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ÖZET 

VİTAMİN D3 STREPTOZOTOSİN (STZ) İLE İNDÜKLENEN DİYABETİK SIÇAN 

MODELİNDE S100 PROTEİN ALT TİPLERİNE ETKİSİ 

Manar MUSTAFA AMIN 

Yüksek Lisans Tezi, Tıbbi Farmakoloji Anabilim Dalı 

Tez Danışmanı: Prof. Dr. Funda F.  BÖLÜKBAŞI HATİP 

İkinci Danışman: Prof. Dr. Yavuz DODURGA 

Ocak 2024, 103 Sayfa 

Uluslararası Diyabet Federasyonu (IDF) Diyabet Atlası (2021), 20-79 yaş aralığındaki 

yetişkin nüfusunda küresel olarak %10,5 diyabet prevalansını ortaya koymaktadır. Yüksek 

kan şeker seviyeleri ile karakterize edilen diyabet, karmaşık genetik ve çevresel faktörlerden 

kaynaklanan yaygın bir metabolik bozukluktur. Diyabet, enzimatik olmayan glikasyonun 

arttığı, toksik glikoz türevleri olarak bilinen ileri glikasyon son ürünlerinin (AGE'ler) 

birikimine yol açar. S100 proteinleri, çeşitli organlarda ifade edilen, çeşitli fizyolojik ve 

patolojik rolleri olan hasar ile ilişkili moleküler model proteinleridir. AGE'ler ve S100 

proteinleri, ileri glikasyon son ürünlerin reseptörüne (RAGE) bağlandığında, oksidatif stres 

ve inflamasyona katkıda bulunarak, bunları diyabetle ilişkilendiren bilişsel bozulmaya neden 

olurlar. Vitamin D3 (Vit-D3), genomik düzeyde etki eden bir sekosteroid hormondur ve 

vitamin D reseptörüne (VDR) bağlanarak çeşitli genlerin aktivitesini etkiler. Ayrıca, Vit-

D3'ün hücre membranındaki farklı reseptörler aracılığıyla, hızlı yanıtlar ile nörokoruyucu ve 

anti-inflamatuar tepkilere yol açtığı bulunmuştur. Bu çalışmada, tek doz (65 mg/kg 

intraperitoneal enjeksiyon ile) streptozotocin (STZ) kullanılarak oluşturulan sıçan diyabet 

modelinde, serum ve hipokampus örneklerinde S100 protein alt tipleri olan S100B ve 

S100A8/A9 (kalprotektin) üzerindeki değişikliklere odaklanılmış ve Vit-D3'ün etkisi 

değerlendirilmiştir. Ayrıca, sekiz kollu radyal labirent testi (RAM) aracılığıyla bilişsel 

değişiklikler gözlemlenmiştir. Çalışmanın sonuçlarına göre, hem STZ hem de Vit-D3 

gruplarında hippokampal RAGE, kalprotektin, S100B ve insülinde ve serum kalprotektin 

seviyesinde kontrol grubuna göre anlamlı bir artış gözlenmiş; ancak, serum RAGE 

seviyelerinde anlamlı bir artış sadece STZ grubunda saptanmıştır. Kalprotektin seviyelerinde 

bir değişiklik olmamasına rağmen, Vit-D3 uygulamasının serumdaki artan RAGE 

seviyelerini azalttığı görülmüştür. Rotarod testi sonuçlarında, STZ grubundaki sıçanların 

dönen mil üzerinde kalma süresin azaldığı, RAM testi sonuçlarında ise STZ grubunda doğru 

kol seçimlerin azaldığı ve latens süresinin uzadığı görülürken, Vit-D3 uygulamasının bu 

motor performans ve bellek üzerindeki olumsuz etkileri düzeltici bir etkisinin olduğu 

gözlemlenmiştir. 

 

Anahtar Kelimeleri: Diyabet, RAGE, Streptozotosin, S100, Vitamin D3. 
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ABSTRACT 

THE EFFECT OF VITAMIN D3 ON SUBTYPES OF S100 IN STREPTOZOTOCIN 

(STZ)-INDUCED DIABETIC RAT MODEL 

Manar MUSTAFA AMIN 

Master Thesis, Department of Medical Pharmacology 

Thesis Supervisor: Prof. Dr. Funda F.  BÖLÜKBAŞI HATİP 

Second Supervisor: Prof. Dr. Yavuz DODURGA 

January 2024, 103 Pages 

The International Diabetes Federation (IDF) Diabetes Atlas (2021) reveals a global diabetes 

prevalence of 10.5% among the adult population (20-79 years). Diabetes Mellitus (DM), 

characterized by elevated blood sugar levels, is a prevalent metabolic disorder stemming 

from intricate genetic and environmental factors and involves increased non-enzymatic 

glycation, leading to toxic glucose derivatives known as advanced glycation end products 

(AGEs). S100 proteins, damage-associated molecular pattern proteins expressed in various 

organs, play diverse physiological and pathological roles. AGEs and S100 proteins 

interaction with receptor for advanced glycation end products (RAGE), contribute to 

oxidative stress and inflammation, linking them to diabetes-related cognitive impairment. 

Vitamin D3 (Vit-D3), a secosteroid hormone, exerts genomic influences through vitamin D 

receptor (VDR) and rapid effects via cell membrane receptors like membrane-associated 

rapid response steroid-binding protein (MARRSBP), triggering neuroprotective and anti-

inflammatory responses. In this study, in the diabetic rat model induced by a single dose of 

streptozotocin (STZ) (intraperitoneal injection of 65 mg/kg), the changes in S100 protein 

subtypes, S100B, and S100A8/A9 (calprotectin) in serum and hippocampus samples were 

assessed using ELISA, focusing on Vit-D3's impact. Also, cognitive changes were assessed 

through the eight-arm radial maze test (RAM). The results indicate that the hippocampal 

RAGE, calprotectin, S100B, and insulin, along with the serum level of calprotectin, 

significantly increased in both the STZ and Vit-D3 groups compared to the control group; 

however, a significant increase in serum RAGE levels was detected only in the STZ group. 

The rotarod test results indicated a significant decrease in the time spent on the spindle by 

the STZ group, and the RAM test revealed reduced correct arm choices and prolonged latency 

in the STZ group. The administration of Vit-D3 was observed to reduce the increased serum 

RAGE levels and reverse these negative effects on motor performance and memory. 

 

Keywords: Diabetes Mellitus, RAGE, Streptozotocin, S100, Vitamin D3. 
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1. INTRODUCTION 

 

 

Diabetes Mellitus (DM) is characterized by elevated blood sugar levels, leading to 

the buildup of advanced glycation end products (AGEs), which are toxic glucose derivatives. 

These AGEs are formed when proteins or lipids become glycated non-enzymatically in a pro-

oxidant environment when exposed to sugars. 

S100 proteins are symmetrical dimer calcium-binding damage-associated molecular 

pattern (DAMP) proteins that are expressed in various organs and tissues playing different 

physiological functions including the neuronal maintenance and plasticity that affect 

cognitive processes in a healthy brain.  

The interaction of AGEs and S100 proteins with the receptor called receptor for 

advanced glycation end products (RAGE) triggers oxidative stress and inflammation. This 

interaction is suggested to contribute to diabetes associated cognitive decline (DACD). 

However, a soluble form of the RAGE receptor, referred to sRAGE acts as a protective 

trapping molecule by binding to AGEs and reducing their harmful effects. 

Vitamin D3 (Vit-D3) is a secosteroid hormone that has various skeletal and extra-

skeletal effects in the body.  Functioning on a genomic level, it modulates the activity of 

diverse genes by interacting with its nuclear steroid hormone receptor—the vitamin D 

receptor (VDR). Additionally, apart from its genomic actions through the VDR, Vit-D3 has 

also been found to have rapid effects mediated by different receptors on the cell membrane 

such as membrane-associated rapid response steroid binding protein (MARRSBP) triggering 

various signaling molecules and pathways which has a neuroprotective, and anti-

inflammatory effect. 
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The thesis project will investigate the levels of specific S100 protein subtypes (S100B 

protein and calprotectin), identified as targeted biomarkers for diabetes diagnosis, in Wistar 

albino male rats (3-4 months old) with streptozotocin (STZ)-induced diabetes and assess the 

impact of Vit-D3 on these S100 protein subtypes. The study will also assess the motor 

performance using the rotarod test, and the changes in learning and cognitive functions in 

this model using the eight-arm radial maze (RAM) to elucidate the effect of Vit-D3, reported 

to have neuroprotective effects. In biochemical analyses, fasting blood glucose (FBG) will 

be measured using the Accu-Chek® Performa Nano glucometer. Furthermore, the levels of 

common biomarkers implicated in both decreased cognitive function and diabetes (insulin, 

RAGE, sRAGE, S100B, calprotectin) in serum and/or hippocampus samples will be analyzed 

through the Enzyme-Linked Immunosorbent Assay (ELISA) method using appropriate kits 

and following protocols provided by the kit manufacturer. 

 

 

1.1. Aim  

 

The aim of this thesis project is to assess S100 protein subtypes as potential 

biomarkers and investigating cognitive changes in STZ-induced diabetic rat model, 

examining the neuroprotective effects of Vit-D3. 
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2. THEORATICAL INFORMATION AND LITERATURE REVIEW 

 

 

2.1. Diabetes Mellitus 

 

2.1.1. Epidemiology  

 

Diabetes Mellitus (DM) is an important chronic metabolic disorder characterized by 

chronic hyperglycemia caused by relative or absolute insulin deficiency i.e., production of 

insufficient amount of insulin from pancreatic β-cells, with or without concurrent impairment 

of insulin action (resistance). Among the different causes and types of DM, the main 2 types 

are insulin-dependent diabetes mellitus (IDDM) and non-insulin-dependent diabetes mellitus 

(NIDDM) which are commonly known as Type 1 DM (T1DM) and Type 2 DM (T2DM) 

respectively.  

DM is a long-term pathological condition that can result in serious acute and chronic 

complications, causing damage to the various systems in the body therefore, diabetes has 

been ranked among the top 10 global causes of mortality (IDF News, n.d.).  According to the 

annual reports published by the International Diabetes Federation (IDF) Diabetes Atlas, in 

collaboration with the World Health Organization (WHO), and with the aim of providing 

continuous 'real-world, real-time' data about the local and global occurrence of diabetes, it 

has been revealed that the global incidence of diabetes mellitus is consistently on the rise. It 

is projected to reach 11.3% of the population (643 million) by 2030 and is expected to 

escalate further to an astonishing 783 million (12.2%) by 2045 (Figure 2.1).  
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Figure 2.1. Estimations and forecasts for the worldwide incidence of diabetes among individuals 

aged 20–79, presented in millions. (IDF Diabetes Atlas editions 1st to 10th). 

 

Additionally, the annual rise in diabetes prevalence is notable among children and 

adolescents (up to 19 years old). While aging is recognized as a risk factor for T2DM, it was 

reported that in 2021, the highest diabetes prevalence is observed among elderly individuals 

aged 75–79 years (24,0%), compared to adults aged 20–24 years (2,2% in 2021). 

Furthermore, in terms of impaired glucose tolerance (IGT), is defined as an elevation in blood 

glucose levels exceeding the normal range but not reaching the criteria for a diabetes 

diagnosis. It was reported that about 541 million people have impaired glucose tolerance in 

2021 (International Diabetes Federation, 2021). 

For diabetes distribution, according to the data provided in 10th edition of the IDF 

Diabetes Atlas in 2021 the highest comparative prevalence of diabetes (18,1%) was found to 

be in the Middle East and North Africa which was expected to increase to 20,4% by 2045 

while Africa had the lowest comparative prevalence (5,3%), attributed to the low obese 

population, which was also expected to increase to be 5,6% by 2045. Regarding country 

distribution, the number of adults aged 20–79 years with diabetes in 2021 was found to be 

highest in Asian countries, including China, India, and Pakistan (H. Sun et al., 2022).  
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2.1.2. Etiology  

 

The increase in diabetes prevalence is alarming and represents a major global health 

threat therefore, understanding its causes and risk factors is of concern to reduce the incidence 

and limit this escalating epidemic of diabetes mellitus.  

The main clinical indicator for all types of diabetes is high levels of blood glucose 

(hyperglycemia) (Organization & Federation, n.d.). The physiological control of blood 

glucose level is of great importance and is achieved by many hormones including insulin (the 

main regulatory hormone), and its counter-regulatory hormones glucagon, glucocorticoids, 

and growth hormone. Insulin is an essential anabolic hormone promoting fuel conservation 

by enhancing the uptake and storage of glucose, amino acids, and fats after a meal. 

Structurally Insulin, a small protein weighing 5808 Daltons in humans, consists of 51 amino 

acids organized into two peptide chains—a 21-residue acidic A chain and a 30-residue basic 

B chain which are cross-linked by two disulfide bridges (Weiss, 2009). Pancreatic β-cells are 

responsible for the production and secretion of insulin, triggered by elevated blood glucose 

levels. Insulin binds to its receptor (kinase-linked) on the surface of target cells, facilitating 

the uptake of glucose from the bloodstream into the body's cells for use as energy or storage. 

Thus, the net results of insulin action are decreasing in blood glucose levels through an 

increase in the uptake and utilization of glucose, an increased formation of glycogen in the 

liver and muscle and decreasing glycogen breakdown and gluconeogenesis (Norton et al., 

2022). Therefore, the absence of insulin or the cells' inability to respond to it results in a rise 

in blood glucose levels. 

T1DM, also known as Juvenile-onset diabetes, as its incidence occurs in young ages 

(Tuomilehto et al., 2020) (children and adolescents) is the type of diabetes that is mediated 

through the development of an autoimmune defect i.e., the destruction of pancreatic β-cells 

due to the attack by the body’s immune system (Figure 2.2) results in a severe or absolute 

deficiency of insulin (Immune-mediated diabetes or Type1A) or genetically (Idiopathic 

diabetes or Type1B). T1DM only accounts for 5-10% of DM cases (Atkinson et al., 2014; 

Goyal & Jialal, 2022).  
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The most common type and the most important to be controlled is T2DM which is 

also known as Maturity-onset diabetes is initially marked by the body's incapacity to utilize 

the generated insulin, known as insulin resistance, combined with further relatively 

insufficient insulin production because of the incapacity of pancreatic beta cells to cope with 

the rising demand (Figure 2.2). Patients of this type of diabetes are usually obese and of adult 

age. T2DM is relatively asymptomatic with a slow onset over 5-10 years, and it is account 

for 90-95% of DM cases (Goyal & Jialal, 2022). Although genetic predisposition participates 

in the determination of the susceptibility of the individual to T2DM, lifestyle also plays a 

major role. Therefore, the key point to limit the current global epidemic of T2DM is the 

controlling of the risk factors including unhealthy diets like processed meat, the low-fiber 

diet with a high glycemic index, and saturated fat intake which affect insulin resistance 

(Aschner, 2017). Also, being overweight and obese, having a sedentary lifestyle, smoking, 

and alcohol intake are strongly related to the risk of developing T2DM (Y. Wu et al., 2014). 

