024): 10-29219. Q

Rék, Tibor, Andrea Kovacs-Valasek, Etelka Postyéni, Adrienne Csut%gﬁ'kébert Gabriel.
"Complementary Approaches to Retinal Health Focusing on Di@ibetie,Retinopathy." Cells
12, no. 23 (2023): 2699. https://doi.org/l0.3390/cells122326%

Ramadhan, Donny, Firdayani Firdayani, Nihayatul Karimah '@ ka Permadi, Sjaikhurrizal El
Muttaqien, and Agus Supriyono. "Identification o ntial bioactive compounds from

Azadirachta indica (Neem) as inhibitors of SARS-CoV-2 main protease: Molecular
docking and molecular dynamics simyldt studies.” Journal of Applied
-049.

Pharmaceutical Science 13, no. 11 (2023):

Ray, Amitabha, Melissa JL Bonorden, Raja h\&andit, Katai J. Nkhata, and Anupam Bishayee.
"Infections and immunity: jations with obesity and related metabolic
disorders."” Journal of Pathol Translational Medicine 57, no. 1 (2023): 28-42.

Rech Tondin, Arthur, and Giae @anzoni. "Islet Cell Replacement and Regeneration for Type
1 Diabetes: Cur evelopments and Future Prospects: AR Tondin, G.
Lanzoni."” BioDrugs 39 no. 2 (2025): 261-280.

Reed, Sarah, E .®, Selina Darling-Reed, and Karam FA Soliman. "Neuroprotective
Effect om tformin Through the Modulation of Neuroinflammation and Oxidative
Stress.séwus 14, no. 14 (2025): 1064.

Rodri g’aloma, Kevin M. Pantalone, Marcio L. Griebeler, and Bartolome Burguera. "Should
I “consider metformin therapy for weight loss in patients with obesity but without
diabetes?.” Cleveland Clinic Journal of Medicine 90, no. 9 (2023): 545-548.

Roég, Tomasz, Mykhailo Girych, and Alex Bunker. "Mechanistic understanding from molecular

dynamics  in  pharmaceutical  research  2: lipid  membrane in  drug
design.” Pharmaceuticals 14, no. 10 (2021): 1062.

293


https://doi.org/10.3390/cells12232699

Romeo, Mario, Fiammetta Di Nardo, Carmine Napolitano, Claudio Basile, Carlo Palma, Paolo
Vaia, Marcello Dallio, and Alessandro Federico. "Exploring the Epidemiologic Burden,
Pathogenetic Features, and Clinical Outcomes of Primary Liver Cancer in Patients with
Type 2 Diabetes Mellitus (T2DM) and Metabolic Dysfunction-Associated Steatotic Liver
Disease (MASLD): A Scoping Review." Diabetology 6, no. 8 (2025): 79.
https://doi.org/10.3390/diabetology6080079

Roy, Bipradas. "Pathophysiological Mechanisms of Diabetes-Induced Macrovascular and
Microvascular Complications: The Role of Oxidative Stress." Medical Sciences 13, no. 3

(2025): 87. Q

Sachdeva, Mira M. "Retinal neurodegeneration in diabetes: an emerging (coneept in diabetic
retinopathy.”" Current diabetes reports 21, no. 12 (2021): 65. &

Saha, Otun, Noimul Hasan Siddiquee, Rahima Akter, Nikk: r, Uditi Paul Bristi,
Khandokar Fahmida Sultana, SM Lutfor Rahman omnet al. "Antiviral activity,
Pharmacoinformatics, molecular docking, and dyn tudies of Azadirachta indica
against Nipah virus by targeting envelope gl otein: emerging strategies for

developing antiviral treatment." BioinformatiQa d Biology Insights 18 (2024):

11779322241264145. 66

Sahebnasagh, Adeleh, Samira Eghbali, Fa ’éaghaﬁ, Antoni Sureda, and Razieh Avan.
"Neurohormetic — phytochemicals | 1 the  pathogenesis of neurodegenerative
diseases.” Immunity & ageing, | sk 1'(2022): 36.

Sakar, Kenan, and Nese Cinar. " c?ycemia in Type I Diabetes Mellitus." In Glucose and
Insulin Homeostasis. 1 pen, 2024.

