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1. Abstract 

Type 2 diabetes mellitus (T2DM) is the most common form of diabetes and 

one of the fastest-growing metabolic disorders worldwide. Beyond its 

systemic complications, T2DM increases the risk of cognitive impairment and 

dementia, particularly Alzheimer’s disease (AD). This convergence has led to 

the concept of AD as “type 3 diabetes,” driven by hyperglycemia, insulin 

resistance, oxidative stress, and the accumulation of advanced glycation end-

products (AGEs). Despite this evidence, glycated hemoglobin (HbA1c) 

remains the gold-standard biomarker for glycemic control, although it reflects 

only long-term glycemia and is unreliable in several comorbidities. Glycated 

albumin (GA) and methylglyoxal (MGO) have emerged as promising 

alternatives: GA captures short-term glycemic variability, while MGO is a 

highly reactive dicarbonyl driving AGE formation. Their translational value 

in monitoring diabetes-related cognitive decline, however, has not been 

systematically investigated. 

My Ph.D. project investigated the link between diabetes and cognitive 

impairment, with a specific focus on recognition memory and hippocampal 

pathology, and assessed the potential of GA and MGO as biomarkers of 

T2DM progression. A critical challenge was the choice of appropriate animal 

models. Animal models of diabetes lack standardized protocols and often 

yield inconsistent outcomes. Low-dose streptozotocin (STZ) can be 

interpreted as inducing either type 1–like or aspects of T2DM, and few 

longitudinal studies clarify its natural history. Similarly, HFD/STZ protocols 

vary widely between laboratories regarding STZ dosage, number of injections, 

and duration of high-fat feeding, limiting reproducibility and translational 

clarity.  

To address this, two experimental models were developed. The first model 

(STZ model) was based on low-dose streptozotocin (STZ) administration in 

adult mice. This model was examined under two different conditions: one 

group of animals followed a normal diet (ND), while another group was 

exposed to a detrimental high-sugar (HS) diet.  The HS diet was applied to 

evaluate whether excessive sugar intake could induce or exacerbate the 

diabetic condition. The second preclinical model (HFD/STZ model) combined 

a high-fat diet (HFD) with low-dose STZ treatment. In addition, HFD alone 

was studied to assess the specific contribution of diet-induced metabolic 
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changes. These models were followed longitudinally from adulthood to 

senescence, allowing integrated evaluation of systemic metabolism, 

biomarkers, behavior, and hippocampal injury. 

As expected, in control mice glycemia and GA were not affected by advancing 

age, whereas MGO declined progressively, suggesting serum MGO may 

decrease as intracellular sequestration and AGE formation increase when 

detoxification capacity becomes less efficient. A long exposure to 10%HS 

supplementation modestly increased GA, but did not alter the other metabolic 

parameters (fasting glycemia and MGO) in both control and diabetic mice. 

Instead, HFD feeding produced progressive hyperglycemia and insulin 

resistance, confirming its role as a driver of metabolic dysfunction. 

The STZ model induced a severe diabetic phenotype characterized by 

hyperglycemia, elevated GA, insulitis, and pancreatic islet disorganization, 

along with impaired recognition memory and hippocampal injury, with tau 

hyperphosphorylation and β-amyloid accumulation. Unexpectedly, most 

diabetic animals in this model exhibited partial spontaneous remission. This 

recovery was accompanied by partial restoration of pancreatic islet 

architecture, improved recognition memory, and attenuation of hippocampal 

injury, suggesting intrinsic plasticity at both the pancreatic and brain levels. 

In contrast, the HFD/STZ model induced a persistent diabetic phenotype with 

sustained hyperglycemia, insulin resistance, elevated GA and MGO, 

pancreatic insulitis, impaired recognition memory, and severe hippocampal 

pathology, including tau hyperphosphorylation and β-amyloid accumulation. 

Taken together, these findings demonstrate that GA and MGO provide 

complementary insights into diabetes progression and its neurological 

consequences. While HbA1c remains the conventional marker of long-term 

glycemic control, GA better reflects short-term fluctuations, and MGO 

captures the burden of dicarbonyl stress and AGE formation. The integration 

of these biomarkers with behavioral and neuropathological outcomes 

reinforces their translational potential for monitoring diabetes-related 

cognitive decline. Furthermore, the comparison of preclinical models revealed 

substantial differences: the STZ model displayed a tendency toward partial 

remission and functional recovery, whereas the HFD/STZ model produced a 

persistent and severe diabetic phenotype with sustained cognitive and 

hippocampal deficits. 
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In conclusion, this Ph.D. project highlights the importance of selecting 

appropriate experimental models to investigate the complex interplay between 

diabetes and brain pathology. It provides evidence that GA and MGO 

represent promising biomarkers of systemic metabolic dysregulation that are 

consistently associated with diabetes-related cognitive impairment and 

hippocampal alterations. The observation of spontaneous recovery in the STZ 

model suggests intrinsic plasticity at both pancreatic and neuronal levels. In 

contrast, the persistence of pathology in the HFD/STZ model underscores the 

detrimental impact of diet-induced metabolic alterations. Overall, these 

findings support the value of GA and MGO for monitoring diabetes-associated 

cognitive decline and point to new avenues for interventions aimed at 

preserving brain health in T2DM.
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2. Abbreviations 

AD: Alzheimer’s Disease 

AGEs: Advanced Glycation End-products  

APOE: apolipoprotein E  

APP: amyloid precursor protein  

Aβ: β-amyloid  

BACE-1: β-site amyloid precursor protein cleaving enzyme 1 

BBB: Blood-Brain Barrier  

CDK5: cyclin-dependent kinase 5 

CI: Cognitive Impairment 

CNS: Central Nervous System 

COX-2: cyclooxygenase-2   

CRP: C-reactive protein 

DI: Discrimination Index 

DM: Diabetes Mellitus 

eNOS: endothelial nitric oxide synthase 

ERS: Endoplasmic Reticulum Stress 

FAD: familial AD 

FI: Frailty Index 

FPG: Fasting Plasma Glucose   

G3P: Glyceraldehyde-3-phosphate  

GA: Glycated Albumin 
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GIP: Glucose-dependent Insulinotropic Polypeptide  

GLO: Glyoxalase  

GLP-1: Glucagon-Like Peptide 1  

GLUT: Glucose transporter  

Grb2: Growth factor receptor-bound protein 2  

GSH: Glutathione   

GSK-3β: glycogen synthase kinase-3β  

HbA1c: Glycated hemoglobin  

HFD: High Fat Diet 

HOMA-IR: Homeostatic Model Assessment of Insulin Resistance 

IAPP: Amylin  

IDE: Insulin-Degrading Enzyme 

IDF: International Diabetes Federation 

IFG: Impaired Fasting Glucose  

IGF: Insulin-like Growth Factor  

IGFRs: IGF receptors  

IGT: Impaired Glucose Tolerance  

IL: Interleukin 

IR: Insulin Resistance 

IRS: Insulin Receptor Substrates  

IRs: Insulin Receptors  

JNK: c-Jun N-terminal kinase   
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LTD: Long-Term Depression 