 

 

Figure 2.2. T1DM and T2DM. 
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2.1.3. Clinical 

 

One of the limitations in the data related to the prevalence of diabetes is the fact that 

a considerable portion of diabetes cases remains unidentified, with statistics revealing that 

almost half (44.7%; 239.7 million) of individuals in the age range of 20 to 24 years were 

living with undiagnosed diabetes in 2021 (International Diabetes Federation, 2021). 

Undiagnosed cases are more widespread in countries with lower and moderate incomes, but 

also the diagnosis of diabetes may encounter delays even in countries with higher economic 

means (Dall et al., 2014) and this is related to the fact that despite the association of both 

T1DM and T2DM with some clinical symptoms such as excessive thirst (polydipsia), 

continual hunger, energy depletion or fatigue, frequent urination (polyuria) and reduction in 

weight (Harreiter & Roden, 2019), diagnosis of T1DM may be delayed until the first Diabetic 

Ketoacidosis (DKA) hospitalization and T2DM is either symptomless or with the less clear 

clinical picture. 

So, in order to prevent delaying or entirely missing the diagnosis along with 

improving the quality of life and avoiding subsequent complications of diabetes, the rates of 

clinical diagnosis have to be increased by raising the awareness of the importance of early 

diagnosis and improving the quality of care after diagnosis. Various diagnostic methods and 

criteria are used to diagnose diabetes. Most guidelines follow the guidelines specified by IDF 

and WHO which recommend for diagnosis of T2DM be made based on, in the absence of 

symptoms, the utilization of an oral glucose tolerance test (OGTT), with a plasma glucose 

level exceeding 11.1 mmol/L or 200 mg/dL two hours after the administration of 75-grams 

of anhydrous glucose, is considered. OGTT is regarded as more sensitive and specific 

compared to the fasting blood glucose test (FBG), where a plasma glucose level surpassing 

7.0 mmol/L or 126 mg/dL following an overnight fasting period indicates diabetes. 

Additionally, a random plasma glucose concentration exceeding 11.1 mmol/L or 200 mg/dL, 

coupled with the manifestation of diabetes symptoms, is deemed diagnostic for T2DM 

(Goyal & Jialal, 2022; Organization & Federation, n.d.). 
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Furthermore, it is advised to conduct assessments for both OGTT and FPG to identify 

prediabetes, encompassing IGT with an elevated OGTT range of 140-200 mg/dL, or impaired 

fasting glucose (IFG) with an FBG falling between 100-126 mg/dL. This approach aims to 

proactively address the risk of progression to diabetes through lifestyle modifications (Tabák 

et al., 2012). WHO advocates for the adoption of Hemoglobin A1c (HbA1c) measurement 

for diabetes diagnosis (HbA1c of 6.5% or more) but not for prediabetes (Organization & 

Federation, n.d.).  

In concerning to T1DM, although its diagnosis may be difficult or may require testing 

the presence of autoantibodies against pancreatic β-cells or insulin to be distinguished from 

T2DM, the diagnosis is relying on the detection of hyperglycemia and the presence of some 

or all the symptoms (Primavera et al., 2020).  

 

2.1.4. Diabetes management and therapy (pharmacological and non-

pharmacological interventions) 

 

Despite the variety of drug classes that are currently available for the treatment of 

diabetes, the cornerstone of the management for prediabetes and diabetes is lifestyle 

modification and managing risk factors involves refraining from smoking and alcohol 

consumption, maintaining a healthy body weight through a well-balanced diet, and engaging 

in regular exercises (Cefalu et al., 2016; Howells et al., 2016). Additionally, as the role of 

nutrition (Harreiter & Roden, 2019) and vitamins are of great importance for health, 

promising approaches focusing on the use of prebiotics and probiotics due to the relation 

between gut microbiota and obesity and thereby the decreased glucose tolerance and insulin 

resistance (Iatcu et al., 2021), also due to association of diabetes with chronic inflammation, 

production of reactive oxygen species (ROS) and reduced antioxidant status, research is 

underway on antioxidant compounds, including vitamins like A and D3, to explore their 

potential in aiding the management of diabetes and its related complications. (Lips et al., 

2017a).  

Pharmacologically, the approach to treating T1DM primarily revolves around 

administering daily insulin injections. Various types with distinct onset and duration of action 
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are utilized, accompanied by regular blood glucose monitoring to sustain their blood glucose 

levels within the recommended range (Ahmad, 2014). 

For T2DM, in some cases the change in lifestyle can achieve the required glycemic 

control. However, if it is insufficient oral hypoglycemic drugs are used as monotherapy or in 

combination (Aschner, 2017). Various classes of hypoglycemic agents are employed to 

manage T2DM. These include insulin secretagogues like sulfonylureas and meglitinides, 

euglycemic agents such as biguanides and thiazolidinediones, alpha-glucosidase inhibitors, 

incretin-based therapies mimicking incretin effects, amylin analogs, sodium-glucose 

cotransporter inhibitors (SGCI), and bile acid sequestrants. Each class operates through 

distinct mechanisms, influencing insulin release, normalizing glucose levels, inhibiting 

digestion, or impacting signaling pathways related to glucose metabolism (Taylor et al., 

2021). Furthermore, in some cases, if glycemic control in T2DM is not achieved with 

hypoglycemic drugs, insulin injections may be added to the treatment regimen. 

 

2.1.5. Diabetes complications  

 

The delay in the diagnosis of diabetes or the failure to control the blood glucose level 

within the recommended levels cause damage to various organs in the body and the 

development of different acute and chronic complications. The most important acute 

complication is DKA which is an emergency case characterized by significant 

hyperglycemia, dehydration, and accumulation of ketone bodies as acetone from the fatty 

acid metabolism leading to ketoacidosis (Muneer & Akbar, 2021). Long-term complications 

are the main the major factors contributing to morbidity and mortality among individuals 

with DM including vascular complications which can be microvascular including visual 

impairment due to retinopathy, nephropathy, and loss of sensation due to neuropathy or 

macrovascular including cardiovascular (various heart diseases), cerebrovascular (risk of 

stroke) and peripheral vascular diseases (increased risk of poorly healing lower-limb ulcers) 

(Cole & Florez, 2020). 

 

 



10 

 

 

 

2.2. Diabetes Miletus Interplaying with Declining of Cognitive Function    

 

The increased prevalence of DM is of public concern as well as intriguing for 

researchers, especially concerning acute and chronic complications. One of them is that DM 

predisposes to a gradual deterioration in cognitive functions, and this is found to occur in 

both T1DM and T2DM and in all age groups (Pugazhenthi et al., 2017). Several studies have 

demonstrated the correlation of higher values of HbA1c with dementia and cognitive 

dysfunction in uncontrolled T2DM. Also, compared to patients who achieved glycemic 

control, those with HbA1c levels > 8.8% exhibited moderate declines in cognition and motor 

speed (Dove et al., 2021).  

In 2006, Mijnhout et al. initiated the development of the diabetes-associated cognitive 

decline (DACD) concept. Based on the degree of cognitive dysfunction in diabetic patients, 

three stages are identified: diabetes-associated cognitive decline, mild cognitive impairment, 

and dementia. Cognitive dysfunction and the likelihood of dementia are roughly two-fold 

higher in the elderly diabetic population compared to older individuals without diabetes. 

Furthermore, diabetes is identified as a contributing factor to Alzheimer's disease (AD) as 

increased cerebral amyloid beta peptide (Aβ) formation and aggregation and increased 

hyperphosphorylation of Tau protein were found in non-AD diabetic rat models induced 

chemically by streptozotocin (STZ) administration or using of high-fat diet (Biessels & 

Despa, 2018b).   

There are different non-AD mechanisms that have been supposed for how diabetes 

causes the decline in cognitive function including, elevated blood glucose adversely affects 

neurons and synapses, ultimately altering the plasticity of synapses in the hippocampus and 

reducing long-term potentiation (LTP). Also, insulin receptors (IR) expressed in neuronal 

soma and synaptic terminals are essential for maintaining normal mitochondrial function and 

neuronal synaptic plasticity, thus influencing cognitive processes in the brain. Additionally, 

insulin promotes the expression of N-methyl-D-aspartate (NMDA) receptors, facilitating 

LTP in the hippocampus, thereby improving functions related to learning and memory. 
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Insulin also influences the concentration of different neurotransmitters including 

acetylcholine (ACh), noradrenaline (NA) and adrenaline that have a role in memory (Figure 

2.3). Insulin signaling is vital for memory maintenance in the hippocampus; therefore, 

alterations in insulin metabolism and action may contribute to the progression of cognitive 

impairment related to diabetes. The neurotrophic activity of insulin is supported by research 

on the administration of intranasal insulin that has been found to enhance cognitive 

performance in both healthy individuals and those with cognitive impairment (Pugazhenthi 

et al., 2017).    

 

 

Figure 2.3. Insulin neurotrophic effects. 

*bFGF, basic fibroblast growth factor; NGF, nerve growth factor; PPI, protein-protein interaction; VEGF, vascular 

endothelial growth factor. 

 

On another side, diabetes causes endothelial dysfunction and vascular damage, 

resulting in reduced cerebral blood flow. This reduction can cause hypoxic neuronal injury, 

coupled with the upregulation of inflammatory mediators and ROS associated with vascular 
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endothelial dysfunction. These factors may contribute to the disruption of the blood-brain 

barrier (BBB) (Figure 2.4) (Bogush et al., 2017). 

 

 

Figure 2.4. Disturbance of BBB integrity is implicated to neurodegeneration in diabetes.  

 

Most importantly, prolonged hyperglycemia is correlated with an enhanced 

generation of advanced glycation end products (AGEs), commonly referred to as 

mycotoxins. These AGEs induce sustained central inflammation and oxidative damage, 

contributing to neurodegeneration (Nowotny et al., 2015a).    

 

2.2.1. Advanced glycation end products  

 

Chronic uncontrolled hyperglycemia is the primary contributor to diabetic 

complications and is one of the factors that initiate and accelerate the glycation reaction 

(Khalid et al., 2022).  Glycation is a simple Maillard reaction, when the carbonyl group of 

reducing sugars, glucose (usually) or other saccharides like fructose or pentose, react non-

enzymatically through an addition reaction in a pro-oxidant environment to macromolecules 

including proteins (addition to the amino group side chain of the lysine, histidine, or arginine 

residues), fatty acids, and nucleic acids. This forms a reversible Schiff base with subsequent 
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rearrangement to Amadori products, which are relatively unstable and undergo subsequent 

oxidative modifications (glycoxidation) and dehydration, ultimately generating a diverse set 

of harmful glucose derivatives known as advanced glycation end products (AGEs) (Figure 

2.5) (Reddy & Beyaz, 2006). 

 

 

Figure 2.5. AGEs formation. 

 

The source of AGEs can be endogenous through the glycation reaction that occurs 

intracellularly and extracellularly, physiologically the glycation reaction is slow and was 

considered only to affect proteins like collagen and elastin which are long-lived proteins that 

result in moderate production of AGEs (Goh & Cooper, 2008). However, in diabetes, the 

chronic elevation in the concentration of circulating glucose increases the availability of the 

glucose to the reaction as well as the exposure of macromolecules to elevated glucose levels 

results in interactions with rapidly degradable proteins, circulating plasma proteins and lipids 

resulting in markedly elevated levels of AGEs in diabetic patients (Ahmed, 2005). Also, 

aging accelerates the production of AGEs and their accumulation in plasma as well as in 

different tissues as insoluble and non-degradable aggregations which contribute to age-

related diseases including DM, and progressive impairments like that occur in cognitive 

function (Chaudhuri et al., 2018). 

Interestingly, the source of AGEs can be exogenous as they are found in cigarette 

smoke, and they are formed during the thermal processing of food using techniques involving 

elevated temperatures, and also during various processes made to improve the conservation 

and flavor of the food (Gill et al., 2019; Snelson et al., 2019). Therefore, the body’s AGEs 
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pool is augmented by dietary AGEs increasing the serum level of AGEs that are suggested 

to be sufficient even to trigger the progression of T2DM as diets abundant in AGEs were 

noted to negatively impact insulin secretion and induce the death of β-cells in rats (Garay-

Sevilla et al., 2021; research & 2006, 2006). 

AGEs can disrupt normal body functions in various ways, including direct 

interference through the cross-linking of proteins. This can result in the impairment of 

structural integrity of intracellular proteins or damage to proteins in the extracellular matrix, 

leading to cell death, hindered cell adhesion, and impaired cell movement. On the other hand, 

AGEs can indirectly impact cellular processes by interacting with various cell surface 

receptors. This binding initiates the activation of several signaling pathways associated with 

pathological responses, often involving inflammation, oxidative stress, and disruptions in 

cellular functions (Goh & Cooper, 2008). 

 

2.2.2. AGEs receptors and AGEs-RAGE axis 

 

Cellular processes can be influenced by AGEs as they bind and interact with a range 

of cell surface receptors, including scavenger receptors, toll-like receptors, G-protein-

coupled receptors, and pattern recognition receptors. Among these, the receptor of advanced 

glycation end products (RAGE) stands out as an extensively studied receptor. Functioning as 

a pattern-recognition receptor (PRR), RAGE is a transmembrane receptor belonging to the 

immunoglobulin superfamily. Its unique classification lies in its ability to recognize three-

dimensional structures rather than specific amino acid sequences (Teissier & Boulanger, 

2019). Consequently, RAGE can bind to various ligands beyond AGEs, including the S100 

protein family and Aβ (Bierhaus et al., 2005; Chuah et al., 2013). 

RAGE, alternatively referred to as full-length RAGE (fl-RAGE), consists of three 

distinct regions. The first region is the extracellular region, which contains a V-type domain 

at the N-terminal. This domain includes two N-glycosylation sites that are responsible for 

interacting with potential ligands extracellularly. Additionally, there are two C-type domains, 

C1 and C2, which are immunoglobulin domains. The second region is the transmembrane 

domain, which is hydrophobic in nature. It connects the extracellular region to the cytosolic 
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domain. The third region is the cytosolic domain, located on the inside of the cell. This 

domain consists of highly charged amino acids and serves as a scaffolding structure. It 

functions as a critical component in initiating intracellular signal transduction when the 

RAGE receptor is activated (E. J. Lee & Park, 2013).  

When the transcribed RAGE (fl-RAGE) undergoes certain modifications like 

alternative splicing and proteolytic cleavage, it gives rise to truncated isoforms of RAGE. 