Sanchez-Duarte, Sarai, 1$eth Sanchez-Duarte, Luis A. Sanchez-Briones, Esperanza
Meléndez—H , Ma Antonia Herrera-Vargas, Sergio Marquez-Gamifio, Karla S. Vera-
Delgado, o Montoya-Pérez. "Apocynin Mitigates Diabetic Muscle Atrophy by

%scle Triglycerides and Oxidative Stress.” International Journal of

Lowering
Molec&g Sciences 26, no. 12 (2025): 5636.

Sandu,\g%elia, Cristina Bica, Teodor Salmen, Roxana Stoica, Roxana Bohiltea, Florentina
Gherghiceanu, Irina Pacu, Simona Stefan, Cristian Serafinceanu, and Anca Pantea Stoian.

"Gestational diabetes-modern management and therapeutic approach.” Experimental
and therapeutic medicine 21, no. 1 (2021): 81.

Sardarinia, Mahsa, Samaneh Asgari, Reyhane Hizomi Arani, Fatemeh Eskandari, Fereidoun
Azizi, Davood Khalili, and Farzad Hadaegh. "Incidence and risk factors of severe
non-proliferative/proliferative diabetic retinopathy: More than a decade follow up in the

294


https://doi.org/10.3390/diabetology6080079

Tehran Lipids and Glucose Study." Journal of Diabetes Investigation 13, no. 2 (2022):
317-327.

Sareng, Hossainoor Rahaman, Naibedya Dutta, Suvranil Ghosh, Upama Chowdhury, Vinod K.
Nelson, Mohit Prasad, Subhash C. Mandal, Atin K. Mandal, and Mahadeb Pal. 2025.
“HSF1 Activator Azadiradione Ameliorates Parkinson’s Disease and Extends Lifespan in
Preclinical Models: Analysis of Underlying Molecular Mechanism.” bioRxiv. April 9,
2025. https://doi.org/10.1101/2025.04.09.647992.

Azadirachta indica (neem) and its active compounds in the regulat biological

Sarkar, Subendu, Rajender Pal Singh, and Gorachand Bhattacharya. "Explori %role of
pathways: an update on molecular approach.” 3 Biotech 11, no. 4 (2(@/ 8

Schleicher, Erwin, Christian Gerdes, Astrid Petersmann, Dirk Miiller- d, Ulrich A. Miiller,
Guido Freckmann, Lutz Heinemann, Matthias Nauck, and Riidi andgraf. "Definition,

classification and diagnosis of diabetes mellitus.=E eimental and Clinical
Endocrinology & Diabetes 130, no. S 01 (2022): S1-

Schneider, Kevin J., Kristen Staggers, Mozhdeh rainian, and Roomasa Channa.
"Photoreceptor thickness in UK Bioban cipants with and without diabetes
mellitus." BMJ Open Ophthalmology 10% (2025).

Scuderi, Luca, Serena Fragiotta, Mariachia ippo, and Solmaz Abdolrahimzadeh. "The role
of diabetic choroidopathy < % pathogenesis and progression of diabetic
retinopathy." International J of Molecular Sciences 24, no. 12 (2023): 10167.

Seo, Hyewon, Sun-Ji Park, aﬂc@nsoo Song. 2025. "Diabetic Retinopathy (DR): Mechanisms,
Current  Therapi d Emerging Strategies” Cells 14, no. 5: 376.
https:/doi.org/10339)/Cells 14050376

Shah, Janika, Bi gy?& , Damon Wong, Nur Fidyana Binte Abdul Gani, Qinglan Hu, Xinyu
a;qﬁ

Liu, anid J eline Chua. "Evaluation of thickness of individual macular retinal layers in
diab es from optical coherence tomography.” Scientific Reports 14, no. 1 (2024):
17

Shaheen, S., Khalid, S., Aaliya, K., Gul, A., Hafeez, A., Armaghan, M., Almarhoon, Z.M.,
Calina, D., Khan, K. and Sharifi-Rad, J., 2024. “Insights into Nimbolide molecular
crosstalk and its anticancer properties.” Medical Oncology, 41(6), p.158.