LTP: Long-Term Potentiation 

MAPK: mitogen-activated protein kinase 

MCI: Mild Cognitive Impairment 

MGO: Methylglyoxal 

mTORC1: mammalian Target of rapamycin complex 1  

NAFLD: Non-Alcoholic Fatty Liver Disease 

NF-kB: Nuclear factor kappa-light-chain-enhancer of activated B cells 

NFTs: Neurofibrillary tangles  

NO: Nitric Oxide 

NOR: Novel Object Recognition 

NOS: Nitric Oxide Synthases 

NOX: NADPH Oxidases 

OGTT: Oral Glucose Tolerance Test 

OL: Object Location 

PCOS: Polycystic Ovary Syndrome 

PHFs: Paired Helical Filaments  

PP: Pancreatic Polypeptide  

PP2A: protein phosphatase 2A 

RAGE: Receptor of Advanced Glycation End-products  

RMS: Rabson–Mendenhall syndrome  

RNS: Reactive Nitrogen Species 
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ROS: Reactive Oxygen Species 

sAPPα: soluble amyloid precursor protein alfa 

sAPPβ: soluble amyloid precursor protein beta 

SNPs: Single-nucleotide polymorphisms  

STZ: Streptozotocin 

T1DM: Type 1 Diabetes Mellitus 

T2DM: Type 2 Diabetes Mellitus 

T3DM: Type 3 Diabetes Mellitus 

TAIRS: Type A IR syndrome  

TBIRS: Type B IR syndrome  

TNF: Tumor Necrosis Factor 

WHO: World Health Organization 

XO: Xanthine Oxidases  
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3. Introduction 

3.1. Diabetes Mellitus: epidemiology and classification 

Diabetes mellitus (DM) is a metabolic disorder characterized by chronic 

hyperglycemia resulting from insulin deficiency. Insulin is a hormone secreted 

by pancreatic β-cells, which, under pathological conditions, may either fail to 

be produced or, even if produced, may be insufficient or ineffectively utilized 

by the target cells of the organism (Nowotny et al., 2015). 

DM currently represents a global public health issue. According to the 

International Diabetes Federation (IDF), in 2024 approximately 589 million 

individuals worldwide will be affected by DM. Both the IDF and the World 

Health Organization (WHO) further estimate that the prevalence of this 

condition will rise to 853 million cases by 2050 (International Diabetes 

Federation, 2025). 

Beyond the characteristics of hyperglycemia, additional alterations are 

frequently observed in DM, including insulin resistance, compensatory 

hyperinsulinemia, and impaired insulin secretion. Moreover, DM is not 

limited to the two well-known forms but comprises up to nine distinct types, 

with the intermediate state of prediabetes also clinically recognized. 

Prediabetes is defined as a condition in which blood glucose levels are above 

the physiological range but not yet high enough to meet the diagnostic 

threshold for diabetes, typically between 110 and 125 mg/dL (5.7–6.4 

mmol/L). This state is associated with impaired fasting glucose (IFG) and/or 

impaired glucose tolerance (IGT). Patients with prediabetes often present with 

abdominal or visceral obesity, dyslipidemia characterized by elevated 

triglycerides and/or reduced HDL cholesterol, and hypertension (American 

Diabetes Association, 2021). 

Diabetes can be classified into two main forms: type 1 diabetes mellitus 

(T1DM) and type 2 diabetes mellitus (T2DM). Both forms are associated with 

chronic hyperglycemia caused by impaired carbohydrate, lipid, and protein 

metabolism (Hamzé et al., 2022). 

3.1.1. Type 1 diabetes 

T1DM is a multifactorial autoimmune disease in which genetic susceptibility, 

most strongly conferred by polymorphisms in the major histocompatibility 

complex (MHC), particularly human leukocyte antigen (HLA) class II alleles, 
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interacts with environmental triggers such as viral infections, dietary factors, 

and gut microbiota to initiate immune-mediated β-cell destruction (Tosur et 

al., 2025). These genetic and environmental interactions lead to the production 

of autoantibodies that trigger an autoimmune response against pancreatic β-

cells. The disease manifests clinically when approximately 80% of these cells 

are destroyed, thereby suppressing insulin production. Typically, onset occurs 

during childhood or adolescence, and from the moment of diagnosis, patients 

require lifelong exogenous insulin therapy to manage their glycemia and 

prevent severe complications (Santiago et al., 2023).  

The absence of insulin disrupts the functional and metabolic profile of organs 

involved in the fasting-feeding cycle. Consequently, glucagon activity 

predominates, driving the metabolic response of these organs under fasting 

conditions. In particular, the liver activates gluconeogenesis, leading to 

protein catabolism for the production of amino acids (mainly glutamine and 

alanine). Thus, despite glucose intake from the diet, the liver continues to 

release additional glucose into circulation. Insulin also promotes fatty acid 

storage in adipose tissue; in its absence, fatty acids are released from adipose 

depots and utilized, for example, by the liver to fuel gluconeogenesis or to 

produce ketone bodies. Dietary fatty acids, not being stored efficiently in 

adipose tissue, tend to accumulate in the bloodstream. In uncontrolled diabetic 

patients, ketone body levels increase significantly, representing the most 

critical risk factor. Ketone bodies are acidic molecules that, when present in 

excess, saturate the bicarbonate buffering system, leading to metabolic 

acidosis. In severe cases, this condition may progress to diabetic coma 

(Guthrie & Guthrie, 2004). 

The clinical picture of T1DM reflects these underlying mechanisms: severe 

hyperglycemia, episodes of hypoglycemia linked to exogenous insulin 

administration, and a marked tendency toward ketoacidosis are common. 

From an endocrine perspective, patients generally present with preserved or 

increased peripheral insulin sensitivity (particularly at early stages), mostly 

elevated glucagon or normal levels of glucagon and reduced secretion of 

pancreatic polypeptide (PP), reduced or normal secretion of glucose-

dependent insulinotropic polypeptide (GIP), and preserved glucagon-like 

peptide-1 (GLP1) (Guglielmi et al., 2017). A distinct variant, idiopathic 

T1DM, is characterized by insulinopenia and recurrent ketoacidosis in the 

absence of β-cell autoimmunity. Unlike the classical autoimmune form, this 
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variant shows no association with HLA polymorphisms, and its etiology 

remains unclear. It is not a monogenic form of diabetes (such as MODY), 

since it does not follow a defined pattern of genetic inheritance (American 

Diabetes Association, 2021). 

3.1.2. Type 2 diabetes 

T2DM, which accounts for approximately 90% of DM cases, is characterized 

by insulin resistance combined with a relative insulin deficiency, which can 

progress to severe deficiency with the onset of beta-cell failure. Clinically, 

T2DM is diagnosed when repeated fasting plasma glucose levels reach or 

exceed 126 mg/dL, and is confirmed by a 2-hour plasma glucose during a 75 

g oral glucose tolerance test (OGTT) is ≥ 200 mg/dL, or when HbA1c is ≥ 

6.5% (Villegas-Valverde et al., 2018). 

The onset of T2DM is strongly influenced by lifestyle and dietary habits. 

Sedentary behavior, excess adiposity, and hypercaloric diets rich in refined 

carbohydrates and saturated fats represent the major risk factors, as they 

promote chronic hyperinsulinemia, low-grade inflammation, and lipid 

accumulation in insulin-sensitive tissues, progressively impairing insulin 

signaling and glucose homeostasis (Guthrie & Guthrie, 2004; Santiago et al., 

2023). 