One example is soluble RAGE (sRAGE), formed through C-terminal truncation (Hudson et 

al., 2008; Sterenczak et al., 2013). sRAGE is devoid of the transmembrane domain, enabling 

its release into the extracellular space for general circulation. It functions as a decoy molecule 

by binding to surplus AGEs, effectively impeding cell signaling between fl-RAGE and its 

ligands. Furthermore, sRAGE can impact the production of RAGE ligands, thereby assuming 

an antagonistic mechanism against RAGE-mediated harmful effects (K. C. Tan et al., 2006). 

Thereby, the high level of sRAGE is suggested to be protective. This result is supported by 

researchers who concluded that maintaining elevated levels of sRAGE can help protect 

against atherosclerosis and improves vascular permeability. However, it has been observed 

that sRAGE concentrations decrease in hypertensive, obese, and patients with cardiovascular 

issues (Colhoun et al., 2011; Prasad, 2014; Yamagishi & Matsui, 2010). Also, macrophage 

scavenger receptors are crucial for the acceleration of the uptake, degradation, and clearance 

of AGEs once they bind to these receptors. These receptors have contrasting functions to 

RAGE and help maintain a balance in AGEs homeostasis by counteracting the oxidative 

stress induced by the AGEs-RAGE interaction (Shen et al., 2020; Torreggiani et al., 2009). 

Typically, the expression of fl-RAGE is low in various cell types across different 

body tissues. Nevertheless, when there is an upsurge in the generation and buildup of AGEs, 

a positive feedback loop is triggered, leading to an upregulation of fl-RAGE expression. This 

suggests that the RAGE receptor, when stimulated by its ligands, contributes to the 

propagation and perpetuation of cellular responses (Bierhaus et al., 2005). When RAGE 

engages with its ligands, it initiates signaling through diverse downstream effectors, 

including mitogen-activated protein kinase (MAPK), Janus kinase signal transducer and 

activator of transcription (JAK/STAT), stress-activated protein kinase/c-Jun N-terminal 

kinase (SAPK/JNK), and phosphatidylinositol 3-kinase-protein kinase B (PI3K/Akt) 

(Sanajou et al., 2018). These signaling pathways result in the sustained activation of nuclear 
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factor kappa B (NF-κB) yielding several outcomes. Initially, it binds to the proximal 

promoter region of RAGE, positively regulating RAGE expression. Secondly, NF-κB 

translocation to the nucleus and activates the NLRP3 inflammasome, fostering the expression 

of inflammatory cytokines like tumor necrosis factor alpha (TNF-α), interleukin-1β (IL-1β), 

and interleukin-6 (IL-6) contributing to persistent inflammation (Kelley et al., 2019; 

Rheinheimer et al., 2017). Additionally, NF-κB activation leads to the stimulation of 

nicotinamide adenine dinucleotide phosphate oxidase (NADPH oxidase), increasing ROS 

production (Figure 2.5). This disrupts antioxidant mechanisms involving superoxide 

dismutase (SOD), catalase, and glutathione, inducing oxidative stress within the endoplasmic 

reticulum (ER), culminating in mitochondrial dysfunction (J. H. Lim et al., 2009). 

 

 

Figure 2.6. AGEs-RAGE axis. 

*EXO-AGEs, exogenous AGEs; ENDO-AGEs, endogenous AGEs. 

 

In the context of diabetes, the AGEs-RAGE axis is considered a contributing factor 

for insulin resistance (Ozaki et al., 2016).  Various activated protein kinases, including 
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MAPK, JNK, p38, and PKC, directly downregulate insulin receptor expression (Sidarala & 

Kowluru, 2016; Sutherland et al., 2004) and also induce the phosphorylation of serine 

residues on insulin receptor substrate (IRS-1). This leads to impaired insulin signal 

transduction, consequently diminishing insulin sensitivity in target cells (Copps & White, 

2012; Ramasamy et al., 2011). Moreover, studies have shown that AGEs can glycate 

proteins, increasing levels of glycated albumin. This, in turn, triggers the expression of TNFα, 

which suppresses insulin signaling (Nandipati et al., 2017). 

AGEs, through the generation of ROS, particularly nitric oxide (NO), disrupt 

pancreatic insulin secretion. This disruption involves direct damage to pancreatic beta cells 

through the ROS-mediated mitochondrial dysfunction and release of cytochrome c resulting 

in caspase activation along with decreased expression of the anti-apoptotic protein Bcl2, 

ultimately causing dysfunction and apoptosis of the pancreatic beta cells (M. Lim et al., 2008; 

Lin et al., 2012). Most significantly, AGEs-mediated oxidative stress disturbs the normal 

functioning of the respiratory chain and the cytochrome c oxidase, leading to reduced ATP 

levels. Consequently, it impairs the closure of ATP-sensitive potassium channels thereby 

hindering the calcium influx, which is crucial for triggering insulin granule exocytosis and 

subsequent insulin secretion (Zhao et al., 2009).  

The buildup of AGEs has been related with the deterioration of cognitive and the 

onset of AD (D’Cunha et al., 2022). In the brain, RAGE is expressed in neurons, microglia, 

astrocytes, monocytes, and macrophages (Byun et al., 2017). Astrocytes are one of the main 

cells that contribute to the maintenance of a microenvironment to support and protect neurons 

through monitoring synaptic remodeling, controlling the extracellular ion concentrations, and 

maintaining the health of the protective barriers as the BBB (Sofroniew & Vinters, 2010).  

On the other side microglia which are the main active immune defense act as resident 

macrophage cells functioning in the maintenance of neuronal networks, and injury repair 

(Colonna & Butovsky, 2017). Activation of RAGE in these cells prompts their activation, 

what is known as astrogliosis and microgliosis, leading to a loss of their supportive functions 

and triggering the production of ROS and inflammatory cytokines (Tobon-Velasco et al., 

2014). The combination of astrogliosis and microgliosis contribute to neuroinflammation and 

synaptic damage which are related to impairments in learning and cognitive functions 

associated with DACD (Kubis-Kubiak et al., 2020; Li et al., 2019). 
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For therapeutic strategies, it is crucial to emphasize that even if blood glucose level 

is being controlled, the interplay between AGEs accumulation, RAGE overexpression, 

sustained activation of NFκB, chronic inflammation, impaired antioxidant systems along 

with ROS overproduction and mitochondrial dysfunction result in long term phenomena 

which is known as “metabolic memory”. This refers to the persistent effects of this axis 

implicated in β-cell damage, insulin resistance, and diabetes-associated complications 

(Ceriello, 2012). Therefore, prevention of endogenous AGEs formation, restriction of dietary 

AGEs uptake (Vlassara et al., 2011), and use of antioxidants or antiglycation agents such as 

pyridoxamine may all be considered as part of a therapy to target the harmful consequences 

of the AGEs-RAGE pathway (Howells et al., 2016; Zhu et al., 2011). 

 

 

2.3. S100 Protein Family  

 

The S100 protein family encompasses 25 identified members characterized by their 

acidic nature, low molecular weight (approximately 10-12 kDa), and calcium (Ca2+)-binding 

properties. Predominantly, they undergo posttranslational modifications to form functional 

oligomers, including homodimers (such as tetramers, hexamers, and octamers) (Botelho et 

al., 2012). Some S100 proteins can also form heterodimers, as observed in a few members 

such as S100A8/A9 and S100A6/B (Teigelkamp et al., 1991; Yang et al., 1999). Each S100 

monomer comprises two EF-hand domains separated by a flexible hinge region. Each EF-

hand is a helix-loop-helix structure with two calcium binding sites (Sastry et al., 1998). The 

binding of Ca2+ induces conformational changes, including up to a 90-degree rotation, 

revealing a hydrophobic cleft essential for interacting with specific target molecules 

(Figure2.7) (Smith & Shaw, 1998). S100 proteins exist in a dynamic equilibrium between 

Ca2+-free and Ca2+-bound states. They can also form complexes with target peptides 

(Blanchard et al., 1997). S100 proteins can also bind to other metals such as zinc (Zn+2) and 

copper (Cu+2) (Cunden et al., 2017). Their presence is typical in various organs and tissues, 

playing diverse roles in physiological functions and being associated with various 

pathological conditions (Heizmann et al., 2002). 
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Figure 2.7. The interaction of S100 proteins with calcium ions (Ca2+) (B. Sun & Kekenes-Huskey, 

2020). 

 

2.3.1. The physiological and pathological functions of the S100 proteins 

 

The physiological roles of S100 proteins depend on many crucial factors including 

their ability to bind to divalent cations, their oligomerized form, and the specific 

concentration required for their specific effects (low or high). Some of the S100 protein 

family members have intracellular regulatory effects, acting as intracellular mediators that 

transfer the signal from the second messenger to various types of receptors, enzymes, 

transcription factors, and nucleic acids. Their intracellular functions are involved in signal 

transduction, protein phosphorylation, transcription, maintaining intracellular calcium 

balance and energy metabolism, cell proliferation and differentiation, cell cycle progression, 

controlling of cell movement, inflammation and apoptosis (Donato et al., 2013). Meanwhile, 

other S100 proteins predominantly exert regulatory effects in the extracellular environment; 

are released extracellularly and modulate the activities of target cells in both paracrine and 

autocrine manners through binding to various cell surface receptors, including G-protein-

coupled receptors and scavenger receptors. These proteins contribute to the regulation of cell 
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survival, growth, specialization, and movement under both normal and pathological 

circumstances. They also participate in tissue repair and inflammation. Additionally, some 

S100 members have both intracellular and extracellular functions, combining their roles in 

both compartments (Heizmann et al., 2002).  

In certain pathological conditions, S100 proteins can be produced by cell types that 

don't normally express them. This induction of S100 gene expression and subsequent release 

occurs in a specific manner, triggered by factors like toll-like receptor ligands, cytokines, or 

growth factors and is functionally related to the cell’s response to an interposing condition, 

particularly stress, leading to their secretion as extracellular alarmins or damage-associated 

molecular pattern (DAMP) proteins (Foell et al., 2007). They exert regulatory effects on 

different immune cells, resulting in the modulation of the immune responses.  

For instance, the induction of S100B when cardiomyocytes experience an infarct is a 

protective mechanism to avoid an excessive hypertrophic response. Additionally, S100B 

overexpression is related to neurodegenerative disorders and is implicated in cognitive 

dysfunction, AD, and dementia (Cristóvaõ & Gomes, 2019). Other examples include 

S100A1, pivotal in heart function regulation, experiencing reduced levels in advanced heart 

failure patients, impacting calcium balance and contraction-related proteins, ultimately 

influencing overall cardiac performance (Most et al., 2006). S100A4 acts as a prognostic 

indicator with selective cancer expression and functions as an angiogenic factor promoting 

new blood vessel formation implicated in metastasis; blocking its extracellular function 

inhibits angiogenesis (Ambartsumian et al., 2001). S100A2 differential expression in normal 

versus tumorigenic bronchial cells suggests diagnostic potential for early-stage lung cancer 

(Feng et al., 2001). S100A8/S100A9 and S100A12, with chemotaxis functions as cytokine-

like molecules, exhibit upregulated expression during oxidative stress and inflammation; 

S100A8/S100A9 are implicated in rheumatoid arthritis, while S100A12, activating RAGE 

and NF-κB, contributes to atherosclerosis pathophysiology by influencing endothelial cell 

adhesion molecules, cytokine production, and monocyte recruitment (Gonzalez et al., 2020). 

 

 

 



21 

 

 

2.3.2. Utilization of S100 proteins as biomarkers and their prospective 

therapeutic implications in various diseases 

 

The overexpression of S100 proteins in biological fluids during pathological 

conditions has sparked increased research into their potential use as biomarkers for clinical 

diagnosis and therapeutic targets in various diseases. For example, S100A4 serves as a 

potential biomarker for metastatic cancers and lupus erythematosus. S100A6 shows elevated 

expression in gastric cancer patients. S100A12 is elevated in diabetic patients and 

inflammatory conditions like juvenile idiopathic arthritis. The S100A8/A9 complex is 

associated with Crohn's disease, obesity, and coronary artery disease. Assessing levels of 

S100B is useful indicator for individuals with cerebral ischemia caused by stroke, AD, 

Parkinson's disease, and Down syndrome (Heizmann, 2019; Heizmann et al., 2002).  

Overall, the identification of specific S100 proteins as biomarkers holds promise for 

diagnosing and monitoring various diseases. Additionally, targeting these proteins 

therapeutically may offer new avenues for treatment in the future. 

 

2.3.3. S100B physiological and pathological rules 

 

S100B protein, a homodimer S100 protein with two beta subunits each weighing 9-

14 kDa, functions both intracellularly and extracellularly. Mainly produced by astrocytes in 

the nervous system, it operates in a paracrine and autocrine manner within diverse glial cell 

types and neurons (Rothermundt et al., 2003). The influence of S100B protein on nervous 

cells depends on various factors, such as its concentration, RAGE expression, duration, and 

intensity of RAGE stimulation. It also relies on how much S100B affects the increase in 

RAGE expression in neurons, astrocytes, and microglia. At low concentrations (normal 

nanomolar levels), S100B demonstrates neurotrophic activity by interacting with RAGE, 

activating the Ras-MEK-ERK1/2-NF-κB pathway, resulting in enhanced expression of the 

anti-apoptotic factor Bcl-2 that supports neuron development, maintenance, and 
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differentiation (Figure 2.8). This aids in neuronal survival, cognitive recovery, and mitigating 

the negative impacts of neurotoxic substances (Bui et al., 2001). Additionally, it facilitates 

neurite extension, the propagation of hippocampal progenitor cells and influence synaptic 

plasticity leading to enhanced LTP (Baecker et al., 2020; Nishiyama et al., 2002; Yu et al., 

2020a). 

In situations marked by inflammation, such as those observed in neurodegenerative 

disorders and DACD resulting from overactivation of the AGEs-RAGE interaction, there is 

an elevation in the expression of both the S100B protein and its receptor, RAGE, in neural 

and inflammatory cells. The continuous stimulation of RAGE by high levels of S100B 

triggers signaling cascades that promote NF-kB and excess ERK1/2 activation, resulting in 

elevated ROS generation and upregulated inducible nitric oxide synthase (iNOS) (Mattson 

et al., 2000). Astrocytes, the primary contributors to extracellular S100B, exhibit distinct 

responses to varying doses of S100B. Low doses stimulate astrocyte proliferation, whereas 

high doses induce their activation. Astrocytes also have a S100B mediated RAGE-dependent 

mechanism for reup-taking S100B itself in vesicles (Lasič et al., 2016). Similarly, at low 

concentrations, S100B attenuates STAT3-mediated microglia activation, while at high 

concentrations, it stimulates NF-κB- and AP-1-mediated increasing in cyclooxygenase-2 

(COX-2), chemokine production, secretion, and the upregulation of chemokine receptors 

(Bianchi et al., 2010). These reactions collectively lead to neuro-inflammation, astrogliosis 

and microgliosis, contributes to neuronal toxicity, a decrease in neurogenesis, and ultimately, 

the decline in cognitive function (Figure 2.8) (Cristóvaõ & Gomes, 2019). 