Sheng, Xia, Chunmei Zhang, Jiwei Zhao, Jianping Xu, Peng Zhang, Quanju Ding, and Jingfa
Zhang. "Microvascular destabilization and intricated network of the cytokines in diabetic
retinopathy: from the perspective of cellular and molecular components.” Cell &
Bioscience 14, no. 1 (2024): 85.

295


https://doi.org/10.1101/2025.04.09.647992
https://doi.org/10.3390/cells14050376

Shi, Zhenzhen, Yang Li, and Majid Jaberi-Douraki. "Hybrid computational modeling
demonstrates the utility of simulating complex cellular networks in type 1
diabetes.” PLoS Computational Biology 17, no. 9 (2021): e1009413.

Shoaib, Shoaib, Mohammad Azam Ansari, Adel Al Fatease, Awaji Y. Safhi, Umme Hani,
Roshan Jahan, Mohammad N. Alomary et al. "Plant-derived bioactive compounds in the
management of neurodegenerative disorders: challenges, future directions and molecular
mechanisms involved in neuroprotection.” Pharmaceutics 15, no. 3 (2023): 749.

streptozotocin-induced diabetic retinopathy in rats through the inhibitio R4/NF-kB
signaling pathway." Saudi Journal of Biological Sciences 28, no. 8 (20219#4255-4262.

¢\

Shyam, Mukul, S. Sidharth, Aleen Veronica, Lakshmipriya Jaga , Prathap Srirangan,
Vidya Radhakrishnan, and Evan Prince Sabina. "Diabetic thy: A comprehensive
review of pathophysiology and emerging treatments." ctlar Biology Reports 52, no.
1 (2025): 380. ]\@

Shu, Xiangwen, Yali Hu, Chao Huang, and Ning Wei. "Nimbolide a %tes the
74

Silva, Corinne M., Matthew E. Arnegard, and Christine Maric-Bilkan. "Dysglycemia in
pregnancy and maternal/fetal outcomes.” Jo f Women's Health 30, no. 2 (2021):

187-193. fb

Silva-Pinto, Piero Alex, Janaina Teixeira éta de Pontes, Brigitte Aguilar-Mor6n, Christian
Shleider Carnero Canales, Fern ogério Pavan, and Cesar Augusto Roque-Borda.
"Phytochemical insights into@snozds in cancer: Mechanisms, therapeutic potential,
and the case of quercetin.” @ on 11, no. 4 (2025).

Simo, Rafael, Olga Sim@; \at, Patricia Bogdanov, and Cristina Hernandez. "Diabetic
retinopathy: role%neumdegenemtion and therapeutic perspectives.”" Asia-Pacific

Journal of ¢ almology 11, no. 2 (2022): 160-167.

N\
Simo, Rafael, lga-éimé-Servat, Patricia Bogdanov, and Cristina Hernandez. "Neurovascular
Unit; & New  Target  for  Treating  Early  Stages  of  Diabetic
R 'rbathy " Pharmaceutics 13, no. 8 (2021): 1320.
\h&//doi.org/lO.3390/Dharmaceutics 13081320

Simo, Rafael, Olga Simod-Servat, Patricia Bogdanov, and Cristina Hernandez. "Neurovascular
unit: a new target for treating early stages of diabetic retinopathy.” Pharmaceutics 13,
no. 8 (2021): 1320.

Singh, Harshika, Dheeraj Sharma, Devesh Kumar Sharma, and Neeraj Singh. "Taxonomical,
Morphological, Pharmacological, and Chromatographic aspects of Azadirachta Indica

296


https://doi.org/10.3390/pharmaceutics13081320

(NEEM) leaves extract.” World Journal of Pharmaceutical Research 13, no. 2 (2023):
270-289.

Singh, Kuldeep, Jeetendra Kumar Gupta, Dilip Kumar Chanchal, Manoj Gangadhar Shinde,
Shivendra Kumar, Divya Jain, Zainab M. Almarhoon et al. "Natural products as drug
leads: Exploring their potential in drug discovery and development.” Naunyn-
Schmiedeberg's Archives of Pharmacology 398, no. 5 (2025): 4673-4687.