The pathogenesis reflects a combination of insulin resistance, impaired 

peripheral glucose disposal, eventually leading to islet dysfunction and 

reduced insulin secretion. Thus, the pathology arises not from a lack of insulin 

production but from the inability of target tissues to respond to insulin 

signaling. Indeed, patients with T2DM can produce insulin, but their target 

cells become insensitive or nearly refractory to its action, giving rise to an 

insulin resistance condition (Khin et al., 2023; Figure 1).  
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Figure 1. Different pathogenesis of T1DM and T2DM. T1DM results from immune-

mediated destruction of pancreatic β-cells, causing absolute insulin deficiency and 

hyperglycemia. T2DM is characterized by β-cell dysfunction due to glucotoxicity, 

lipotoxicity, cytokines, amyloid deposits, and insulin resistance and/or 

hyperglycemia, leading to relative insulin deficiency in the context of peripheral 

insulin resistance (Khin et al., 2023). 

Consequently, T2DM is managed primarily with pharmacological agents that 

improve insulin sensitivity, reduce hepatic glucose production, or stimulate 

insulin secretion. For example, metformin reduces hepatic gluconeogenesis, 

thiazolidinediones improve insulin sensitivity in adipose tissue and muscle, 

and sulfonylureas stimulate pancreatic insulin secretion. However, due to the 

limitations of traditional therapies, including incomplete glycemic control and 

adverse effects, new classes of drugs have been developed. These include 

SGLT2 inhibitors, which lower blood glucose by reducing renal glucose 

reabsorption, and GLP-1 receptor agonists, which enhance insulin secretion, 

suppress glucagon, and reduce appetite. These agents are used not only to 

improve glycemic control but also to promote weight loss and provide 

cardiovascular and renal protection (Gieroba et al., 2025).  

The metabolic profile of T2DM patients differs from that of T1DM patients. 

Although the organism experiences feeding-fasting fluctuations, it does not 

adequately respond to them. Initially, the pancreas compensates by increasing 

insulin secretion, leading to compensatory hyperinsulinemia, which 

characterizes metabolic syndrome (Syndrome X) (Guthrie & Guthrie, 2004).  
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Unlike in T1DM, residual endogenous insulin secretion in T2DM usually 

prevents excessive lipolysis and ketone body formation, reducing the risk of 

diabetic ketoacidosis. However, inappropriately elevated glucagon secretion 

despite hyperglycemia, together with hepatic insulin resistance, contributes to 

excessive hepatic glucose production, which is a major driver of fasting 

hyperglycemia (Barroso et al., 2024; Chung et al., 2015; DeFronzo, 2015). In 

T2DM, glucose uptake by adipose tissue and muscle is impaired, causing 

hyperglycemia. Insulin normally inhibits lipolysis and promotes lipid storage 

by stimulating lipoprotein lipase and suppressing hormone-sensitive lipase. In 

T2DM, insulin fails to suppress lipolysis, leading to excess release of free fatty 

acids (FFAs) from adipocytes. These FFAs are taken up by the liver, re-

esterified into triglycerides, and secreted as VLDL, resulting in 

hypertriglyceridemia and atherogenic dyslipidemia (elevated TG, decreased 

HDL). Inflamed, hypertrophic adipose tissue loses capacity to efficiently store 

lipids, further exacerbating circulating TG and FFA levels (Adiels et al., 2008; 

Boden, 2011). In addition to these metabolic defects, inflammation, ectopic 

lipid deposition, endoplasmic reticulum stress (ERS), and oxidative stress 

further impair insulin sensitivity and β-cell function, contributing to disease 

onset and progression as well as to target organ damage. Nevertheless, the 

most significant complications associated with T2DM derive from chronic 

hyperglycemia, which may lead to non-enzymatic protein glycation and 

subsequent functional alterations in vital organs such as the lens and kidneys. 

Over the years, hyperglycemia has also been identified as a major contributing 

factor to severe cardiovascular complications (accounting for 50% of 

mortality in these patients) and to nervous system damage (Nowotny et al., 

2015).  

Additionally, there is a strong comorbidity with obesity: approximately 80% 

of T2DM patients are obese, although the majority of obese individuals are 

not diabetic (Guthrie & Guthrie, 2004). 

3.2. The systemic complications of T2DM 

As previously described, T2DM is a chronic multisystem disease in which 

long-standing hyperglycemia and insulin resistance translate into organ-

specific complications that largely determine prognosis and quality of life. 

The main clinical features of T2DM will be described in this section. 
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3.2.1. Hyperglycemia 

Hyperglycemia represents the central clinical manifestation of T2DM and 

constitutes the main driver of both acute and chronic complications. 

In the fasting state, hyperglycemia arises from an inappropriately low insulin-

to-glucagon ratio, which drives hepatic glucose overproduction. After meals, 

hyperglycemia stems from insufficient insulin availability or action, limiting 

glucose uptake in insulin-sensitive tissues. Postprandial excursions are further 

shaped by meal size and composition, carbohydrate content, and the dynamics 

of insulin release and glucagon suppression (Simon & Wittmann, 2019; Yari 

et al., 2020). 

Sustained hyperglycemia has profound systemic effects. Higher glycemic 

levels are positively correlated with cardiovascular risk, and chronic exposure 

predisposes to acute metabolic decompensation, including diabetic 

ketoacidosis and hyperosmolar hyperglycemic state. In the long term, 

persistent hyperglycemia promotes the non-enzymatic glycation of proteins 

and lipids, leading to the accumulation of advanced glycation end-products 

(AGEs). These molecules interact with their receptor (RAGE), activate pro-

inflammatory and oxidative pathways, and alter protein structure and function. 

Such processes underlie microvascular complications (retinopathy, 

nephropathy, neuropathy) and macrovascular disease (coronary artery disease, 

stroke, peripheral artery disease), which together account for the majority of 

morbidity and mortality in T2DM (Nowotny et al., 2015; Pliszka & 

Szablewski, 2024). 

At the cellular level, excessive glucose enhances the production of reactive 

oxygen species (ROS), damages DNA and lipids, and disrupts mitochondrial 

function. This oxidative stress perpetuates inflammation, worsens insulin 

resistance, and accelerates β-cell dysfunction, creating a self-reinforcing cycle 

of metabolic deterioration (Nowotny et al., 2015). 

Hyperglycemia also contributes to oncogenesis. The Warburg effect illustrates 

the reliance of tumor cells on glycolysis; abundant circulating glucose 

supports biosynthetic pathways and energy production, thereby favoring 

tumor growth and metastatic progression (Rahman et al., 2021; Wang et al., 

2020). 

In the nervous system, chronic hyperglycemia and AGE accumulation induce 

endothelial dysfunction, compromise the blood–brain barrier (BBB), and 

promote neuronal damage. These processes contribute to cognitive decline 
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and neurodegenerative changes, thus expanding the clinical burden of T2DM 

beyond its classical vascular complications (Simon & Wittmann, 2019; Yari 

et al., 2020). 

Altogether, hyperglycemia is not only a diagnostic hallmark of T2DM but also 

a pathogenic force, linking metabolic dysregulation to acute crises, chronic 

vascular complications, oncogenesis, and neurological decline. 

3.2.2. Insulin Resistance and hyperinsulinemia 

Insulin resistance (IR) denotes a reduced responsiveness of insulin-target 

tissues to normal hormone concentrations, such that a higher-than-usual 

insulin level is required to achieve metabolic control. In other words, some 

cells or organs fail to respond adequately to physiological insulin, 

necessitating higher levels to maintain homeostasis. Clinically, IR 

encompasses rare, severe syndromes, including Donohue syndrome, Rabson–

Mendenhall syndrome (RMS), type A IR syndrome (TAIRS), type B IR 

syndrome (TBIRS), type C IR/HAIR-AN, lipodystrophies, and other forms of 

severe IR (Lee et al., 2022; Szablewski, 2024). 