During the early stages of neurodegenerative conditions and cellular damage in the 

central nervous system, S100B is found in high concentrations in various biological fluids. 

This includes conditions such as AD, Parkinson's disease, malignant melanoma, ischemic 

stroke, and acute brain injury (e.g., traumatic injury), as well as psychiatric disorders like 

mood disorders, major depression, and schizophrenia (Heizmann, 2019). The cerebrospinal 

and blood levels of S100B are often correlated with the progression of these diseases. 

Therefore, the measurement of S100B levels in biological fluids is of great importance as a 

potential biomarker for indicating neural distress, aiding in prognosis and clinical diagnosis 

(Rothermundt et al., 2003; Winocur et al., 2001). 
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Figure 2.8. The effect of high and low concentration of S100B protein centrally. 

 

2.3.4. S100A8/A9 physiological and pathological rules  

 

S100A8, alternatively called myeloid-related protein-8 (MRP8), and S100A9, 

alternatively identified as myeloid-related protein-14 (MRP14), are natural molecules in our 

body that have both dependent and independent functions when they come together 

(heterocomplex formation) (Pruenster et al., 2016). Physiologically, the heterodimerization 

of S100A9 with S100A8 leads to the stabilization of S100A9, elongating its C-terminal α-

helix and exposing important functional sites at the interface. This results in the formation of 

the heterodimeric complex S100A8/A9 (also known as calprotectin or MRP8/114), 

characterized by two high-affinity Zn2+-binding sites in the two proteins. This complex is 

involved in zinc sequestration, regulating crucial processes in the body by inhibiting certain 
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enzymes related to inflammation and angiogenesis, such as zinc-dependent enzymes and 

matrix metalloproteinases (Vogl et al., 2012).  

Expressed predominantly within immune system cells like neutrophils, monocytes, 

and early macrophages, S100A8/A9 holds a crucial role in the differentiation of cells within 

the myeloid lineage (Zwadlo et al., 1988).  Calprotectin can be released extracellularly either 

passively or actively, the latter induced by IFN-gamma, IL-1, and TNF-α (Suryono et al., 

2005). Once released, calprotectin interacts with multiple cell membrane receptors, such as 

toll-like receptor 4 (TLR4), RAGE, and scavenger receptor CD36, activating NF-κB and p38 

MAPK signaling pathways, thereby contributing to the inflammatory response (Vogl et al., 

2007). Additionally, it can activate NADPH oxidase, leading to ROS generation in 

phagocytes (Catalán et al., 2011). At elevated concentrations, S100A8/A9 100A8/A9 has 

demonstrated the ability to inhibit the growth of normal cells and induce apoptotic effect in 

various tumor cell lines (Jukic et al., 2021).  

Calprotectin serves as a recognized biomarker for both acute and chronic 

inflammation, with elevated levels observed in various inflammatory conditions, including 

obesity, insulin resistance, arthritis, and atherosclerosis (Bouma et al., 2004; Mortensen et 

al., 2009). Centrally, Mrp8 and Mrp14 have been observed to be expressed in microglia and 

neurons and identified as extracellular DAMP proteins (M. Wu et al., 2018). The 

S100A9/S100A8 complex's activation of microglia expressed TLR4 contributes to 

inflammation propagation, suggesting a significant role for calprotectin in both short-term 

and long-term neuroinflammatory conditions (Zervides et al., 2022).  

 

 

2.4. Vitamin D3  

 

The inactive form of vitamin D, Vitamin D3 (Vit-D3), or cholecalciferol (Figure 2.9), 

is obtained from sources like dairy products and synthesized through sunlight exposure from 

7-dehydrocholesterol (7-DHC). Once acquired, it forms a complex with vitamin D-binding 

protein (DBP) in the circulation, transported to the liver, where it undergoes hydroxylation 

to produce the main circulating form, 25-hydroxyvitamin D3 (25(OH)Vit-D3) (D. Bikle et 
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al., 2013). Further hydroxylation in the proximal renal tubule by 25(OH)Vit-D31α 

hydroxylase generates the active form of Vit-D3, 1,25-dihydroxy vitamin D3 (1,25(OH)2Vit-

D3), also known as calcitriol (Jones et al., 2018).  

 

 

Figure 2.9. Cholecalciferol chemical structure.  

 

The measurement of the blood level of 25(OH)Vit-D3, which serves as a reliable 

indicator of Vit-D3 level, has allowed researchers to identify optimal levels for various health 

outcomes A serum level of 50nmol/L is considered sufficient for the general population's 

needs. However, a level of 40nmol/L is the median concentration necessary for optimal 

calcium absorption and overall bone health, while a minimum level of 30nmol/L is 

recommended to stay within the healthy range (Calcium et al., 2011). To attain these optimal 

25(OH)Vit-D3 levels, the estimated average requirement (EAR) is set at 400 International 

Units (IU) or 10 micrograms for all age groupings, while the recommended dietary allowance 

(RDA) ranges from 600 to 800 IU or 15 to 20 micrograms, with higher values recommended 

for older adults (Bresson et al., 2016). 

Calcitriol, a secosteroid hormone, exerts various effects on the body. It operates on a 

genomic level through a nuclear steroid receptor known as the vitamin D receptor (VDR). 

The VDR comprises two significant functional domains: a DNA binding domain (DBD) at 
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the N-terminal and a ligand binding domain (LBD) at the C-terminal, connected by a hinge 

region. Interaction of 1,25(OH)2Vit-D3 with the VDR triggers a conformational change 

enabling heterodimerization of 1,25(OH)2Vit-D3-VDR with the retinoid X receptor (RXR) 

to increase the affinity for binding to specific regions in the DNA known as vitamin D 

response elements (VDREs), resulting in the selective recruitment of transcriptional 

coregulatory proteins which can either enhance gene activity (coactivators) or suppress it 

(corepressors), depending on the targeted genes (D. D. Bikle, 2021).  Apart from its genomic 

actions through the VDR, 1,25(OH)2Vit-D3 has also been found to exert rapid effects 

mediated by different receptors on the cell membrane, such as membrane-associated rapid 

response steroid binding protein (MARRSBP), also known as endoplasmic reticulum protein 

57/60 (ERp57/ERp60). It is a G protein-coupled receptor that activates phospholipase C 

(PLC), leading to the release of molecules such as phosphatidyl inositol bisphosphate (PIP2), 

inositol trisphosphate (IP3), and diacylglycerol (DAG). This cascade of events could increase 

calcium levels by activating calcium channels (figure 2.10) (Nemere et al., 2004).  

In addition to its well-known effects on mineral balance and normal bone 

development, Vit-D3 has been associated with several extra-skeletal effects. It may inhibit 

cellular proliferation and stimulate differentiation, making it a potential treatment for 

proliferative conditions like psoriasis (Brożyna et al., 2022). Adequate Vit-D3 levels have 

also been linked to decreased cancer incidence and improved cancer outcomes (Muñoz & 

Grant, 2022). Furthermore, Vit-D3 is involved in immune function regulation (Charoenngam 

& Holick, 2020; Hahn et al., 2022). Interestingly, Vit-D3 contributes to the regulation of 

hormone secretion, it has been found to reduce parathyroid hormone release (Cantley et al., 

1985) and increase insulin secretion (S. Lee et al., 1994). 

 

2.4.1. Vitamin D3 effect on diabetes  

 

In relation to diabetes, Vit-D3 is essential for the propagation and differentiation of 

pancreatic β-cells, influencing the synthesis of insulin. Both animal studies and in vitro 

experiments with pancreatic beta cell cultures have demonstrated that 1,25(OH)2Vit-D3 

stimulates insulin secretion from these cells, possibly through an increase in intracellular 
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calcium levels (Lips et al., 2017a). Additionally, Vit-D3 may contribute to the improvement 

of insulin sensitivity through its anti-inflammatory properties, as suggested by increased 

markers of inflammation in those with Vit-D3 deficiency (Kolb Mandrup-Poulsen, 2005). 

Insufficient Vit-D3 levels are consistently linked to reduced insulin release, insulin 

resistance, and higher fasting glucose levels. Epidemiological studies further associate lower 

25(OH)Vit-D3 levels with an elevated probability of developing metabolic disorders and 

T2DM. Moreover, genetic variations in vitamin D-related genes may also contribute to 

susceptibility to poor glycemic control and T2DM (Oosterwerff et al., 2011).  

Several clinical trials have explored the efficacy of Vit-D3 in improving glycemic 

control in T2DM patients or preventing diabetes progression from prediabetic conditions. 

Combining calcium and Vit-D3 supplements has shown promising results, leading to reduced 

serum insulin, HbA1c, and insulin resistance (Lips et al., 2017b). 

 

2.4.2. Vitamin D3 effect on cognitive functions and DACD 

 

Both 25(OH)Vit-D3 and 1,25(OH)2Vit-D3 can traverse the BBB, and the central 

nervous system can locally activate and inactivate Vit-D3 (Sultan et al., 2020). Various roles 

for Vit-D3 in brain function have been identified. Deficiency during early life stages can lead 

to structural changes in the brain and behavioral issues (Cui et al., 2007). Vit-D3 deficiency 

is associated with an increased risk of cognitive impairment and is implicated in the 

pathogenesis and development of numerous neurological diseases, including cognitive 

impairment, dementia, and Alzheimer's (Herrmann et al., 2017). Additionally, patients with 

Alzheimer's or cognitive impairment tend to exhibit decreased levels of 25(OH)Vit-D3 

(Anastasiou et al., 2014; Ouma et al., 2018). Research has also indicated that polymorphisms 

in the VDR gene are linked to cognitive dysfunction and diseases such as Alzheimer's, 

Parkinson's, and multiple sclerosis (Moretti et al., 2018). 

Vit-D3 receptors are widely distributed in neurons and glial cells in different regions 

of the brain, suggesting that Vit-D3 has a neurodevelopmental role through its contribution 

to neuronal proliferation, stem-cell differentiation, and normal brain functioning and most 
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importantly in the hippocampus which is severely impacted by neurodegenerative disorders 

(Eyles et al., 2005). 1,25(OH)2Vit-D3, through VDR, stimulates PI3K/AKT signaling in 

neurons, resulting in reduced gene expression of markers associated with AD, including the 

precursor of Aβ protein, GSK-3β, and Tau protein (Patel & Shah, 2017; Zaulkffali et al., 

2019). Moreover, it has neuroprotective effects and can increase the generation of 

neurotrophic factors that support neuronal viability, neurite growth, differentiation, and 

synaptic plasticity (Quialheiro et al., 2023) with protection against apoptosis (Figure 2.10) 

(Latimer et al., 2014). 

Furthermore, 1,25(OH)2Vit-D3 activates the Wnt/β-catenin signaling pathway, 

enhancing cholinergic transmission, and ameliorating learning and memory deficits. This is 

achieved through the upregulation of gene expression for the α7 nicotinic acetylcholine 

receptor (α7nAChR) and increased levels of the choline acetyltransferase (CAT) enzyme 

(Kumar et al., 2011). The activation of Wnt/β-catenin signaling impacts the expression of 

cytokines. It elevates the levels of the anti-inflammatory cytokine IL-27 while reducing the 

levels of the proinflammatory cytokine IL-23. This shift in cytokine balance helps protect the 

integrity of the BBB and mitigates cognitive dysfunction (Muneeb et al., 2022a). On the other 

hand, Vit-D3 has a notable impact on regulating inflammation, apoptosis, and oxidative 

stress via the activation of MARRS. It serves as an anti-inflammatory agent, diminishing the 

synthesis of inflammatory substances such as TNF-α, IL-6, and NO. Also, its antioxidative 

characteristics aid in managing ROS by lowering their concentrations and enhancing the ROS 

scavenger, glutathione. Additionally, it prevents lipid peroxidation and apoptosis and repairs 

mitochondrial dysfunction (Gáll & Székely, 2021). 

Therefore, understanding the importance of vitamin D in brain health can provide 

insights into potential therapeutic strategies for neuroinflammatory conditions. 
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Figure 2.10. Vitamin D3 genomic and non-genomic central effects.  

 

 

2.5. Animal Models of Diabetes Mellitus 

 

Animal models are extensively used in experimental studies in laboratories to gain 

insights into human biological functions. Diabetes induction in these models involves two 

main mechanisms: genetic manipulation or the administration of specific chemical 

compounds to mimic patterns observed in humans, including hyperglycemia, a key clinical 

manifestation of the disease, along with associated complications. Various animal models 

are available for diabetes research, depending on the type of diabetes under investigation. 

For T1DM, characterized by insulin deficiency, chemical agents damaging pancreatic β-cells 

or breeding autoimmune diabetic rats can induce the condition. T2DM, marked by fluctuating 

insulin levels, insulin resistance, and obesity, is studied using diverse models that include 
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both obese and non-obese animals with varying levels of insulin resistance and β-cells 

dysfunction (Kottaisamy et al., 2021; P. Sharma et al., 2016). 

 

2.5.1. Streptozotocin-induced diabetes 

 

Streptozotocin (STZ), a metabolite derived from Streptomyces Achromogenes, a soil 

microorganism, was initially recognized in 1960 for its antibiotic, antitumor, and 

carcinogenic properties. Later, in 1963, it was identified as a diabetogenic substance in dogs 

and rats (J. Wu & Yan, 2015). STZ, in its solid state, has α and β isomers, but it is unstable 

and should be stored frozen and shielded from light. In aqueous solutions, it quickly 

decomposes, with optimal stability at pH 4 using a citrate buffer (Ogbonnaya Eleazu et al., 

2013). 

STZ causes toxic effects on pancreatic β-cells through various mechanisms. As a 

glucose derivative, it binds to glucose receptors on the cell membrane, inhibiting insulin 

secretion triggered by glucose. Inside the cell, streptozotocin decomposes, producing reactive 

carbonyl ions that alkylate DNA bases, causing DNA damage and initiating a repair process 

that depletes cellular substrate Nicotinamide adenine dinucleotide (NAD), leading to cell 

death. Additionally, STZ's oxidizing properties reduce levels of cellular antioxidants like 

SOD and glutathione. Its selective toxicity to the pancreas is due to entering β-cells through 

a glucose-mediated mechanism. However, STZ also has nephrotoxic and hepatotoxic effects 

and can cause local tissue ulceration and necrosis if extravasation occurs (Lenzen, 2008). 