Singh, Soumya, Poonam Kushwaha, and Sujeet Kumar Gupta. "Exploring the ,%fntial of
traditional herbs in the management of diabetic retinopathy: An one V' Drug
research 70, no. 07 (2020): 298-309.

Singh, Sukhpal, Abhishek Bansal, Vikramjeet Singh, Tanya Chopra, and%’oadar. "Flavonoids,
alkaloids and terpenoids: a new hope for the treatment of di A@ ellitus.” Journal of
Diabetes & Metabolic Disorders 21, no. 1 (2022): 941-95

Singh, Suruchi, Pankaj Bhatt, Vipin Kumar, and Neha P. Si Qlytonutrients, anthocyanidins,
and anthocyanins: Dietary and medicinal pigm% with possible health benefits."
In Advances in Flavonoids for Human Health Prevention of Diseases, pp. 23-46.
Apple Academic Press, 2024. b{b

Sivakumar, Nikita, Cameron Mura, and Sha@eirce. "Innovations in integrating machine
learning and agent-based modeli biomedical systems.” Frontiers in systems
biology 2 (2022): 959665.  * 5\\'

Song, Dan, Yang Li, Ling-Lin e, Ya-Xi Luo, and Xiu-Qing Yao. "Bridging systemic
metabolic dysfunctioﬁ % Alzheimer’s disease: the liver interface.” Molecular

@). 1 (2025): 61.

Neurodegeneratio%

Sowjanya, A., Vijaay%igvi P., and P. Amudha. 2025. “Unveiling the Multidisciplinary Nature of
m tion to Modern Medicine.” International Journal of Pharmacy and

Neem: Fvgd
Pharn&e cal Research 31, no. 4 (April): 377-396.

Srinivasa laja, Laya Ekhlaspour, and Eda Cengiz. "Adjunctive therapies to optimize closed-
glucose control.” Journal of Diabetes Science and Technology 15, no. 6 (2021):
1243-1251.

Sun, Kexin, Yanyi Chen, Shijie Zheng, Wenjuan Wan, and Ke Hu. "Genipin ameliorates
diabetic retinopathy via the HIF-1o and AGEs-RAGE pathways." Phytomedicine 129
(2024): 155596.

Sundaram, Swaminathan, Meganathan Selvamani, Sekar Kidambi Raju, Seethalakshmi
Ramaswamy, Saiful Islam, Jae-Hyuk Cha, Nouf Abdullah Almujally, and Ahmed

297



Elaraby. "Diabetic retinopathy and diabetic macular edema detection using ensemble
based convolutional neural networks."” Diagnostics 13, no. 5 (2023): 1001.

Suthasmalee, Sasiwan, and Chadakarn Phaloprakarn. "Lactation duration and development of
type 2 diabetes and metabolic syndrome in postpartum women with recent gestational
diabetes mellitus." International Breastfeeding Journal 19, no. 1 (2024): 25.

Tang, Qi, Francesco Buonfiglio, Elsa Wilma Béhm, Liyu Zhang, Norbert Pfeiffer, Christina A.
Korb, and Adrian Gericke. "Diabetic retinopathy: new treatment approach«targeting
redox and immune mechanisms.” Antioxidants 13, no. 5 (2024): 594.

outcomes of digital diabetic eye screening in individuals aged 8 vears." Eye 37,

Thomas, Kevin, Nichola Albutt, Aisha Hamid, Helen Wharton, and Sarita, Ja OB. "Five-year
(7§qd
no. 17 (2023): 3661-3665.