In T2DM, sustained hyperglycemia often reflects diminished cellular insulin 

efficacy and reduced peripheral glucose utilization; to maintain euglycemia, 

β-cells increase insulin secretion, producing hyperinsulinemia. This adaptive 

drive involves β-cell hyperplasia and hypersecretion, but chronic 

overproduction ultimately impairs β-cell function, contributing to the onset 

and progression of T2DM. Hyperinsulinemia is therefore not only a marker of 

IR but also a pathogenic factor in its own right. Persistently high insulin alters 

cellular signaling, promotes lipogenesis, sympathetic overactivation, sodium 

retention, and endothelial dysfunction, and may contribute to hypertension, 

dyslipidemia, and atherosclerosis. Because of these maladaptive effects, some 

authors have introduced the concept of “insulin toxicity”, emphasizing that 

elevated insulin levels, independent of glycemia, are harmful to tissues and 

metabolic homeostasis (Cerf, 2013; Kolb et al., 2020). 

Mechanistically, IR is multifactorial, arising from low-grade inflammation, 

disordered glucose handling with hyperglycemia and AGE formation, 

elevated free fatty acids and triglycerides, oxidative stress, mitochondrial 

dysfunction, endoplasmic reticulum stress, and reactive nitrogen species 

(RNS) (Fazakerley et al., 2018; Ma et al., 2018; Pinto-Junior et al., 2018). 
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Oxidative stress, in particular, increases highly reactive species that damage 

proteins, lipids, and nucleic acids (Dilworth et al., 2021).  

Clinically, IR and hyperinsulinemia are closely associated with or contribute 

to non-alcoholic fatty liver disease (NAFLD), polycystic ovary syndrome 

(PCOS), Alzheimer’s disease (AD), and cardiovascular and cerebrovascular 

disease (Li et al., 2021; Marušić et al., 2021; Sȩdzikowska & Szablewski, 

2021).  

Moreover, insulin can promote tumor development: epidemiological links 

connect IR/hyperinsulinemia to breast, colorectal, prostate, pancreatic, 

adrenocortical, endometrial, and other cancers (Szablewski, 2024). 

Taken together, insulin resistance and compensatory hyperinsulinemia 

represent not only hallmarks of T2DM but also active drivers of metabolic 

deterioration. Their detrimental effects are largely mediated through enhanced 

oxidative stress and chronic low-grade inflammation, which will be further 

addressed in the following section. 

3.2.3. Oxidative stress and Inflammation 

Oxygen, essential for aerobic metabolism, can also give rise to highly reactive 

radicals. In its ground state, it bears two unpaired electrons and, upon 

excitation, can form singlet oxygen and other reactive derivatives collectively 

termed ROS. Primary enzymatic sources of ROS include NADPH oxidases 

(NOX) and xanthine oxidase (XO). In parallel, metabolites produced via nitric 

oxide synthases (NOS) are grouped as RNS. Endogenously, ROS and RNS 

originate from mitochondrial as well as non-mitochondrial enzymes. Within 

mitochondria, they arise during oxidative phosphorylation within the 

respiratory chain (notably complexes I and II) and via flavin-dependent 

enzymes in the matrix. RNS often result from the reaction of NOS-derived 

nitric oxide (NO) with existing ROS (Valko et al., 2007).  

At physiological levels, ROS and RNS regulate stress responses, survival, and 

immune signaling. When their production exceeds antioxidant defenses 

(enzymatic: SOD, catalase; non-enzymatic: glutathione, ascorbate), oxidative 

stress develops. In diabetes, this imbalance is not incidental but a predictable 

consequence of the metabolic milieu, and it closely parallels the onset of 

complications (An et al., 2023).  

In T2DM, hyperglycemia and insulin resistance both boost ROS production 

and weaken antioxidant capacity. Excess glucose increases electron leakage 
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from the mitochondrial respiratory chain. In the vasculature, ROS are also 

generated by NOX, XO, and uncoupled eNOS, reducing nitric oxide 

bioavailability and impairing endothelial function. Hyperglycemia further 

amplifies oxidative stress via four pathways: polyol flux, PKC activation, 

hexosamine flux, and AGE formation. Among these, AGE/RAGE signaling is 

especially relevant, as it activates NF-κB/MAPK cascades and NOX, linking 

glycation to inflammation and redox imbalance. Persistent oxidative stress 

impairs β-cell function, worsens insulin resistance, and promotes vascular 

damage, driving retinopathy, nephropathy, neuropathy, and cardiovascular 

disease (Caturano et al., 2023). 

Oxidative cues and AGEs also act as danger signals. They activate pattern-

recognition systems such as RAGE and selected TLRs, which trigger NF-κB–

dependent transcription and cytokine release. Mitochondrial ROS, together 

with redox-sensitive adaptors, prime and activate the NLRP3 inflammasome. 

This promotes IL-1β/IL-18 maturation and links metabolic stress to β-cell 

dysfunction and vascular inflammation. Thus, ROS both initiates and results 

from inflammatory signaling, creating a cycle that sustains low-grade 

inflammation. This pro-inflammatory state is amplified in insulin-resistant 

adipose tissue. Visceral fat becomes immunologically active, with 

macrophage infiltration, pro-inflammatory polarization, and altered adipokine 

secretion. These changes increase circulating TNF-α, IL-6, and acute-phase 

reactants such as CRP. These mediators interfere with insulin signaling (via 

JNK and NF-κB), propagate endothelial dysfunction, and perpetuate systemic 

inflammation, thereby connecting overnutrition and inactivity to the vascular 

complications of T2DM (Tsalamandris et al., 2019).  

The result is a tightly interlocked network in which hyperglycemia-driven 

redox stress and immune activation potentiate one another, constituting the 

mechanistic substrate for micro- and macrovascular damage and offering a 

plausible bridge to central nervous system vulnerability that will be explored 

in the following sections. 

3.2.4. Cognitive impairment in T2DM 

Cognitive impairment (CI) has emerged as a significant complication of 

T2DM, with multiple longitudinal and cross-sectional studies demonstrating 

that patients with T2DM are at substantially increased risk of both mild 
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cognitive impairment (MCI) and dementia (Biessels & Despa, 2018; Gudala 

et al., 2013; Jeong et al., 2025; Liao et al., 2025).  

Over the last three decades, age-standardized rates of diabetes have shown a 

striking upward trend, with prevalence rising by approximately 90% globally. 

In 2021, diabetes affected more than half a billion people, and demographic 

projections suggest that the number of cases will more than double, reaching 

approximately 1.3 billion within the next 30 years (Ong et al., 2023). 

This demographic expansion implies that T2DM-related cognitive 

complications will become an increasingly important public health concern.  

The mechanisms linking T2DM to cognitive decline are multifactorial. 

Chronic hyperglycemia, insulin resistance, vascular dysfunction, oxidative 

stress, advanced glycation end products, and neuroinflammation act 

synergistically to drive neuronal injury. These processes converge on hallmark 

features of T2DM-related cognitive decline, including synaptic dysfunction, 

neuronal loss, white matter abnormalities, hippocampal atrophy, and impaired 

brain connectivity. Together, these changes compromise memory, executive 

function, and processing speed (Verdile et al., 2015).  