The diabetogenic dose of STZ is around 65 mg/kg, administered either 

intraperitoneally or intravenously. STZ-induced diabetes is an effective model in various 

experimental animals, including rodents, rabbits, guinea pigs, dogs, cats, and monkeys. 

Repeated dosing in mice, at 40 mg/kg per day over five consecutive days, mimics aspects of 

T1DM, leading to pancreatic changes and a cellular immune response similar to human 

T1DM (Kottaisamy et al., 2021). 

STZ is preferred over alloxan for inducing experimental diabetes due to its longer 

half-life and greater stability. STZ-induced hyperglycemia lasts for several months, 

compared to the shorter duration of hyperglycemia caused by alloxan, which is less than a 
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month. STZ is also more selective in targeting islet β-cells, causing less damage to other cell 

types and resulting in lower animal mortality compared to alloxan, which is associated with 

higher mortality due to ROS production and ketosis (Ighodaro et al., 2017). Additionally, 

STZ-induced diabetes provides a suitable model for studying diabetes-associated 

complications (Lenzen, 2008). 

Diabetic animal models are pivotal in advancing our understanding of the 

pathophysiology and molecular mechanisms of diabetes and associated complications, as 

well as in investigating novel biomarkers and new therapeutic interventions. A 

comprehensive analysis of published literature on selected models indicates that the STZ 

diabetic rat has received the highest number of publications on PubMed over the past decade 

(Pandey & Dvorakova, 2019). 
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3. MATERIALS AND METHODS 

 

 

3.1. Research Design 

 

The behavioural and experimental components of the study were carried out in 

various departments of Pamukkale University, Faculty of Medicine. The behavioural part 

was carried out in the Laboratories of the Anatomy Department. The rotarod test was 

performed in the Behavioural Pharmacology Laboratory of the Medical Pharmacology 

department, while the experimental part took place in the Experimental Research 

Laboratories of the Experimental Surgery Practice and Research Centre. Finally, the 

biochemical measurements were performed in the Physiology Department Laboratories. 

Before starting, the study received approval from the Pamukkale University Animal 

Experiments Ethics Committee (PAUHDEK-2022/29), and all ethical guidelines were 

strictly adhered to throughout the study. The relevant ethics committee document is included 

in Appendix-1. 

The experimental animals were housed in plastic top-wired cages (30x35x17 cm) 

filled with sawdust, with a wire top, in groups of two in a controlled environment in the 

experimental animal’s unit with a temperature of 22±1°C and humidity of 50±5%, and a 12-

hour light/dark cycle. The cages were cleaned three times per week, and the rats were 

provided with a standard diet and water, except during the restriction period, which was 6-8 

hours prior to STZ injection, FBG measurements, and during food restriction for the RAM 

test. All procedures performed on the animals were supervised by a veterinarian and were in 

accordance with considerations for hygiene. 
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3.2. Chemicals 

  

3.2.1. Chemicals used in vivo. 

 

Phosphate buffered saline (PBS) 1xPBS 500 ml (MULTICELL Cat#.311-010-CL, 

LOT NO. 311010126), Streptozotocin (Santa Cruz Biotechnology (U-9889) Cat#.SC-

200719, LOT NO. H1413 store at -20°C 1g), Devit-3 (Vitamin D3 50,000 I.U./15ml oral 

drop) (Deva Holding LOT NO. A104840 store at room temperature below 25°C), Ketalar 

(Pfizer, Ketamine 50 mg/ml), and Ksilazol (Provet, Xylazine 20 mg/ml). 

 

3.2.2. Chemicals used in vitro.  

 

Phosphate buffered saline (PBS) 1xPBS 500 ml (MULTICELL Cat#.311-010-CL, 

LOT NO. 311010126), BioVision EZBlockt™ Protease Inhibitor Cocktail VI (Cat#. K291-

1, LOT NO. 3F19K02910, store at -20°C.   

   

 

3.3. Experimental Animal Groups and Experimental Procedures 

 

The study involved 4-5 month 35 Wistar albino male rats, weighing 300-450 grams, 

obtained from Pamukkale University, Faculty of Medicine, Experimental Surgery Practice 

and Research Center. The rats were randomly placed in their cages and their weights were 

measured. In the preliminary study, 3 rats were tested for diabetes using STZ with a single 

intraperitoneal dose of 65 mg/kg for 4 weeks. 
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The remaining 32 experimental rats were divided into three groups: 

Group (1): the control group (n=8): rats in this group were injected intraperitoneally 

(i.p.) with 0,5 ml of the STZ solvent (Phosphate Buffered Saline (PBS) PH: 4,5-5,5 adjusted 

with Hydrochloric acid) on the 4th day of the study. 

Group (2): Streptozotocin (STZ)-induced diabetic group (n=12, considering that there 

may be an animal loss, the number (n) was kept as 12): rats in this group were injected with 

a single dose of 65 mg/kg STZ i.p. on the 4th day of the study. 

Group (3): Vitamin D3 (Vit-D3) group (n=12): same as group (2) firstly rats in this 

group were injected with a single dose of 65 mg/kg STZ i.p. on the 4th day of the study. After 

that Vit-D3 was administered orally using a pipette at a dose of 12,5 µg/kg/day (500 

IU/kg/day) 1 week after STZ injection for 4 weeks (From the 12th day to the 39th day of the 

study). 

The learning process in the eight-arm radial maze (RAM) test is driven by the food-

seeking instinct, therefore, all rats were subjected to a food restriction procedure 2 weeks 

before and during the RAM test allowing the rats to lose 10-15% of their normal weight 

during the test. In this procedure, the daily amount of feed consumed by each rat was 

calculated. This amount was reduced by 10-15%, and weekly weight monitoring of the rats 

was carried out. This practice is below the 20% feed restriction limit specified in the ethical 

rules. No water restriction was applied throughout the experiment. 

After 1 week of food restriction rats were pre-trained for three days and their motor 

performance was tested using the rotarod apparatus prior to RAM pre-training, after 3 weeks 

from diabetes induction, and before decapitation.  
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3.4. Study Protocol  

 

 

Figure 3.1. Study protocol. 

 

 

3.5. Streptozotocin-Induced Experimental Animal Diabetic Model  

 

The Streptozotocin-induced diabetic model is a widely used experimental animal 

model to study diabetes. In this model, the dose and protocol of STZ administration vary for 

different experimental animals. However, the most used dose for diabetes induction in rats is 

administering a single intraperitoneal injection of 65mg/kg (Furman, 2021).  

For each rat in groups 2 and 3 in our study, according to the weight of the rat the dose 

of STZ was calculated and prepared by weighing the required amount of STZ, which was 
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stored in 1g vials at 4°C, using a precision scale. The calculated amount was then dissolved 

in 0,5 ml of PBS of PH 4,5 adjusted using hydrochloric acid and injected i.p. (Figure 3.2). 

An equivalent amount (0,5 ml) of PBS was injected i.p. into the control group rats. 

To prevent animal loss due to hyperinsulinemia and hypoglycaemic shock, which are 

expected within the first 24 hours after STZ injection, 5% glucose solution was placed in the 

cages of the rats that received STZ (groups 2 and 3) within 24 hours after injection (Calgaroto 

et al., 2014; Muneeb et al., 2022b). 

 

 

Figure 3.2. Intraperitoneal STZ injection 

 

3.5.1. Fasting Blood glucose measurement 

 

The measurement of fasting blood glucose (FBG) levels was conducted using the 

Accu-Chek® Performa Nano CAT/TYP 59105061195 brand glucometer (Figure 3.4), with 

strips of the same brand utilized for accurate measurement. In each measurement rats were 
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fasted for 8 hrs; blood samples were obtained using an insulin needle from the tail vein of 

the rats after inducing vasodilation through warm water (Figures 3.3 and 3.5).  

 

                      

Figure 3.3. Rat inside the restrainer with clarified lateral vein. 

 

 

Figure 3.4. Accu-Chek® Performa Nano glucometer. 
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Figure 3.5. Steps of fasting blood glucose measurement. 

 

3.5.2. Evaluation of diabetes model 

 

Our diabetes model was evaluated by monitoring the rats daily and measuring their 

body weights weekly using an analytical balance. The Accu-Chek® Performa Nano was used 

to record the FBG level of the rats, which was measured on the 1st day of the study, the 3rd 

day, the 7th day, and the 21st day after STZ administration, and before decapitation. 

Rats with FBG levels exceeding 250 mg/dL measured on the 7th day after STZ 

injection, in comparison to their levels on the 1st and 3rd day, were classified as diabetic, in 

group 2, 10 rats out of 12, and in group 3, all rats developed diabetes.  

Also, the presence of polyuria and polydipsia symptoms were investigated. 
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3.6. Vitamin D3 Treatment  

 

For group 3, Vit-D3 administration commenced after diabetes was established, from 

the 12th day of the study, lasting for 28 consecutive days (Kumar et al., 2011; Mitrašinović-

Brulić et al., 2021) i.e., until the end of the study. A dose of 12,5 µg/kg/day (500 IU/kg/day) 

(Muneeb et al., 2022b) of Vit-D3 (Devit-3) was calculated for each rat and administered 

orally via pipette (Figure 3.6).  

 

 

Figure 3.6. Vitamin D3 administration using100ul pipette. 

 

Decapitation was carried out on all rats from the different groups on day 40, following 

the completion of the memory studies. 
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3.7. Motor Performance 

 

In the field of behavioural neuroscience, it is crucial to ascertain the presence of motor 

abnormalities prior to conducting evaluations of cognitive functions such as memory. It has 

been demonstrated that performance in behavioural tests that require strength and 

coordination, such as the Morris water maze and the eight-arm radial maze, may be 

negatively impacted by motor impairments rather than cognitive deficits in rats. The 

inclusion of animals with motor impairments in behavioural experiments may lead to 

inaccurate results, as alterations in motor performance have the potential to significantly 

affect maze performance. Previous research has also indicated that sensorimotor disorders 

can significantly impact maze performance (Deacon, 2013). Therefore, in this study, the 

motor coordination and performance of experimental animals were assessed using the rotarod 

performance test prior to and during the eight-arm radial maze. Specifically, all rats 

underwent training and testing by the rotarod performance test prior to initiation of the study 

and were retested during the maze on the 25th and the 39th day of the experiment. 

 

3.7.1. Rotarod apparatus  

 

The rotarod apparatus operates on the principle that animals can maintain a certain 

walking speed and height on a rotating shaft powered by electricity for a specified duration, 

without losing balance or falling. The device consists of four adjacent compartments, each 

measuring 15 cm in width, 30 cm in depth, and 50 cm in wall height (Figure 3.7). To prevent 

falling, the animal strives to walk in the opposite direction to the rotation of the shaft. 
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Figure 3.7. Motor performance measurement using rotarod apparatus. 

 

3.7.2. Motor performance evaluation protocol  

 

3.7.2.1. Pre-training  

 

Prior to the study initiation, pre-training was carried out on rats in each group. The 

rats were allowed to familiarize themselves with the rotarod apparatus without rotation for a 

period of two minutes (Shabani & Mirshekar, 2018). Subsequently, the pre-training was 

conducted for three consecutive days, three times daily at 20-minute intervals at a speed of 5 

rpm for 300 seconds, in order to facilitate walking and training (Monville et al., 2006). 

Inclusion in the study required rats to be able to remain on the rotarod system for a minimum 

of 120 seconds at the commencement of the study (Coelho et al., 2016). 

 

3.7.2.2. Motor performance measurement  

 

The motor performance of the rats in each group was assessed at the beginning of the 

study (day 0), 21 days after STZ administration (day 25), and following Vit-D3 treatment 
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(day 39). This was done by utilizing the rotarod apparatus at a speed of 10 rpm for 300 

seconds, three times a day at 20-minute intervals. The duration of time that the rat was able 

to remain on the spindle was recorded as the rotarod motor performance value (R. Tan et al., 

2018). 

 

 

3.8. Behavioral Test – Eight-Arm Radial Maze 

 

3.8.1. General concept 

 

The cognitive function of all rats involved in the study was assessed using the eight-

arm radial maze (RAM) test, which is commonly utilized to evaluate spatial learning and 

memory (Stanojevic et al., 2022; Xu et al., 2019). Preceding the learning stage, the rats 

underwent a three-day pre-training section with a one-day interval. During the learning 

phase, the rats were trained for 14 days with three sessions per day, spaced one hour apart. 

Each session was terminated when the rats visited all arms or after 10 minutes. Rats that 

made no or only one mistake in the last three days of the learning period were selected for 

the study. Performance evaluation is based on the placement of bait in the arms. 

Correct arm choices are defined as one entry per arm when the bait was present in all 

arms, and this is considered a reference (long-term) memory indicator. Re-entry into the 

previously visited arm is regarded as an incorrect choice and reflects working (immediate or 

short-term) memory impairment. Entry into an arm without bait, even when the bait was 

present in certain arms, indicated reference memory impairment. A single entry into the bait 

arm indicated intact reference memory, while re-entry indicated impairment of short-term 

memory (Figure 3.8). 
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Figure 3.8. Schemes representing eight-arm radial maze with the presence of bait in each arm and 

the concept of correct arm choice. 
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3.8.2. Eight-arm radial maze: 

 

The RAM device utilized in the test consisted of eight arms attached to all sides of an 

octagonal central platform with a diameter of 24 cm to control releasing of animals from this 

central area and their exposure to the different arms. Each arm was 10 cm wide and 50 cm 

long and was enclosed by a 50 cm high plexiglass wall, with feed containers of 3 cm diameter 

and 1 cm depth at the end of each arm. The device was placed 50 cm above the ground, and 

each arm was numbered 1-8 in order (Figure 3.9). Brown sugar, weighing 50-60 mg, was left 

in the feed containers at the end of each arm. Fixed visual cues with different colours were 

placed at least 50 cm away from the edges of the test device on the four walls of the testing 

room so that the rats could see them to help the rats find their way. The arms and feed 

containers were cleaned with alcohol after each animal finished testing so that the rat 

subjected to the test to not be affected by the urine and faeces of the previously tested rat and 

be able to smell the food more easily.  

The room where the experiment was carried out was a quiet and bright room. All test 

images were transferred to a computer via a web camera placed 2m above the device, and 

data were recorded using Amonra Stopwatch software that recorded the rats’ visits to each 

arm as triplet “time-selection number-arm number” (Egashira et al., 2018). 
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Figure 3.9. Eight-arm radial maze (RAM) 

 

3.8.3. The procedure 

 

The RAM test was divided into three sections: the pretraining section, the learning 

(14-day training) section, and the post-learning evaluation or test section.  

The pretraining section aimed to acclimatize the rats to the test device and the 

environment. Rats were placed in the device in groups of 4 at one-hour intervals, three times 

a day, for three consecutive days (from day 1 to 3 of the study), with each round limited to 

10 minutes. Following the pretraining section, there was a one-day break for PBS injection 

for the group (1) or STZ injection for groups (2 & 3), after which the training section 

commenced. 