Todkar, Hemant S., Sailesh S. Katare, Aishwarya Wattamw ﬁeetal Gumgol. "Diabetic
Retinopathy: Prevalence and Socioeconomic Fact Diverse Population.”" Res. J.
Med. Sci 17 (2023): 1028-1033.

ctions of Metformin in Target Tissues
ble Applications in the Endocrine and
ournal of Molecular Sciences 22, no. 23:
068

Tulipano, Giovanni. 2021. "Integrated or Indepen
Underlying Its Current Use and New
Metabolic Disorder Area" Internat
13068. https://doi.org/10.3390/ijms222

Ullah, Shahid, Zilong Zheng, Wajee@hman, Farhan Ullah, Anees Ullah, Muhammad Nasir

Igbal, Naveed Igbal, and hun Gao. "A computational approach to fighting type 1
diabetes by targeting b, xsackie B virus protein with flavonoids.” Plos one 18, no. 8

(2023): 60290576QQ

Umar, MuhammadsI m, Mohd Zaini Asmawi, Amirin Sadikun, A. M. S. Abdul Majid, Item
Justin A% ,"Mohamed B. Khadeer Ahamed, Rabia Altaf, and Ashfaq Ahmad.
itu

"Multi>constituent synergism is responsible for anti-inflammatory effect of Azadirachta
indi extract.” Pharmaceutical Biology 52, no. 11 (2014): 1411-1422.

Vaglie}&/l\/laria V., Paula V. Subirada, Mariana B. Joray, Gustavo Bonacci, and Maria C.
Sanchez. "Protective effect of NO2-OA on oxidative stress, gliosis, and pro-angiogenic
response in miiller glial cells.” Cells 12, no. 3 (2023): 494.

Vargas-Soria, Maria, Monica Garcia-Alloza, and Miriam Corraliza-Gomez. "Effects of diabetes
on microglial physiology: a systematic review of in vitro, preclinical and clinical
studies." Journal of Neuroinflammation 20, no. 1 (2023): 57.

298



Varshney, R and Kale, RK “Effects of calmodulin antagonists on radiation-induced lipid
peroxidation in microsomes.”” Int J RadiatBiol 58(5) (1990): 733-43.

von Scholten, Bernt Johan, Frederik F. Kreiner, Stephen CL Gough, and Matthias von Herrath.
"Current and future therapies for type 1 diabetes."” Diabetologia 64, no. 5 (2021): 1037-
1048.

Wahane, Shalaka, and Michael V. Sofroniew. "Loss-of-function manipulations to identify roles
of diverse glia and stromal cells during CNS scar formation." Cell aund tissue
research 387, no. 3 (2022): 337-350. Q

Wong, Tien Yin, and Tien-En Tan. "The diabetic retinopathy “pandemic” Qdfvolving global
strategies: the 2023 friedenwald lecture.” Investigative O lé;{lmology & Visual
Science 64, no. 15 (2023): 47-47. b

Wu, Haoqian, Xianjun Chen, Bin Yu, Jieqiong Zhang, Xingm %@i Liu, Feng Mei, Jian Ye,
and Lan Xiao. "Deficient deposition of new myelin i, dult optic nerve function in a
murine model of diabetes.” Glia 71, no. 5 (2023): 13 345.

Wu, Jingjing, Yanrong Chen, Cuiting Huang, Yu@\’ ang, Lingli Lin, and Zhaode Zhang.
h

"Dyslipidemia and reduced retinal_la icknesses in mild to moderate non-
proliferative diabetic retinopathy."” an Journal of Translational Research 16,

no. 10 (2024): 5718. %

Wu, Yiwei, and Haidong Zou. "Re @ Progress on Mitochondrial Dysfunction in Diabetic
Retinopathy" Antio S 11, no. 11 (2022): 2250.
https://doi.org/10.3390/ s x11112250

Content, T at% nolic Content, and Antihyperglycemic Effect, of 70% Ethanol Extract
of Neem (Azaditfathta indica A. Juss) Leaves.” Tropical Journal of Natural Product

Resea&@yﬂo. 6 (2025).

\\@ R., and D. Scott Merrell. "The antimicrobial potential of the neem tree
Xw irachta indica.” Frontiers in pharmacology 13 (2022): 891535.

Waulandari, Dewi, Jessicgovia, Sri WN Munthe, and Maroloan Aruan. "Total Flavonoid

Wylie

WYNBERG, RACHEL. "Benefit Sharing and Biodiversity Commodification in Southern Africa:
A failed approach for social justice, equity, and conservation?.” CONSERVATION,
MARKETS, AND THE ENVIRONMENT IN SOUTHERN AND EASTERN
AFRICA (2023): 79.