Beyond clinical and imaging features, peripheral biomarkers have also been 

explored. Candidates include phosphorylated tau, glycogen synthase kinase-

3β, inflammatory cytokines (IL-6, TNF-α), and advanced glycation end 

products, though findings remain inconsistent and require further validation 

(Aderinto et al., 2023; Liao et al., 2025). 

Taken together, these insights highlight the multifactorial nature of cognitive 

decline in T2DM and emphasize the need for sensitive, standardized, and cost-

effective diagnostic approaches to enable earlier identification and 

intervention. 

3.3. Type 3 diabetes 

Type 3 diabetes (T3DM) has been defined as a metabolic syndrome 

characterized by brain insulin resistance and consequent disruption of insulin 

signaling. This condition impairs cerebral glucose metabolism, promotes 

oxidative stress and neuroinflammation, and fosters neurodegeneration, 

particularly AD (Nguyen, Ta, Nguyen, Nguyen, & Van Giau, 2020). 

The term “type 3 diabetes” was first proposed in 2005 by Suzanne de la Monte 

and colleagues. Examining post-mortem brain tissue from patients with AD, 
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they observed not only deficits in cerebral glucose metabolism but also insulin 

resistance, insulin-like growth factor (IGF) resistance, and abnormalities in 

signal-transduction pathways. Notably, AD brains showed up to 80% fewer 

insulin receptors compared with non-AD controls, as well as a significant 

reduction in IGF receptors. These changes were accompanied by relative 

deficiencies in insulin and IGF in the brain and cerebrospinal fluid, 

attributable to altered local expression. Based on these findings, AD was 

proposed to share features of T1DM (insulin deficiency) and T2DM (insulin 

resistance), warranting the designation “type 3 diabetes” (de la Monte et al., 

2018). 

3.3.1. Alzheimer’s Disease 

The term dementia refers to a neurodegenerative process that leads to the loss 

of primary intellectual functions, impairment of both short- and long-term 

memory, and consequent disability in occupational and interpersonal domains. 

Dementia is predominantly a late-onset disorder that, given the progressive 

increase in average life expectancy, affects a growing number of patients, with 

significant economic and social repercussions for society. Among the different 

types of dementia, AD represents the most common form of primary, 

irreversible neurodegeneration. AD is characterized by neuronal loss, 

cognitive deficits (primarily affecting memory), and neuroinflammation 

(Shieh et al., 2020).  

Currently, AD affects approximately 56 million people worldwide, and its 

prevalence is expected to double by 2050 (Cummings et al., 2022). 

Two main forms of AD have been described: sporadic (late-onset), which is 

the most common, and genetic (early-onset), which is associated with 

hereditary mutations (Bekris et al., 2010).  

The sporadic form usually manifests after the age of 65, with incidence 

increasing exponentially with age, reaching a prevalence exceeding 1 in 3 after 

85 years. Average life expectancy from the time of diagnosis is approximately 

10 years (Wang et al., 2017). 

The neuropathological hallmarks of AD, shared by both the familial and 

sporadic forms, include: 

• Senile (neuritic) plaques, consisting of extracellular deposits of β-

amyloid (Aβ); 
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• Neuronal degeneration, caused by the intracellular accumulation of 

hyperphosphorylated tau protein aggregates (“tangles”); 

• Cerebral amyloid angiopathy, resulting from β-amyloid accumulation 

around cerebral blood vessels; 

• Neuronal death, occurring in the late stages of the disease (Carranza‐

naval et al., 2021). 

The defining features of AD are the extracellular deposition of Aβ plaques and 

the intracellular aggregation of neurofibrillary tangles (NFTs), predominantly 

localized in the hippocampus and cerebral cortex, where they exert neurotoxic 

effects. However, the presence of these aggregates is not always correlated 

with the onset of the characteristic clinical symptoms observed in the 

advanced stages of the disease. Indeed, deposition of Aβ and NFTs may begin 

as early as the third decade of life as part of brain aging, with prevalence 

increasing with advancing age. This highlights the significant impact of 

lifestyle factors on neurodegeneration and the timing of AD onset (Shieh et 

al., 2020). 

Neuroinflammation plays a pivotal role in AD pathogenesis, as demonstrated 

by alterations in the morphology and distribution of microglia and astrocytes 

observed in the brains of AD patients (Di Benedetto et al., 2022). 

In addition, dysbiosis has emerged as a significant factor, with recent evidence 

indicating that the gut microbiota contributes to the physiological regulation 

of brain function (Dhami et al., 2023).  

Alterations in gut microbial populations have been shown to influence normal 

brain function via the gut-brain axis. The bidirectional communication 

between the central nervous system (CNS) and the gastrointestinal tract is now 

recognized as a key element in the pathogenesis of several neuropsychiatric 

and neurodegenerative disorders, including AD. Conversely, AD itself can 

induce changes in gut microbiota composition (Carranza‐naval et al., 2021). 

The pathogenesis of AD is primarily linked to alterations in β-amyloid 

metabolism, particularly the highly neurotoxic Aβ42 peptide, which begins to 

form oligomers. These oligomers aggregate and damage synapses, promoting 

a proinflammatory state through the activation of microglia and astrocytes. 

The resulting inflammatory response further exacerbates the pathology by 
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disrupting ionic and oxidative homeostasis. In parallel, aberrant 

oligomerization and hyperphosphorylation of tau, a microtubule-stabilizing 

axonal protein, contribute to neuronal dysfunction and cell death, ultimately 

leading to the clinical manifestations of AD. Aβ is derived from amyloid 

precursor protein (APP), a transmembrane protein encoded by the APP gene 

on chromosome 21 and ubiquitously expressed in the CNS. APP is involved 

in synaptogenesis, long-term potentiation (LTP), and regulation of neuronal 

plasticity, and has also been implicated in axonal repair following injury. APP 

can undergo cleavage through two alternative pathways: a non-amyloidogenic 

pathway, in which α-secretase generates a soluble fragment (sAPPα); and an 

amyloidogenic pathway, in which β-secretase (BACE-1) and γ-secretase 

cleave APP at multiple sites, producing Aβ peptides of varying lengths, 

primarily Aβ40 and Aβ42 (Figure 2; Li & Hölscher, 2007; Stanciu et al., 

2020). 

Figure 2. APP processing with normal and amyloidogenic pathway (Zhao et al., 

2020). 

Physiologically, Aβ contributes to synaptic plasticity and neuronal survival, 

but an imbalance between its production and clearance leads to accumulation 

and toxicity (Baglietto-Vargas et al., 2016). 

Insulin has been shown to stimulate α-secretase activity, thereby counteracting 

the pathological processes leading to Aβ formation. In AD, however, β-

secretase activity predominates, generating sAPPβ, which is further processed 

by γ-secretase to produce insoluble Aβ monomers. Extracellular Aβ 

aggregates to form oligomers and plaques, which impair energy metabolism, 

inhibit LTP, and promote long-term depression (LTD) in murine models 

(Rajmohan & Reddy, 2017). 
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Pathological APP processing can also result from mutations in genes 

implicated in familial AD (FAD). These include APP itself (rare mutations), 

presenilin 1 (chromosome 14; the most common mutation site in FAD), and 

presenilin 2 (chromosome 1; rare mutations). Additionally, genetic 

susceptibility to AD is strongly associated with polymorphisms in the 

apolipoprotein E (APOE) gene on chromosome 19, which encodes the APOE 

glycoprotein. APOE is mainly expressed in the liver and in non-neuronal brain 

cells, where it functions as a lipoprotein and cholesterol carrier. Single-

nucleotide polymorphisms (SNPs) produce isoforms that differentially affect 

AD risk, with APOE4 being the strongest genetic risk factor (Di Battista et al., 

2016). 