The training section aimed to teach rats how to navigate the RAM test. The test was 

applied to each rat individually, three times a day, at one-hour intervals, for 14 consecutive 

days (from day 5 to 18 of the study), with each test round limited to 10 minutes. If a rat visited 

all eight arms, the test was terminated without waiting for 10 minutes. Rats that made 7 or 8 
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correct selections within the first eight selections in any round on day 14 were considered 

learned and were selected for the experiment. Rats that could not meet this criterion were 

excluded from the study. The evaluation was carried out by comparing the election-day data 

with the post-learning data. 

In the post-learning section, rats were subjected to a memory assessment test based 

on the same parameters as those used in the training section. This test was conducted on the 

3rd, 7th, 10th, 14th, 17th, and 20th days following the final day of the learning section, 

corresponding to the 21st, 25th, 28th, 32nd, 35th, and 38th days of the study, respectively. The 

rats’ memory was evaluated based on their first eight choices.  

 

3.8.4. The evaluation criteria  

 

3.8.4.1. Number of correct arm choices 

 

In our study, all arms of the maze contained bait, and it was expected that the rat 

would enter each arm once without making any errors. The correct arm choice was defined 

as the number of arms entered once by the rat. Specifically, if the rat correctly entered seven 

arms but failed to enter the eighth arm, the correct arm choice was scored as seven. On the 

other hand, if the rat did not enter any of the arms during the 10-minute period, it was scored 

as zero. For instance, if the bait was placed in all eight arms of the maze, and the rat entered 

the third arm once, the fifth and sixth arms twice each, and the seventh arm once, without 

entering the first, second, fourth, and eighth arms, the number of correct arm choice would 

be two.  

 

3.8.4.2.  Latency  

 

Response delay or latency, defined as the total time spent in the maze, is calculated 

as follows: if the animal entered all eight arms in less than 10 minutes, the time spent entering 
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all arms is measured in seconds. However, if the animal did not enter all arms within 10 

minutes, the experiment is terminated, and the latency is recorded as 10 minutes (600 

seconds). 

 

 

3.9. Decapitation Scarification and Collection of Serum and Hippocampus 

Samples 

 

On the final day of the study protocol (day 40), after cognitive function and motor 

performance tests were conducted on rats, the rats in each group were anesthetized using a 

mixture of ketamine hydrochloride (80 mg/kg) and xylazine hydrochloride (10 mg/kg) i.p., 

in accordance with their measured body weights (Demircan et al., 2020; Derakhshanian et 

al., 2019). To ensure deep anaesthesia, rats were decapitated only after non-responsiveness 

to claw compression with forceps was confirmed. 

 

 

Figure 3.10. Preparations for decapitation. 

 

After decapitation, an anterior thoracotomy was performed, and intracardiac blood 

samples were taken by intracardiac puncture using a 10 ml syringe (Figure 3.11). 
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Figure 3.11. Intracardiac blood samples collection. 

 

The collected blood samples were centrifuged at 7000 rpm for 5 minutes to separate 

the serum. The serum was then frozen at -80°C until further analysis for insulin, RAGE, 

sRAGE, S100B, and calprotectin (S100A8/S100A9) using Enzyme-Linked Immunosorbent 

Assay (ELISA) method as per the manufacturer’s instructions. 

Left hippocampus dissection from the brain was performed rapidly after decapitation 

without any loss and the samples were weighed and transferred to 1,5 ml microcentrifuge 

tubes to be dissected into small pieces and rinsed in 1 tablet protease inhibitor-containing 

cold PBS (0,01M, pH=7,4)  (tissue weight (g): PBS (ml) volume=1:9) to remove any excess 

blood and then were homogenized using a glass homogenizer on ice (Figure 3.12).  
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Figure 3.12. Left and right hippocampus homogenization. 

 

The homogenates were then centrifuged for 15 minutes at 12000 rpm at 4°C to obtain 

the supernatant. Supernatant and serum samples were stored in a deep freezer at -80°C until 

further molecular analysis for insulin, RAGE, S100B, and calprotectin (S100A8/S100A9), 

and levels using ELISA kits according to the manufacturer’s instructions. 

 

  

3.10. Enzyme-Linked Immunosorbent Assay 

 

In this study, various biomarkers were measured in both serum and hippocampus 

samples using commercially available ELISA kits. Specifically, Rat Insulin ELISA kit (INS) 

(Bioassay Technology Laboratory, China. Cat# E0707Ra), Rat Receptor for Advanced 

Glycation End Products ELISA kit (RAGE) (Bioassay Technology Laboratory, China. Cat# 

E0928Ra), Rat Soluble Receptor for Advanced Glycation End Products ELISA kit (sRAGE) 

(Bioassay Technology Laboratory, China. Cat# E1234Ra), Rat S100-B Protein ELISA kit 

(S100B) (Bioassay Technology Laboratory, China. Cat# E1360Ra), Rat Calprotectin ELISA 
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kit (Calp) (Bioassay Technology Laboratory, China Cat#E1210Ra), each kit came with its 

own manual, which was followed precisely. 

To prepare the standards, different standard concentrations were used for each 

biomarker with its own kit. For INS, standard concentrations of 24, 12, 6, 3, 1,5 mIU/L were 

prepared from the 48 mIU/L standard in the INS kit, using the standard dilution, respectively. 

For RAGE, standard concentrations of 3200, 1600, 800, 400, 200 ng/L were prepared from 

the 6400 ng/L standard in the RAGE kit, using the standard dilution, respectively. For 

sRAGE, standard concentrations of 8, 4, 2, 1, and 0,5 ng/mL were prepared from the 16ng/mL 

standard in the sRAGE kit, using the standard dilution, respectively. For S100B protein, the 

standard concentrations of 800, 400, 200, 100, and 50 pg/ml were prepared from the 1600 

pg/ml standard in the kit, using the standard dilution, respectively. For CALP protein, 

standard concentrations of 160, 80, 40, 20, 10 ng/mL were prepared from the 320 ng/mL 

standard in the Calp kit, using the standard dilution, respectively.  

To carry out the measurements, 96-well plates were used, and 50 µL of standards were 

added in duplicate. Since there is a biotinylated antibody in the standard solution, no 

additional biotinylated antibody was added. Then, both hippocampus (in triplicate manner) 

and serum samples (in duplicate manner) were added in 40 µL volume to each well, followed 

by adding 10 µL of the biomarker antibody. The plate was then incubated at 37°C for 60 

minutes after closing with a sealer. Subsequently, 50 µL of streptavidin-HRP was added to 

the wells containing the standards and samples (however, the blank was not added to the 

well). 

After mixing well, the plate was incubated at 37°C for 60 minutes, then the sealer was 

removed, and the wells were washed 5 times with kit wash buffer. In each wash, the wells 

were soaked with 300 µL – 350 µL wash buffer and were kept for 30 seconds to 1 minute. 

The wash buffer was then poured, and the plate was blotted onto absorbent paper. For each 

well, 50 µL of substrate solution A was added first, then 50 µL of substrate solution B. The 

plate was then covered with a new sealer and incubated in the dark at 37°C for 10 minutes. 

At the end of the incubation period, 50 µL of stop solution was added to each well. 

This caused the blue colour to change immediately to yellow.  The optical densities of the 

plates were measured using a microplate reader (Thermo Fisher Scientific, UK) at 450nm 
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wavelength within 10 minutes, and the standard curve was used to calculate the 

concentrations of the samples with the assistance of SkanIt Software 4.1 for statistical 

analysis.  

 

 

3.11. Statistical Analysis 

 

For the statistical analysis of the data obtained in the study, SPSS 25.0 (IBM SPSS 

Statistics 25 Software, Armonk, NY: IBM Corp.) was utilized. The data for each group were 

expressed in the table as mean ± standard error and presented graphically. Except for ELISA 

and rotarod data, One-Way Analysis of Variance (ANOVA) was employed for data that 

followed a normal distribution to compare independent group differences. However, for 

results that did not pass the normality test, the Kruskal–Wallis’s test was used. t-test was 

employed for ELISA and rotarod results. Values with p<0,05 in the statistical analysis were 

considered statistically significant.   
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4. RESULTS 

 

 

4.1. Streptozotocin-Induced Diabetic Model 

 

4.1.1. Weight of rats  

 

The weights of the rats in each group were measured using a digital balance initially 

and weekly throughout the 7 weeks of the experiments: 1st week (before the start of Rotarod 

training), 2nd week (before the commencement of the 14-day training section of the RAM 

test), 3rd week (10th day of the 14-day training section of the RAM test), 4th week (the end of 

the 14-day training section of the RAM test), 5th week (the 25th test day of the RAM test), 6th 

week (the 32nd test day of the RAM test), and the 7th week, with pre-decapitation weights. 

The initial weights of rats in the control, STZ, and Vit-D3 groups were 379,88 ± 11,89 

g, 377,5 ± 6,40 g, and 429,45 ± 10,64 g, respectively. After 7 weeks, the weights of rats were 

354,13 ± 11,10 g for the control group, 336,92 ± 13,76 g for the STZ group, and 309,45 ± 

8,19 g for the Vit-D3 group. The percentage of weight loss was -6,69 ± 1,66, -10,81 ± 3,03, 

and -27,82 ± 1,45 for the control, STZ, and Vit-D3 groups, respectively. 

Rats in the STZ and Vit-D3 groups significantly showed weight loss at the end of the 

experiment compared to the control group (p<0,05, p<0,0005 respectively, ANOVA). There 

was also a significant difference in body weight loss between the STZ and Vit-D3 groups at 

the end of the experiment (p<0,005, ANOVA). These data are shown in (Table 4.1) and 

represented graphically (Figure 4.1).  
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Table 4.1. Measurement of the average body weight of rats.  

Weeks / Groups Control STZ  Vit-D3 

Initial weight 379,88 ± 11,89 377,5 ± 6,40 429,45 ± 10,64 

Week 1 371,13 ± 13,83 364 ± 6,32 410,55 ± 9,25 

Week 2 363,38 ± 13,98 351,92 ± 5,34 386,36 ± 10,20 

Week 3 363,13 ± 13,94 342,5 ± 6,79 347 ± 8,18 

Week 4 356,75 ± 10,74 337,25 ± 8,68 324,64 ± 8,84 

Week 5 354 ± 11,61 333,17 ± 10,29 305,36 ± 9,25 

Week 6 348,63 ± 11,00 320,08 ± 11,71 293,64 ± 8,23 

Week 7 354,13 ± 11,10 336,92 ± 13,76 309,45 ± 8,19 

% Weight loss -6,69 ± 1,66 -10,81 ± 3,03* -27,82 ± 1,45***, ## 

(*p<0,05, ***p<0,0005 significant difference compared to the control group). 

(##p<0,005 significant difference between STZ and Vit-D3 groups). 
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Figure 4.1. % Change in body weight in rats of different groups. 

(*p<0,05, ***p<0,0005 significant difference compared to the control group). 

(##p<0,005 significant difference between STZ and Vit-D3 groups). 

 

4.1.2. Fasting blood glucose (FBG) 

 

The FBG levels of rats in each group were measured on the 1st, 7th, 11th, and 25th day 

of the study and before decapitation. There was no significant difference in the initial FBG 

levels among rats of different groups at the start of the experiment (p>0,05, ANOVA). Rats 

in the STZ and Vit-D3 groups showed significantly higher FBG levels compared to the 

control group on the 7th, 11th, and 25th day of the study (p<0,0005, ANOVA) and before 

decapitation (p<0,0005, Kruskal–Wallis). These data are shown in (Table 4.2) and 

represented graphically (Figures 4.2 and 4.3). 

Regarding the STZ group, 8 out of 12 rats, however, all rats in the Vit-D3 group, had 
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Table 4.2. Fasting blood glucose 

Days/Groups Control STZ Vit-D3 

1.Day 89,25 ± 2,12 88,75 ± 2,24 93,09 ± 1,97 

7.Day 89,25 ± 1,84 407,92 ± 56,18*** 516,55 ± 21,69*** 

11.Day 91,13 ± 2,14 390,17 ± 53,65*** 491,27 ± 22,36*** 

25.Day 88,75 ± 3,46 391,42 ± 48,30*** 481,73 ± 19,26*** 

39.Day (Before the 

decapitation) 

96,25 ± 2,87 346,42 ± 53,50*** 505,64 ± 20,56*** 

(***p<0,0005 significant difference compared to the control group). 

 

 

Figure 4.2. Fasting blood glucose levels. 
(***p<0,0005 significant difference compared to the control group). 
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Figure 4.3. Fasting blood glucose levels. 

(***p<0,0005 significant difference compared to the control group). 

 

Additionally, the frequency of cage cleaning and the daily number of water bottle 

consumptions were monitored, and symptoms of polyuria and polydipsia were observed in 

diabetic rats (8 out of 12 rats in the STZ group and all rats in the Vit-D3 group).  

One rat in the Vit-D3 group died 1 day after the STZ injection.  

More severe diabetes symptoms were observed in the Vit-D3 group, with higher blood 

glucose levels and balanoposthitis (inflammation of the penis). 

 

 

4.2. Rotarod Motor Performance Results   
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before the induction of diabetes (at day 0 of the study), after the establishment of the STZ-
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significant difference in the initial motor performance among rats in different groups at the 

start of the experiment (p>0,05, t-test). After 3 weeks (25th day of the study), the duration of 

time that rats in the STZ and Vit-D3 groups were able to remain on the spindle was 

significantly reduced compared to the control group (p<0,005, p<0,05, respectively, t-test). 

However, the Vit-D3 group still maintained significantly higher motor performance 

compared to the STZ group (p<0.05, t-test). Before decapitation, the motor performance of 

the STZ group continued to decrease compared to the control (p<0,0005, t-test). On the other 

hand, despite the administration of STZ, the Vit-D3 group exhibited significantly higher 

motor performance, with a longer duration of time that the rats were able to remain on the 

spindle compared to the STZ group (p<0,005, t-test). These data are shown in (Table 4.3) and 

represented graphically (Figure 4.4). 

 

Table 4.3. Rotarod motor performance. 

Days/Groups Control STZ Vit-D3 

0.Day 273,79 ± 7,59 235,56 ± 34,12 267,21 ± 22,48 

25.Day 238,63 ± 14,37 134,72 ± 33,38** 164,88 ± 9,54*, # 

39.Day 258,50 ± 8,59 44,88 ± 24,23*** 204,00 ± 39,91## 

(*p<0,05, **p<0,005, ***p<0,0005 significant difference compared to the control group). 

(#p<0,05, ##p<0,005 significant difference between STZ and Vit-D3 groups). 
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Figure 4.4. Rotarod motor performance. 