299


https://doi.org/10.3390/antiox11112250

Xing, Yan, Shan Liang, Yuanyuan Zhao, Shuo Yang, He Ni, and Haihang Li. "Protection of
Aronia melanocarpa fruit extract from sodium-iodate-induced damages in rat
retina." Nutrients 13, no. 12 (2021): 4411.

Xu, Li, Shreyas Jois, and Hongliang Cui. "Metformin and gegen ginlian decoction boost islet o-
cell proliferation of the STZ induced diabetic rats." BMC Complementary Medicine
and Therapies 22, no. 1 (2022): 193.

Xu, Manhong, Ruiyan Fan, Xiaoe Fan, Yan Shao, and Xiaorong Li. "Progress and c@l)enges of
anti-VEGF agents and their sustained-release strategies for retinal angiog%s ." Drug
design, development and therapy (2023): 3241-3262.

Yadav, Mansi, Han Grezenko, Venkata Madusudana Rao Kanukollu‘%bdur Rehman, Syed
Faqeer Hussain Bokhari, Taufiga Reza, Carlos D. Franco et 'ystematic review of
the neuroprotective effects of Vascular Endothelial Grow. r (VEGF) in diabetic
retinopathy and diabetic macular edema: unravelin e molecular mechanisms and
clinical implications." Cureus 15, no. 12 (2023). %

Yakob, Tagese, Awoke Abraham, Begidu Yakob, an?l\/lesﬁn Manza Jaldo. "Incidence of
diabetic retinopathy and its predictors amon gb t patients with diabetes in Ethiopia: a
frailty model." Frontiers in Endocrinolo 2025): 1462210.

Yang, Xiongyi, Zexin Huang, Mei Xu, Yagxid Chen, Mingzhe Cao, Guoguo Yi, and Min Fu.
"Autophagy in the retinal rovascular unit: new perspectives into diabetic
retinopathy." Journal of Dia{ 15, no. 5 (2023): 382-396.

Yang, Zhengwei, Tien-En Taﬁ%&l Shao, Tien Yin Wong, and Xiaorong Li. "Classification of
diabetic retinopath @s , present and future.” Frontiers in endocrinology 13 (2022):
1079217.

Yarmohammadi,‘ Fzm, Soghra Mehri, Nahid Najafi, Sanaz Salar Amoli, and Hossein
Hosseinzadel. "The protective effect of Azadirachta indica (neem) against metabolic
synd@ A review." Iranian journal of basic medical sciences 24, no. 3 (2021): 280.

Yu, H}W Toru Yamashita, Xiao Hu, Zhihong Bian, Xinrang Hu, Tian Feng, Koh Tadokoro,
Ryuta Morihara, and Koji Abe. "Protective and anti-oxidative effects of curcumin and
resveratrol on Ap-oligomer-induced damage in the SH-SY5Y cell line." Journal of the
neurological sciences 441 (2022): 120356.

Yuan, Yimin, Hong Liu, Ziwei Dai, Cheng He, Shangyao Qin, and Zhida Su. "From physiology
to pathology of astrocytes: highlighting their potential as therapeutic targets for CNS
injury." Neuroscience Bulletin 41, no. 1 (2025): 131-154.

300



Yuen, Josh Z. "STAGING OF DIABETES AND DIABETIC RETINOPATHY: Recognizing the
role of the OD throughout the disease process is critical.” Review of Optometry 159, no.
6 (2022): 74-83.

Zhan, Lei. "Frontiers in understanding the pathological mechanism of diabetic
retinopathy.” Medical Science Monitor: International Medical Journal of
Experimental and Clinical Research 29 (2023): €939658-1.

Zhang, Jingfa, Jingxiang Zhang, Chaoyang Zhang, Jingting Zhang, Limin Gu, Daw%uo, and
Qinghua Qiu. 2022. "Diabetic Macular Edema: Current Understandi lecular
Mechanisms  and  Therapeutic  Implications” Cells 11, nQ 1. 3362.
https://doi.org/10.3390/cells11213362

"Associations between blood pressure levels and diabeti athy in patients with

diabetes mellitus: A population-based study." Heliyon @ (2023).