Tau protein, encoded by the MAPT gene on chromosome 17, exists in six 

isoforms generated by alternative splicing, distinguished by three (3R) or four 

(4R) microtubule-binding repeats. Under physiological conditions, tau 

localizes mainly to axons, where it stabilizes microtubules and regulates 

axonal transport and synaptic function. Phosphorylation of tau is dynamic and 

allows fine control of cytoskeletal remodeling. Notably, tau protein contains 

more than 85 phosphorylation sites regulated by over 20 kinases, including 

GSK-3, CDK5, MAPK, and PKA (Kimura et al., 2014). 

Tau undergoes aberrant hyperphosphorylation, which reduces its affinity for 

microtubules, disrupts cytoskeletal integrity, and impairs axonal transport and 

synaptic development. Hyperphosphorylated tau aggregates spontaneously 

into paired helical filaments (PHFs), which accumulate as NFTs (Figure 3). 

Significantly, the density and distribution of NFTs correlate more strongly 

with cognitive decline than amyloid plaque burden, underscoring their 

pathogenic significance (Basheer et al., 2023).  
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Figure 3. Tau pathogenesis (Chandran & Binninger, 2023). 

These cytoskeletal abnormalities, combined with neuronal depletion, induce a 

state of neuroinflammation (Heneka et al., 2015). 

Emerging evidence suggests that tau oligomers, rather than mature tangles, 

are the most neurotoxic species. These soluble aggregates interfere with 

synaptic signaling, promote oxidative stress, and can spread trans-synaptically 

in a “prion-like” manner, propagating pathology across anatomically 

connected brain regions (Boyarko & Hook, 2021). 

Given that tau phosphorylation is modulated by GSK-3, insulin signaling is 

believed to play a crucial role in this molecular mechanism (Hamzé et al., 

2022).  

Taken together, the dual accumulation of Aβ and pathological tau, 

compounded by neuroinflammation, establishes the core neuropathological 

features of AD. Growing evidence indicates that these processes are tightly 

modulated by insulin signaling, suggesting that brain insulin resistance is not 

merely a comorbidity but a central driver of neurodegeneration. 

3.3.2. The role of insulin in the Brain 

Insulin is a peptide hormone composed of two polypeptide chains totaling 51 

amino acids, with a molecular weight of 5,808 Daltons. It is synthesized by β-

cells within the pancreatic islets of Langerhans (Rulifson et al., 2002). 

Peripheral insulin can cross the BBB, as evidenced by its increased 

concentration in neuronal cells, microvessels, and immature neuronal cells 

(Banks, 2004). 
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Recent studies have suggested the possibility of endogenous insulin 

production within the CNS, since mRNAs and preproinsulin-I have been 

detected in axons, synapses, and dendrites of rat brains, as well as in 

postmortem human brain tissue. However, the cerebral origin of insulin 

remains controversial, and it is still debated whether the locally produced 

amount is physiologically relevant (Duarte et al., 2012; Hamzé et al., 2022). 

Insulin plays an essential role in glucose metabolic homeostasis not only 

peripherally but also within the CNS, where it influences learning and memory 

by modulating synaptic plasticity, synaptic density, synaptic transmission, and 

neurogenesis (Ott et al., 2012). 

IGFs are proteins structurally related to insulin that bind to specific IGF 

receptors (IGFRs) but can also interact with insulin receptors (IRs). IGFs exist 

in two isoforms, IGF-1 and IGF-2, both of which play critical roles in 

metabolism, growth, and cellular proliferation in both peripheral tissues and 

neurons. In particular, IGF-1 acts as a key trophic factor for neurogenesis, 

myelination, synaptogenesis, neuroprotection, and regeneration following 

injury (Hamzé et al., 2022). 

Insulin exerts its effects by binding to insulin receptors (IRs), which are widely 

expressed in peripheral tissues but also distributed throughout the CNS, 

notably in the cerebral cortex, hippocampus, hypothalamus, and amygdala 

(Wei et al., 2021). IRs belong to the family of receptor tyrosine kinases, and 

upon insulin binding, they undergo autophosphorylation at the tyrosine 

residues of the β-subunit. This triggers the recruitment and phosphorylation of 

multiple substrates, which in turn initiate downstream signaling cascades  

(Folch et al., 2018). 

Among the activated substrates, the insulin receptor substrates (IRS), 

classified into six subtypes, are of particular importance. IRS-1 and IRS-2 

specifically mediate phosphorylation cascades leading to the activation of the 

phosphoinositide 3-kinase (PI3K)–protein kinase B (Akt) pathway, which 

plays a crucial role in the CNS. The PI3K/Akt pathway regulates (Figure 4): 

• the translocation of glucose transporter 4 (GLUT4) to the cell 

membrane, essential for maintaining glucose homeostasis in the brain 

(Mergenthaler et al., 2013); 

• the activation of glycogen synthase kinase-3β (GSK-3β), which is 

involved in glucose metabolism, apoptosis, regulation of transcription 
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factors, and production of neurotrophic factors, thereby supporting 

neuronal development and survival (Ding et al., 2000); 

• the activation of mammalian target of rapamycin complex 1 

(mTORC1), which regulates growth and metabolic activities in both 

peripheral and neuronal cells (Jung et al., 2010); 

• the recruitment of growth factor receptor-bound protein 2 (Grb2), 

which activates the SOS/RAS signaling cascade and subsequently the 

kinases ERK1 and ERK2, thereby regulating gene expression and 

cellular growth (Aviello et al., 2010); 

• the release of pro-survival (Bcl-2) and pro-apoptotic (BAD) factors, 

which are involved in the regulation of cell survival (Saito et al., 2012). 

 

Figure 4. Insulin signaling cascade following activation of insulin receptors in the 

brain (Yadav & Dey, 2022). 
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3.4. Pathophysiological mechanisms linking T2DM to T3DM 

Epidemiological investigations have established that T2DM represents a 

significant risk factor for AD. Several population-based studies have 

demonstrated that elderly individuals with T2DM have an increased risk of 

developing AD, with estimates indicating approximately a 50% higher risk in 

individuals above 60 years of age (Chatterjee & Mudher, 2018; Huang et al., 

2014; Mittal & Katare, 2016; Yu et al., 2020).  

Longitudinal analyses support these findings: both Leibson et al. and Huang 

et al. reported that patients with adult-onset diabetes exhibit a significantly 

higher incidence of dementia when compared to age-matched non-diabetic 

cohorts (Huang et al., 2014; Leibson et al., 1997).  

Overall, these data suggest that the presence of T2DM confers at least a 

twofold increase in the risk of AD (Barbagallo, 2014). 

The underlying pathophysiological basis of this association is complex and 

involves multiple converging mechanisms. Among these, alterations in 

glucose metabolism, hyperinsulinemia, and insulin resistance have emerged 

as pivotal processes that bridge peripheral metabolic dysfunction and 

neurodegeneration (Chatterjee & Mudher, 2018).  