(*p<0,05, **p<0,005, ***p<0.0005 significant difference compared to the control group). 

(#p<0,05, ##p<0,005 significant difference between STZ and Vit-D3 groups). 

 

 

4.3. Learning and Memory Results  

 

The assessment of learning and cognitive functions was conducted through the eight-

arm radial maze (RAM) test, a sensitive evaluation measuring behavioral changes in 

accordance with cellular changes in the hippocampus. In this test, a total of 32 rats across all 

groups underwent a 14-day training section for the radial maze test. The number of correct 

arm choices and the duration of time spent in the maze to finish the test (latency) were 

recorded throughout the 14-day training section and during test days using Amonra 

Stopwatch software. The obtained results were then evaluated and statistically analyzed using 

SPSS 25.0 software. 
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4.3.1. The number of the correct arm choices  

 

The arrangement of the arms and the distribution of the baits are retained in memory 

throughout the experiment. The number of correct arm choices reflect reference memory 

which is referred to the memory required for the knowledge of the unchanged aspects i.e., a 

task that remains constant between trials which is being represented here in the retention of 

the arrangement of arms and the distribution of the baits throughout the experiment.  

The number of correct arm choices increased between the first and last day of the 14-

day training period. By the end of the training period, the Vit-D3 group showed a significant 

increase in the number of correct arm choices compared to the STZ group on the 14th day 

(p<0,05, Kruskal–Wallis, p=0,017). 

Regarding the test days, the number of correct arm choices made by the STZ group 

significantly decreased compared to the control group on the 38th day (p<0,005, ANOVA). 

On the other hand, despite the administration of STZ, the Vit-D3 group demonstrated a 

significant increase (p<0,05, Kruskal–Wallis, p=0,015, p=0,046, p=0,003, and p=0,001) in 

the number of correct arm choices on the 25th, 32nd, 35th, and 38th days respectively, compared 

to the STZ group. These data are shown in (Table 4.4) and represented graphically (Figures 

4.5 and 4.6).  
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Table 4.4. The number of correct arm choices (RAM test). 

Days/Groups Control STZ Vit-D3 

Day 1 5,25 ± 0,72 5,22 ± 0,22 4 ± 0,07 

Day 7 6,08 ± 0,80 6,22 ± 0,24 5,67 ± 0,07 

Day 14 7,17 ± 0,36 7,03 ± 0,11# 7,73 ± 0,03 

Day 21 7,38 ± 0,29 7,17 ± 0,09 7,55 ± 0,03 

Day 25 6,92 ± 0,46 6,64 ± 0,14 7,76 ± 0,04*, # 

Day 28 6,83 ± 0,70 6,33 ± 0,21 7,58 ± 0,06 

Day 32 7,04 ± 0,48 6,56 ± 0,15 7,88 ± 0,04# 

Day 35 6,92 ± 0,56 6,64 ± 0,17 7,94 ± 0,05*, ## 

Day 38 7,54 ± 0,34 6,28 ± 0,10** 7,73 ± 0,03## 

(*p<0,05, **p<0,005 significant difference compared to the control group). 

(#p<0,05, ##p<0,005 significant difference between STZ and Vit-D3 groups). 
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Figure 4.5. Number of correct arm choices (RAM test). 
(*p<0,05, **p<0,005 significant difference compared to the control group). 

(#p<0,05, ##p<0,005 significant difference between STZ and Vit-D3 groups). 
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Figure 4.6. Number of correct arm choices (RAM test). 

(*p<0,05, **p<0,005 significant difference compared to the control group). 

(#p<0,05, ##p<0,005 significant difference between STZ and Vit-D3 groups). 
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in the time spent in the maze to finish the test by the STZ group on the 38th day compared to 

the control group (p<0,05, ANOVA, p=0,027). 

Therefore, in conclusion, both the reference memory and the working memory 

impaired due to diabetes have been significantly improved by the administration of Vit-D3.  

These data are shown in (Table 4.5) and represented in (Figures 4.7 and 4.8). 

 

Table 4.5. The latency. 

Days/Groups Control STZ Vit-D3 

Day 1 373,08 ± 76,86 382,67 ± 23,17 428,73 ± 6,99 

Day 7 342,96 ± 95,99 282,28 ± 28,94 282,45 ± 8,73 

Day 14 147,21 ± 40,34 224,72 ± 12,16 86,15 ± 3,67## 

Day 21 85,13 ± 19,23 168,89 ± 5,80 100,33 ± 1,75 

Day 25 123,04 ± 50,36 181,14 ± 15,18 76,03 ± 4,58 

Day 28 109,75 ± 28,31 275,94 ± 8,54 102,39 ± 2,57# 

Day 32 146,17 ± 39,82 293,78 ± 12,01 100,97 ± 3,62# 

Day 35 115,21 ± 38,51 188,92 ± 11,61 111,79 ± 3,50 

Day 38 96,33 ± 15,04 262,36 ± 4,53* 109,76 ± 1,37# 

(*p<0,05 significant difference compared to the control group). 

(#p<0,05, ##p<0,005 significant difference between STZ and Vit-D3 groups). 
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Figure 4.7. The time required to finish the RAM test (Latency). 

(*p<0,05 significant difference compared to the control group). 

(#p<0,05, ##p<0,005 significant difference between STZ and Vit-D3 groups). 
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Figure 4.8. The time required to finish the RAM test (Latency). 

(*p<0,05 significant difference compared to the control group). 

(#p<0,05, ##p<0,005 significant difference between STZ and Vit-D3 groups). 

 

 

4.4. Enzyme-Linked Immunosorbent Assay Results 
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control group (p<0,05, t-test). In the hippocampus, there was a statistically significant 
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(p<0,005, t-test) compared to the control group (Figure 4.9). 
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Figure 4.9. Measurement of Insulin levels in serum and hippocampus. 

(*p<0,05, **p<0,005 significant difference compared to the control group). 

 

4.4.2. RAGE measurement  

 

RAGE levels were measured in serum and hippocampus samples using an appropriate 

ELISA kit. There was a significant increase in the serum level of RAGE in the STZ group 

compared to the control group (p<0,005, t-test). However, this increase in RAGE, despite 

STZ administration, was significantly decreased in the Vit-D3 group (p<0,05, t-test). On the 

other hand, there was a significant increase in hippocampal RAGE level in the STZ-

administered groups (both STZ and Vit-D3 groups) compared to the control group (p<0,005, 

t-test). Although this increase was reduced by Vit-D3 administration, it was nonsignificant 

(p>0,05, t-test) (Figure 4.10).  
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Figure 4.10. Measurement of RAGE levels in serum and hippocampus. 

(**p<0,005 significant difference compared to the control group). 

(#p<0,05 significant difference between STZ and Vit-D3 groups). 

 

4.4.3. sRAGE measurement  

 

The level of sRAGE was measured in serum samples using an appropriate ELISA kit. 
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Figure 4.11. Measurement of sRAGE levels in serum. 
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Figure 4.12. Measurement of S100B protein levels in serum and hippocampus. 

(*p<0,05 significant difference compared to the control group). 

 

4.4.5. Calprotectin measurement 

 

Calprotectin levels were measured in serum and hippocampus samples using an 

appropriate ELISA kit. A statistically significant increase was observed in the serum level of 

calprotectin in the STZ-administered groups (both STZ and Vit-D3 groups) compared to the 

control group (p<0,05, t-test). Similarly, there was a statistically significant increase in 

hippocampal calprotectin level in the STZ-administered groups (both STZ and Vit-D3 

groups) compared to the control group (p<0,05, t-test) (Figure 4.13). 

 

0.0000

50.0000

100.0000

150.0000

200.0000

250.0000

300.0000

Serum Hippocampus

S1
0

0B
 

(p
g/

m
l)

S100B Protein

Control STZ Vit-D3

*

*



70 

 

 

Figure 4.13. Measurement of calprotectin levels in serum and hippocampus. 

(*p<0,05 significant difference compared to the control group). 
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5. DISCUSSION 

 

 

Diabetes, a prevalent metabolic disorder characterized by abnormal blood sugar 

levels, has reached epidemic proportions globally, with its origins in complex genetic and 

environmental factors; its consequences extend beyond hyperglycemia, leading to severe 

complications affecting various organ systems. Among the various factors linked to 

metabolic syndrome, high blood sugar stands out as the most strongly connected to the 

development of cognitive problems (Zilliox et al., 2016). Research consistently indicates a 

correlation between diabetes and cognitive decline, potentially elevating the likelihood of 

developing dementia in individuals with both T1DM and T2DM (Biessels & Despa, 2018a; 

Pugazhenthi et al., 2017). 

The STZ-induced diabetic rat model is a widely utilized experimental approach to 

simulate diabetes mellitus, particularly resembling T1DM. STZ, an antibiotic used 

experimentally as a diabetogenic agent, is administered to induce pancreatic islet β-cell 

damage, resulting in an insufficient production of insulin and subsequent hyperglycemia in 

rats. This model mirrors key features of human diabetes, including polydipsia and polyuria. 

The most commonly employed protocol includes administering a single i.p. injection of STZ, 

typically at a dosage of approximately 65 mg/kg (Furman, 2021). This method is a simple, 

reproducible, and efficient approach with a relatively rapid onset for the induction of 

diabetes, providing a valuable model that allows researchers to investigate the pathogenesis 

of diabetes, diabetes-associated complications, and to evaluate potential antidiabetic agents 

and other therapeutic interventions (Pandey & Dvorakova, 2019). 

Vit-D3, or cholecalciferol, is a fat-soluble vitamin that exerts its genomic actions 

through the VDR or non-genomic actions, mediated through membrane receptors, contribute 

to diverse effects on cellular signaling pathways. These aspects have become a subject of 
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increasing research interest for potential clinical applications in preventing and treating a 

spectrum of non-skeletal disorders, including diabetes and neurodegenerative conditions 

(Anastasiou et al., 2014). Understanding the intricate molecular mechanisms underlying the 

beneficial effect of Vit-D3 centrally provides valuable insights for potential therapeutic 

interventions mitigating cognitive dysfunction, particularly in the context of 

neuroinflammatory conditions, including DACD. 

Throughout the study, it was determined that rats administered STZ, including both 

the STZ group and the group that received Vit-D3, showed significant weight loss compared 

to their initial weights at the beginning of the experiment, as measured before decapitation. 

Studies consistently show that STZ administration in rats induces significant weight loss 

(Georgy et al., 2013; J. Q. Wang et al., 2014). The weight loss observed in these studies is 

often considered a distinctive trait of the diabetic condition induced by STZ. It reflects the 

metabolic alterations, energy imbalance, and catabolic processes associated with diabetes 

development in these animal models. 

Additionally, symptoms such as polydipsia and polyuria were observed in both 

groups. Elevated blood glucose levels caused by STZ lead to glucose spilling into the urine. 

Glucose in the urine attracts water, causing osmotic diuresis and resulting in increased urine 

production (polyuria). This excessive urination further contributes to the state of dehydration 

and electrolyte imbalance, stimulating excessive thirst (polydipsia) in an attempt to 

compensate for fluid loss. Weight loss, polyuria, and polydipsia, as measurable indicators, 

are considered consistent signs of the effectiveness of STZ in inducing diabetes in 

experimental settings (Furman, 2021). 

STZ administration induces hyperglycemia, a hallmark feature of the resulting 

diabetic phenotype, by selectively damaging pancreatic islet β-cells and disrupting insulin 

production and glucose regulation. According to the literature, FBG levels exceeding 250 

mg/dl 72 hours after STZ administration are considered indicative of successful STZ-induced 

diabetes (Furman, 2021; Lenzen, 2008). The FBG of the STZ group and Vit-D3 group was 

significantly increased compared to the control group. Although many studies have shown 

that Vit-D3 supplementation is associated with improvements in glycemic control 

(Mitrašinović-Brulić et al., 2021; Muneeb et al., 2022b), our study found that Vit-D3 had no 
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effect on glucose levels. The lack of impact of Vit-D3 on glucose levels in diabetic rats in our 

study might be attributed to the severity of STZ-induced diabetes (FBG levels of many rats 

in the STZ and Vit-D3 group were >600 mg/dl). This severity can lead to significant damage 

to tissues and organs, potentially rendering them less responsive to treatments aimed at 

reversing or improving the hyperglycemic condition. To better understand our hypothesis, 

it’s essential to consider that STZ specifically damages the pancreatic β-cells. Since Vit-D3 

doesn’t seem to affect the changes in the mass of these β-cells or their microanatomy, the 

remaining damaged β-cells following STZ-induced damage are unable to release insulin. 

Consequently, without the action of insulin to reduce glucose levels, there is no observable 

impact on hyperglycemia. Research by Del Pino-Montes et al. has indicated that when β-

cells remain unaffected, Vit-D3 can indirectly influence blood sugar levels by converting to 

1.25-(OH)2Vit-D3, which acts on the pancreatic β-cells through vitamin D receptors, 

promoting increased insulin synthesis and secretion. In our study, we observed an increase in 

insulin levels in STZ group compared to the control group. Typically, the STZ-induced 

diabetes model is accompanied with reduced insulin level, resembling T1DM. However, 

recent research suggests that this model may also be linked to insulin resistance. In response 

to developed insulin resistance, the body might compensate for the loss of functional β-cells 

by increasing insulin production in the remaining cells (Rad et al., 2022; M. Sharma et al., 

2023). Interestingly, the serum insulin level in the Vit-D3 group surpassed that of the STZ 

group, suggesting a potentially favorable impact of Vit-D3 on insulin secretion. Studies have 

revealed that Vit-D3 has the potential to induce the expression of autophagic markers, 

including LC3 and Beclin 1, acting as a compensatory mechanism and the expression of the 

anti-apoptotic protein Bcl-2 suggests that Vit-D3 may help in the protection and suppression 

of apoptosis in pancreatic β-cells, ultimately preventing insulitis and consequently increasing 

insulin secretion (Y. Wang et al., 2016). Also, this effect could be associated with the 

protective regulatory role of Vit-D3 against cytokine expression and inflammation, reducing 

the levels of inflammatory cytokines such as IL-6, and empowering the antioxidant 

mechanisms, including glutathione and SOD (Fathi et al., 2022). In addition, experimental 

studies including our study have highlighted Vit-D3’s ability to decrease the harmful effect 

of the AGEs-RAGE axis on β-cells (Contreras-Bolívar et al., 2021).  
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Several studies have consistently highlighted the pivotal functions of insulin 

encompassing neuroprotection, neuronal glucose uptake, appetite regulation, and the control 

of growth hormone secretion. Traditionally, insulin was thought to originate exclusively from 

pancreatic β-cells, traversing from the general circulation into the cerebrospinal fluid through 

receptor-mediated transcytosis (Baura et al., 1993). However, recent investigations have 

unveiled the presence of insulin, its mRNA, and C-peptide centrally in different regions and 

prominently in the hippocampus (Mehran et al., 2012). Subsequent research has 

demonstrated that insulin not only traverses the BBB but is also expressed in neurons in 

response to glucose stimulation. Its actions occur in an autocrine and/or paracrine manner 

within the brain, contributing to neural growth and differentiation through the MAPK 

pathway. It remains unclear which actions can be attributed to brain-produced insulin versus 

pancreatic insulin, and the extent to which their functions overlap in the brain. But the 

association between impaired insulin expression and signaling and memory decline, 

particularly in AD, underscores the significance of brain-produced insulin in maintain in 

cognition (Sȩdzikowska & Szablewski, 2021). Another study highlighted the involvement of 

proinsulin in reducing the levels of neuroinflammation markers by activating the protein 

kinase B (Akt) pathways. Consequently, a reduction in the concentrations of TNF-α and IL-

1β was observed in the hippocampus of mice, aligning with enhanced cognitive performance. 