Zhang, Min, Jinye Wu, Yimin Wang, Jiali Wu, Weiting Hu, Huiz@and Xiaodong Sun.

Zhao, Zhenyu, Yanda Li, Liangyun Zhou, Xiuteng Zhou, Bowen Xie, Wenjin Zhang, and Jiahui
Sun. "Prevention and treatment of COVID-19 Traditional Chinese Medicine: A
review." Phytomedicine 85 (2021): 153308.66

Zhou J, Chen B. “Retinal cell damage in diab@e inopathy”. Cells. 2023 May 8;12(9):1342.

Zhou, Hongli, Zhili Rao, Zuo Zhang. min Zhou. "Function of the GABAergic system in
diabetic encephalopathy.”" C r and Molecular Neurobiology 43, no. 2 (2023): 605-

619. @
Zhou, Jing, and Bo Che@al cell damage in diabetic retinopathy.” Cells 12, no. 9 (2023):
1342.

Zhou, Lai-Ya g,%l}Gang Liu, Yong-Quan Sun, Yan-Zhong Li, Zhao-Qian Teng, and Chang-

"Preserving blood-retinal barrier integrity: a path to retinal ganglion cell
prot in glaucoma and traumatic optic neuropathy.” Cell Regeneration 14, no. 1
T 1-16.

Zhou, Yidong, Jintai Chen, Jinglei Cheng, Gopal Karemore, Marinka Zitnik, Frederic T. Chong,
Junyu Liu, Tianfan Fu, and Zhiding Liang. "Quantum-machine-assisted drug discovery:
Survey and perspective.” arXiv preprint arXiv:2408.13479 (2024).

Zikhali, Thembile, Chester Kalinda, and Zamadonda Nokuthula Xulu-Kasaba. 2022. "Screening
of Diabetic Retinopathy Using Teleophthalmology to Complement Human Resources for

Eye Health: A Systematic Review and Meta-Analysis” Clinics and Practice 12, no. 4:
457-467. https://doi.org/10.3390/clinpract12040050

301


https://doi.org/10.3390/cells11213362
https://doi.org/10.3390/clinpract12040050

Zouache, Moussa A. "Variability in retinal neuron populations and associated variations in
mass transport systems of the retina in health and aging.”" Frontiers in aging
neuroscience 14 (2022): 778404.

Zuraini, A., T. Vadiveloo, M. Taufik Hidayat, A. K. Arifah, M. R. Sulaiman, and M. N. Somchit.
"Effects of neem (Azadirachta indica) leaf extracts on lipid and C-reactive protein
concentrations in cholesterol-fed rats." (2006): 109-114.

Appendices \

Preparation of Reagents I\QJ

The following reagents were prepared and used during the course$ experiment for diabetes

Appendix I

induction, tissue stabilization, and fixation prior to histolog biochemical analyses:

1.0 Citrate Buffer (0.1 M, pH 4.5) for STZ Pr@tion

Citrate buffer was prepared to dissolve st&a&tocin (STZ), which is unstable in neutral or

0o a pH of 4.5 to maintain STZ stability prior to

alkaline solutions. The buffer was z@ﬂ

Procedure: QQ
To prepare IOOm( of{t&ﬁe buffer, pH of 4.5 and at 0.1m concentration,

administration.

. 1.@§;itric acid 0.96g of sodium citrate was weighed and poured into a volumetric

ek

e Ice cold distilled water was added to make up to 100ml.
e A calibrated pH meter was used to confirm the pH at 4.5pH, adjusting with HCL or Na".

e 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

S
S

To make 500ml of 0.25M sucrose solution: %

e 42.8 g of sucrose was dissolved in approximately 5@ distilled water.

e The solution was then stirred until fully disseéve@ stored at 4 °C until use.

damage during processing.

1.2 10% Phosphate-Buffered Formalin@nL) for Histological Fixation

Phosphate-buffered formalin was use@x retinal tissues prior to histological examination.

Procedure:

e 06.5g of D1s derogen phosphate dihydrate (Na;HPO42H>0) was dissolved in

350ml; dfngy water.