The following subsections will examine in detail the principal mechanisms 

linking T2DM to AD, focusing on (i) hyperglycemia and hyperinsulinemia, 

and (ii) the role of insulin resistance, with particular emphasis on its impact 

on tau hyperphosphorylation, oxidative stress, and neuroinflammation 

through AGEs. 

3.4.1. Hyperglycemia and hyperinsulinemia in AD 

Hyperglycemia and hyperinsulinemia, two interconnected metabolic 

disturbances typical of T2DM, are increasingly recognized as factors that 

contribute to the onset and progression of AD. Epidemiological studies 

indicate that individuals with elevated blood glucose levels have an increased 

risk of dementia, and chronic hyperglycemia has been associated with a rapid 

progression from mild cognitive impairment to AD (Crane et al., 2013; Harris 

et al., 2012).  

In animal models, chronic exposure to high-sugar or high-fructose diets 

induces cognitive decline, memory deficits, synaptic dysfunction, tau 
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hyperphosphorylation, and Aβ accumulation, thereby replicating features of 

AD pathology (Hwang et al., 2014; Jin et al., 2018; Moreira, 2013). 

The brain’s strict dependence on glucose as its primary energy source makes 

it particularly vulnerable to fluctuations in glycemic control (Al-Sayyar et al., 

2023; Mergenthaler et al., 2013).  

Persistent hyperglycemia promotes oxidative stress, mitochondrial 

dysfunction, and depletion of endogenous antioxidant systems, leading to 

activation of redox-sensitive pathways and neuronal damage (Chavda et al., 

2024; Nday et al., 2018).  

Moreover, abnormal glucose handling triggers non-enzymatic glycation 

processes and AGEs formation, while chronic hyperglycemia disrupts 

endothelial function and compromises BBB integrity, thereby reducing Aβ 

clearance and facilitating the entry of peripheral pro-inflammatory mediators 

into the CNS (Alkhalifa et al., 2023; Ponce-Lopez, 2025). 

Hyperinsulinemia, which develops as a compensatory response to peripheral 

insulin resistance, exacerbates amyloid pathology in the periphery. However, 

despite elevated peripheral insulin levels, brain hyperinsulinemia is unlikely 

because insulin transport across the BBB is saturable. As a result, insulin 

levels in the brain are often reduced in T2DM, contributing to impaired central 

insulin signaling. This is supported by PET-FDG studies showing reduced 

cerebral glucose uptake in AD patients, indicating dysfunction in brain insulin 

signaling (Kellar & Craft, 2020; Ponce-Lopez, 2025). Both insulin and Aβ are 

substrates of the insulin-degrading enzyme (IDE), which is down-regulated in 

AD brains. Reduced IDE activity impairs Aβ degradation, contributing to its 

accumulation even in the presence of systemic hyperinsulinemia (Fazio et al., 

2024; Kimura, 2016; Ott et al., 2012).  

Models lacking IDE show significantly reduced Aβ clearance, greater plaque 

deposition, and metabolic features similar to T2DM. Additionally, evidence 

indicates that insulin influences APP trafficking and promotes extracellular 

Aβ release via MAPK-dependent pathways (Gasparini et al., 2001).  

These processes demonstrate how hyperinsulinemia, beyond reflecting 

systemic metabolic dysregulation, directly contributes to the molecular 

cascade underlying AD. 

Taken together, hyperglycemia and hyperinsulinemia create a metabolic 

environment that enhances oxidative stress, reduces Aβ clearance, and 

promotes its extracellular accumulation. While these alterations significantly 
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contribute to AD pathology, insulin resistance within the brain represents the 

pivotal mechanism that integrates metabolic stress with tau pathology, 

oxidative stress, and neuroinflammation, as discussed in the next section. 

3.4.2. The role of insulin resistance in AD 

Insulin resistance within the brain is increasingly recognized as the pivotal 

mechanism linking T2DM to AD. Beyond its systemic metabolic effects, 

impaired insulin signaling in neurons and glial cells disrupts key pathways 

involved in glucose utilization, synaptic plasticity, and memory consolidation 

(Arnold et al., 2018).  

At the molecular level, IR does not act in isolation but triggers a cascade of 

deleterious events that converge on the core hallmarks of AD. By impairing 

intracellular signaling, brain IR promotes both amyloid and tau pathology, 

while simultaneously exacerbating oxidative stress and neuroinflammation.  

The following subsections will discuss these processes in detail, focusing on 

(i) the relationship between IR and Aβ/tau metabolism, (ii) the contribution of 

IR to oxidative stress, and (iii) the interplay between IR and 

neuroinflammatory responses. 

3.4.2.1. IR and amyloid/tau pathology 

In physiological conditions, insulin and IGF-1 contribute to Aβ clearance and 

prevent tau hyperphosphorylation, thereby exerting neuroprotective effects. In 

a state of insulin resistance, however, these protective mechanisms are 

disrupted, leading to reduced PI3K/Akt activation, disinhibition of GSK3β, 

and decreased IDE activity. As a result, Aβ degradation is impaired, tau 

phosphorylation increases, and the accumulation of amyloid plaques and 

neurofibrillary tangles is promoted (Benedict & Grillo, 2018; Cole & 

Frautschy, 2007; Li et al., 2015; Zhao & Townsend, 2009).  

Moreover, insulin resistance shifts APP processing from the non-

amyloidogenic α-secretase pathway toward β- and γ-secretase cleavage, 

thereby increasing Aβ generation (Folch et al., 2018; Rajmohan & Reddy, 

2017).  

Significantly, Aβ oligomers can further exacerbate neuronal insulin resistance 

by activating the TNF-α/JNK pathway and mitochondrial oxidative stress 

(Chen & Yan, 2007; Kaminsky, 2015; Reddy & Beal, 2008).  
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Beyond metabolic impairment, Aβ oligomers also interfere with synaptic 

function, reducing Akt activation, impairing GLUT4 translocation, and 

blocking hippocampal LTP, thereby directly linking insulin resistance to 

learning and memory deficits (Grillo et al., 2009; McNay & Pearson-Leary, 

2020; Zhao et al., 2008).  

Comparable processes occur in T2DM, where they contribute to peripheral 

insulin resistance, β-cell apoptosis, and increased oxidative stress (Kaneto et 

al., 2007; Shieh et al., 2020; Yung & Giacca, 2020).  

This evidence supports a bidirectional relationship between Aβ and insulin 

resistance, creating a vicious circle that sustains metabolic and 

neurodegenerative dysfunction (Hamzé et al., 2022). 

APP expression is not confined to the CNS but is also present in liver, skeletal 

muscle, adipose tissue, and pancreas. In T2DM, amyloid deposits resembling 

amyloid plaques have been identified in pancreatic islets. Moreover, amylin 

(IAPP), which shares cytotoxic properties with Aβ, has been co-localized with 

Aβ in the brain, suggesting a contribution to AD progression (Neth & Craft, 

2017). 

Tau pathology represents another critical outcome of insulin resistance. 

Usually, tau phosphorylation is dynamically regulated to maintain 

microtubule stability and axonal transport (Benedict & Grillo, 2018; 

Mandelkow et al., 2004; Sayas & Ávila, 2021).  

Insulin and IGF-1 inhibit GSK3 activity, preventing aberrant tau 

phosphorylation and NFT formation (Cole & Frautschy, 2007; Gabbouj et al., 

2019; Mullins et al., 2017).  

In addition to GSK3β activation, downregulation of protein phosphatase 2A 

(PP2A), a major tau phosphatase, has been reported in T2DM, further 

exacerbating tau pathology (Qu et al., 2011).  