Also, it was revealed that hippocampal neuron insulin secretion is controlled by the Ca2+-

dependent activator protein for secretion 2 (CAPS2) (Dakic et al., 2023). In the course of our 

investigation, we observed a significant increase in hippocampal insulin levels within the Vit-

D3 group. This noteworthy finding prompts the necessity for further research to explore the 

mechanism of Vit-D3's impact on brain-produced insulin expression and its potential 

interaction with CAPS2. 

The motor performance of the rats in each group was evaluated using a rotarod 

apparatus. STZ group showed a significant decrease in motor performance indicated by the 

decrease in the time to fall from the rotating rod in compared to the control and Vit-D3 

groups. Previous studies have consistently reported that STZ-induced diabetic rats showed 

impairment in various motor coordination and balance tests, such as the rotarod test, 

indicating that diabetes induced by STZ adversely affects the rats’ ability to perform 

coordinated motor tasks (Muramatsu, 2020). The compromised motor performance observed 
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in rats with STZ-induced diabetes is likely a result of various factors. These factors include 

neurodegeneration and central changes accompanying diabetes that extend beyond regions 

linked to cognitive function, such as the hippocampus. They also impact the central systems 

responsible for motor and sensory functions in the cortex, cerebellum, and basal ganglia 

disturbing mesolimbic dopaminergic and muscarinic systems, which are essential for motor 

coordination (Chen et al., 2017; Lv et al., 2022; Peeyush et al., 2010). Also, peripheral 

neuropathy, where sensory nerve damage in the extremities can lead to disruptions in motor 

function and coordination. The accumulation of AGEs in neural tissues may contribute to 

structural alterations and functional impairments in motor neurons, mediated through 

neuroinflammation and increased oxidative stress. Additionally, diabetes-related 

mitochondrial dysfunction could result in inadequate energy production in neurons, 

impacting their support for motor functions (Yagihashi et al., 1124). Vit-D3 supplementation 

exhibited a mitigative impact on diabetes-induced motor dysfunction in rats, as evidenced by 

enhanced coordination and improved rotarod test performance in different studies including 

our study. The suggested mechanisms underlying this beneficial effect encompass the 

restoration of neurotransmission alterations and rebalancing of glucose utilization in the 

cerebellum associated with diabetes (Peeyush et al., 2010). Also, its anti-inflammatory 

properties may help mitigate the impact of chronic inflammation and AGEs-RAGE axis 

overactivation associated with diabetes on nerves contributes to nerve health, potentially 

addressing neuropathy linked to diabetes (Nimitphong & Holick, 2011). Additionally, 

improved insulin sensitivity, influenced by adequate Vit-D3 levels, can positively affect 

glucose metabolism, aiding energy production during physical activity. Moreover, Vit-D3 

supports muscle strength and function by regulating calcium and promoting muscle protein 

synthesis along with improved bone health collectively enhancing balance and coordination.  

The eight-arm radial maze test was chosen as a behavioral assessment, a test widely 

used in various STZ-induced Alzheimer’s models (Egashira et al., 2018; Kosaraju et al., 

2014). In our maze test results, the significant increase in the time spent to complete the test 

as well as the significant decrease in the number of correct arm choices made by STZ group 

compared to the control and Vit-D3 groups demonstrating impairment in short and long-term 

memories due to STZ which was effectively improved by Vit-3, a finding consistent with 

previous studies (Alrefaie & Alhayani, 2015; Calgaroto et al., 2014; Kumar et al., 2011; 
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Muneeb et al., 2022b). The exact mechanisms linking diabetes to cognitive dysfunction are 

complex and involve a combination of 1) Metabolic factors including chronic hyperglycemia 

that affects the health of neurons and synapses, as well as the disruption of insulin 

neurotrophic activity. 2) Inflammatory factors play a crucial role, with the AGEs- RAGE axis 

mediating chronic inflammation and oxidative stress that contribute to neurodegeneration. 3) 

Vascular factors including endothelial dysfunction and vascular damage (Biessels & Despa, 

2018a). Understanding the pathological mechanisms of cognitive impairment in diabetes is 

crucial for developing targeted interventions to mitigate cognitive decline in this population. 

Vit-D3 receptors are found in the brain (Eyles et al., 2005), and Vit-D3 has been implicated 

in modulating neurotrophic factors, regulation of neurotransmitters and has been associated 

with improved learning and memory, stimulation of PI3K/AKT signaling, leading to 

downregulation of Alzheimer’s-associated markers (Zaulkffali et al., 2019), and activation of 

the Wnt/β-catenin pathway, enhancing cholinergic transmission and influencing the balance 

between the pro- and anti-inflammatory responses (Muneeb et al., 2022b). Also, Vit-D3 also 

modulates inflammation, apoptosis, and oxidative stress through the MARRS receptor, acting 

as an anti-inflammatory and antioxidant agent reducing neuroinflammation. These 

mechanisms may contribute to its positive effects on cognitive function. Previous studies 

have highlighted Vit-D3's ability to alleviate cognitive dysfunction through various 

mechanisms. In our study, we aimed to focus on the impact of Vit-D3 on the harmful effects 

of the AGEs–RAGE system and S100 proteins as potential biomarkers for early diagnosis 

and prevention of diabetic complications.  

AGEs are molecules produced through the non-enzymatic glycation and oxidation of 

various macromolecules. The AGEs-RAGE signaling pathway plays a crucial role in various 

diseases, including diabetes and neurodegenerative conditions. We measured the serum and 

hippocampal levels of RAGE using an appropriate ELISA kit. A noticeable increase in RAGE 

serum concentration was observed in the STZ group compared to the control group. 

Additionally, RAGE levels in the hippocampus were found to be significantly elevated in 

both the STZ and Vit-D3 groups compared to the control group. However, this increase was 

highest in the STZ group. Vit-D3 reduced both RAGE levels in the hippocampus and serum 

samples compared to the STZ group. The effect of Vit-D3 on reducing increased serum 

RAGE levels was significant when compared to the STZ group. In diabetes, chronic 
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increased glucose in the bloodstream provides more substrate for non-enzymatic glycation 

reactions, increasing the generation of AGEs (K. C. Tan et al., 2006) which is closely related 

to the neuroinflammatory response in the progression of cognitive dysfunction. Numerous 

studies have shown that AGEs accumulation leads to the upregulation of RAGE. The AGEs-

RAGE interaction establishes a positive feedback loop, activating signaling pathways that 

enhance RAGE expression and initiate inflammatory responses, particularly through NF-κB. 

This leads to the transcription of pro-inflammatory genes, perpetuating a cycle of 

inflammation and oxidative stress (Chuah et al., 2013; Nowotny et al., 2015b). These 

responses create a microenvironment favoring increased RAGE expression. The impact of 

Vit-D3 on AGEs concentration is suggested to involve multiple mechanisms. Vit-D3 is 

known for its anti-inflammatory effects, modulating pathways contributing to the formation 

and accumulation of AGEs. By reducing inflammation, Vit-D3 could indirectly impact AGEs 

generation (Mousa et al., 2018). Additionally, by mitigating oxidative damage caused by 

AGEs-RAGE interaction, Vit-D3 may help control AGEs production (Talmor et al., 2008).  

Despite conflicting findings in existing studies on the influence of Vit-D3 supplementation 

on RAGE expression in various tissues and cells, our study reveals a promising effect of Vit-

D3 both on serum and hippocampal RAGE levels, possibly as a result of reduced AGEs. 

Moreover, the antioxidant property of Vit-D3 mitigates mitochondrial dysfunction and 

reduces oxidative stress, both associated with RAGE overexpression induced by 

hyperglycemia (Hussien et al., 2019). Another suggested mechanism involves the positive 

effect of Vit-D3 on sRAGE (Jung et al., 2013). Acting as a binder to AGEs inhibiting AGEs–

RAGE interaction. Although our results showed an increased serum level of sRAGE in the 

Vit-D3 group compared to the control and STZ groups, this increase is not statistically 

significant, possibly attributed to the severity of diabetes in this group or to the study’s small 

sample size. 

In addition to AGEs, RAGE interacts with various endogenous proteins, such as S100 

proteins, acting as ligands and contributing to inflammatory responses implicated in 

neurodegenerative disorders and inflammatory conditions. The study observed no significant 

difference in serum concentrations of the S100B protein among different groups, possibly 

due to the study's limited sample size, constraining the ability to conduct a comprehensive 

analysis. Prior studies have reported decreased serum levels of S100B protein in both diabetic 
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patients and STZ-induced diabetic rats (Yu et al., 2020b). The underlying cause of this 

decrease is not fully understood but has been linked to damaged Schwann cells, suggested as 

the origin of persistent S100B expression in pancreatic islets. Studies with S100B knockout 

mice demonstrated reduced expression of the S100B receptor RAGE and preserved β-cell 

function, indicating the apoptotic potential of S100B. In vitro experiments with β-cells 

further supported these findings, showing increased caspase-3 activity after S100B treatment 

(Mohammadzadeh et al., 2018). Moreover, S100B knockout in mice resulted in resistance to 

STZ-induced diabetes, possibly due to the downregulation of GLUT2, a glucose transporter 

necessary for selective STZ absorption by beta cells. S100B is believed to regulate GLUT2 

expression by activating a pathway involving RAGE and AP-1 (activator protein-1) (Bianchi 

et al., 2011; Zhang et al., 2016). Additionally, S100B-deficient mice exhibited enhanced 

glucose tolerance, reduced hyperglycemia, urine volume, and lower water and food 

consumption (Mohammadzadeh et al., 2018). 

In concern of hippocampus, the S100B protein levels were significantly increased in 

STZ-administered groups (both STZ and Vit-D3 groups) in compared to the control group. 

This increase is reduced in Vit-D3 group but not significantly. In situations characterized by 

inflammation, such as those occurring in neurodegenerative disorders and DACD due to 

AGEs-RAGE axis overactivation, there is an increase in the levels of S100B protein and its 

receptor, RAGE, in both neural and inflammatory cells. It is worth noting that in hippocampal 

slices, the activation of RAGE has been demonstrated to induce the secretion of S100B 

through the stimulation of pro-inflammatory cytokines (Kögel et al., 2004). These findings 

were consistent with ours. Because there was a decrease in S100B protein levels in the Vit-

D3 group, which coincided with a decrease in hippocampal RAGE levels. S100B functions 

as a cytokine. When RAGE is persistently overactivated, it triggers signaling cascades that 

enhance NF-kB and excessive ERK1/2 activation, amplifying inflammation and oxidative 

damage. This contributes to astrogliosis, microgliosis, and impairment of mitochondrial 

function, ultimately leading to neuronal and glial apoptosis (Bianchi et al., 2010, 2011). 

Decrease in hippocampal S100B levels within the Vit-D3 group may be attributed to its anti-

inflammatory and antioxidant effects related with RAGE.  

The association between calprotectin serum levels and insulin resistance in T2DM, 

obesity-related chronic inflammation, and diabetic cardiovascular complications has been 
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extensively studied (Catalán et al., 2011; Jukic et al., 2021; Mortensen et al., 2009). However, 

research on the serum and hippocampal levels of calprotectin in type 1 diabetes is limited. In 

our study, we observed an increase in calprotectin levels in both the serum and hippocampus 

of STZ-induced diabetic rats, indicating heightened inflammatory responses. The 

neuroinflammation associated with extensive activation of microglial and astroglia cells, 

triggered by calprotectin, contributes to the pathogenesis of DACD. Interestingly, Vit-D3 

administration did not affect the elevated calprotectin levels, suggesting that the impact of 

Vit-D3 on memory may not be mediated through a reduction in hippocampal calprotectin 

levels. Studies exploring the influence of Vit-D3 on calprotectin serum levels in individuals 

with T1DM have yielded conflicting results. While some studies suggest a potential decrease 

in calprotectin levels with Vit-D3 supplementation, indicating a favorable effect on 

inflammatory markers linked to T1DM (Jin et al., 2013), others report limited or inconsistent 

changes. Vit-D3's anti-inflammatory properties, regulation of oxidative stress, inhibition of 

the RAGE pathway, and interaction with inflammatory cytokines collectively contribute to 

its potential in modulating the formation and accumulation of AGEs, highlighting its 

multifaceted role in mitigating AGEs-related processes. 
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6. CONCLUSION 

 

 

In our study, the levels of specific S100 protein subtypes, S100B, and S100A8/A9 

(calprotectin), as well as changes in motor performance and cognitive function were 

investigated in an STZ-induced diabetic rat model, exploring the effect of Vit-D3. 

1- STZ induced weight loss, high fasting blood glucose levels, and signs of polyuria 

and polydipsia throughout the study. 

2- STZ and Vit-D3 increased insulin levels in both serum and hippocampus. 

3- STZ impaired rotarod performance, whereas Vit-D3 improved it. 

4- STZ impaired RAM performance, decreased correct arm choices and increased 

RAM completion duration. Vit-D3 reversed both effects of STZ, indicating its 

memory-improving property. 

5- STZ increased RAGE levels in both serum and hippocampus. Vit-D3 decreased 

RAGE in serum, but this decrease was nonsignificant in the hippocampus. No 

significant difference was detected for serum sRAGE and S100B. In the 

hippocampus, STZ increased S100B protein expression, an effect non 

significantly decreased by Vit-D3.  

6- An elevated calprotectin level was observed in the serum and hippocampus of 

STZ rats.  

According to the results, calprotectin and RAGE serum levels are increased in the 

STZ-induced rat diabetes model, suggesting their potential use as biomarkers for monitoring 

the disease and following the beneficial effects of Vit-D3. Monitoring components of the 

AGEs-RAGE axis and S100 proteins in DM and DACD pathophysiology and supporting 

future studies will be beneficial. 
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