E@adjusted to 7.0 using dilute Hcl and Na+.

e 50mL of 40% formaldehyde was added to the solution and topped to 500mL with

distilled water
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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 OQ

8g of NaCl (Sodium chloride), and 0.20g of KCI (Potassium chlo@ was added

1.06g of K;HPO,; (Dipotassium phosphate) and 0.24 %%HZPO“ (Monopotassium

phosphate) was added

The solution was then stirred until fully diss vébQ

The pH was adjusted to 7.4 , and top }i@ with distilled water.

1.4  Dose Calculation for Strept@STZ)

Dose = 55mg / kg Bwt
55mg = 1000g$
Xmg = lﬁg)\verage Weight of rats]

55 150 = 1000g x X
N

X =355 x150 = 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 x 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. Q\
1.5  Preparation of Vehicle/ Carrier ’\Q/

Due to the insolubility of the plant extract in both water and co@onal carrier oils, ethanol

used during the extraction process was utilized to sol@e extract. Ethanol-water mix

thereby functioned as a vehicle for oral administrat}§&a gavage, prepared at a dilution ratio

of 1:2 (ethanol : water).

(&)
Volume = 0.2mL @

Twice daily = 0.4mL .@

0.4mL x 8 rats =3.2mL Aé

3.2mL x 4 for each e@ily =12.8mL
Ratio of Ethanal s&ter:

Ethanol: 426

Wate%&mL
\/

1.6 Dose Calculation of Metformin

1Metformin Tablet = 500mg

Twice daily = 1000mg
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An average adult weighs 70kg = 70,000g

Ig Bwt= 500

70,000
=0.007mg = 7ug

lg Bwt =7ug/ 0.2mL \
Average Weight of rats = 150g Q

150g Bwt=150 %7 ng

= 1.05mg of Metformin per rat s

For 8 rats = 1.05 x 8 = 8.4mg Q

Twice daily: 8.4mg X 2 =16.8mg per day @fb
Since volume is 0.2mL X 8 rats = 1.6mL Q:

Twice daily =1.6mL x2 = 3.2mL &(—)\

Per day, dissolve 16.8mg&e®$ﬂ in 3.2mL of distilled water

1.7  Dose Caltl;%'}kff the Azadirachta indica Extracts
200mg of e}f@t 1000g/Bwt

th rat = 200mg of rat

1000g

=0.2mg

1g Bwt = 0.2mg of extract

150g Bwt. Rat=10.2 x 150 = 30mg/ 0.2mL
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. 1rat [150g BWt] received 30mg
For 8 rats = 30 x 8 =240mg
Twice daily: 240mg x 2 =480mg per day

Since Volume is 0.2mL x 8 rats = 1.6mL \

Twice daily = 1.6mL x2 = 3.2mL

Per day, dissolve 480mg plant extract in 3.2mL of water-ethanol mix (2:

For 400mg/Kg Dose %

400mg of extract = 1000g/Bwt Q
1g Bwt rat = 400mg of rat b’b

1000g @

=0.4mg
1g Bwt = 0.4mg of extract *\
&

150g Bwt. Rat= 0.4 x 1506®g/ 0.2mL
. 1rat [150g] recei@)mg
For 8 rats = 6(68 =480mg

Twice&&480mg x 2 =960mg per day

Since volume is 0.2mL x & rats = 1.6mL

Twice daily = 1.6mL x2 = 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)

AZADIRACHTA WATER CAGCMSsolution'Extract' AZADIRACHTA WATER.QGD
TIC

9,629,489

T T T
10.0 20.0 26.0
min

1.1 Azadirachta indica Aqueous Extract Chromatogram

N°©
1.2 Azadirachta indica Methanol Extract Chromatogram 0
QN

AZADIRACHTA METHANOL CA\GCMSsolution EXtractAZADIRACHTA METHANOL QGD

T T
10.0 20.0 26.0

W i

1.3 Azadirachta indig& hanol Extract Chromatogram

- o

AZADIRACHTA ETHANOL CAGCMSsolution\Extract\ AZADIRACHTA ETHANOL.QGD
TIC

19,189,378 =,

T T T T
10.0 20.0 26.0
min
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Appendix 111

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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14 Organ Harvest from Experimental Animals
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1.5  Biochemical Analysis
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