In insulin-resistant states, reduced Akt activation results in GSK3 disinhibition 

and tau hyperphosphorylation, particularly in the cerebral cortex (Infante-

Garcia et al., 2016; Ramos-Rodriguez et al., 2013).  

Notably, tau is also expressed in pancreatic β-cells, where it regulates insulin 

trafficking and secretion. Increased hyperphosphorylated tau has been 

observed in pancreatic islets of T2DM patients, indicating a shared molecular 

mechanism between metabolic and neurodegenerative disorders (Maj et al., 

2016; Miklossy et al., 2010). 
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Together, these findings show that insulin resistance promotes both Aβ 

accumulation and tau hyperphosphorylation, while toxic protein aggregates in 

turn exacerbate insulin signaling deficits. This self-reinforcing cycle offers a 

compelling mechanistic basis for defining AD as “type 3 diabetes.” 

3.4.2.2. IR and oxidative stress 

Oxidative stress is a major downstream consequence of insulin resistance in 

the brain. Under normal conditions, insulin signaling through the PI3K/Akt 

pathway supports mitochondrial homeostasis and regulates antioxidant 

defenses. In states of insulin resistance, however, impaired Akt activation 

leads to mitochondrial dysfunction, reduced ATP production, and excessive 

ROS production (Figure 5; Federico et al., 2012; Moreira et al., 2007; Shukla 

et al., 2011).  

 
Figure 5. Insulin resistance promotes mitochondrial dysfunction and oxidative 

stress, leading to β-amyloid accumulation, tau hyperphosphorylation, and 

neurodegeneration in AD (Liu et al., 2022). 
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The brain is particularly vulnerable, as peripheral metabolic stress can increase 

BBB permeability and facilitate the entry of reactive species into the CNS 

(Maciejczyk et al., 2019).  

Excessive ROS not only damages DNA, lipids, and proteins but also activates 

redox-sensitive signaling cascades. In particular, c-Jun N-terminal kinase 

(JNK) and NF-κB pathways exacerbate insulin resistance and promote the 

release of pro-inflammatory cytokines, creating a self-reinforcing loop 

between oxidative stress and neuroinflammation (Kaneto et al., 2007; Morgan 

& Liu, 2011; Yung & Giacca, 2020). 

Additionally, AGE/RAGE signaling contributes to ROS overproduction, 

linking oxidative stress to chronic inflammation and vascular dysfunction in 

diabetes (Singh et al., 2001; Yamagishi et al., 2012). 

Mitochondria are a central target of oxidative injury. Studies in AD and 

diabetic models demonstrate that Aβ accumulates within mitochondria, 

impairs respiratory chain complexes, and increases ROS production, further 

aggravating oxidative stress and neuronal dysfunction (Akhter et al., 2017; 

Kaminsky, 2015; Reddy & Beal, 2008). 

Together, these data indicate that oxidative stress is not merely a byproduct of 

insulin resistance, but an active contributor to the vicious cycle that links 

metabolic dysfunction with neurodegeneration in AD 

3.4.2.3. IR and neuroinflammation 

Neuroinflammation is a hallmark of both T2DM and AD and is increasingly 

recognized as a key mediator linking metabolic dysfunction to 

neurodegeneration. Post-mortem studies of AD brains demonstrate elevated 

levels of pro-inflammatory cytokines such as IL-1β and IL-6, in association 

with amyloid plaques and neurofibrillary tangles (Blum-Degena et al., 1995). 

In T2DM, low-grade chronic inflammation driven by adipose tissue 

dysfunction and immune cell infiltration promotes systemic release of 

cytokines and adipokines that can cross the BBB, thereby initiating central 

inflammatory responses (Banks, 2005; Kubaszek et al., 2003; Lumeng et al., 

2007; Ouchi et al., 2011).  

Microglia and astrocytes are central mediators of this process. Their activation 

leads to the secretion of TNF-α, IL-1β, and IL-6, the upregulation of 

cyclooxygenase-2 (COX-2), and enhanced lipid peroxidation, which together 
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exacerbate oxidative stress and synaptic dysfunction (Carrero et al., 2012; 

Mehlhorn et al., 2000).  

Elevated Aβ levels can further amplify these responses by stimulating 

microglial activation and increasing TNF-α release, ultimately impairing 

synaptic plasticity and cognitive performance (Sims-Robinson et al., 2010).  

At the molecular level, the AGE–RAGE–NF-κB axis represents a central 

pathway. AGEs, which accumulate in both diabetes and AD, activate their 

receptor RAGE on neurons, glia, and endothelial cells, promoting NF-κB–

dependent transcription of inflammatory mediators (Patel & Santani, 2009; 

Singh et al., 2001; Yamagishi et al., 2012).  

Notably, RAGE also binds Aβ oligomers and facilitates their transport across 

the BBB, thereby enhancing cytokine release and vascular permeability (Cai 

et al., 2016; Deane et al., 2003). 

 

Overall, neuroinflammation functions both as a driver and a consequence of 

insulin resistance, establishing a self-perpetuating cycle in which cytokine 

release, NF-κB activation, and RAGE signaling converge to sustain neuronal 

injury. This inflammatory loop links peripheral metabolic disturbances with 

central neurodegenerative processes. 

3.4.3. Interconnected pathogenic loops linking T2DM to T3DM 

The relationship between T2DM and AD is not explained by a single pathway 

but rather by the convergence of multiple interdependent mechanisms. 

Chronic hyperglycemia promotes the formation of AGEs and the activation of 

the AGE–RAGE axis, which sustains oxidative stress, vascular dysfunction, 

and inflammatory signaling. In parallel, systemic hyperinsulinemia and 

peripheral insulin resistance affect the brain, leading to impaired PI3K/Akt 

signaling, tau hyperphosphorylation, and a shift in APP processing toward 

amyloidogenic cleavage. These alterations are further amplified by 

mitochondrial dysfunction and ROS overproduction, which compromise 

neuronal survival and synaptic integrity.  

At the same time, glial activation and cytokine release establish a state of 

chronic neuroinflammation that feeds back on insulin signaling pathways and 

exacerbates oxidative stress. Vascular dysfunction and BBB impairment 

contribute to this vicious cycle by reducing Aβ clearance and enhancing brain 

exposure to circulating inflammatory mediators. Importantly, both Aβ and 
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hyperphosphorylated tau reinforce insulin resistance, creating a bidirectional 

relationship between protein aggregation and metabolic dysfunction. 

Taken together, these mechanisms form a self-perpetuating network in which 

systemic metabolic alterations characteristic of T2DM converge with 

neuropathological processes typical of AD. Insulin resistance emerges as the 

central hub of this integrated loop, providing a rationale for why AD has been 

conceptualized as T3DM. 

These limitations underscore the complexity of T2DM-AD interactions. 

While converging evidence supports insulin resistance and its downstream 

pathways as central mechanisms, the multifactorial nature of the disease, the 

heterogeneity of clinical outcomes, and the limited specificity of available 

biomarkers highlight the need for integrative and longitudinal approaches to 

fully elucidate this relationship. 

3.5. Current biomarkers and their limitation 

The diagnosis and monitoring of T2DM are traditionally based on metabolic 

biomarkers. According to the WHO, the diagnostic criteria include fasting 

plasma glucose (FPG) (≥ 126 mg/dL), at two-hour plasma glucose during an 

oral glucose tolerance test (OGTT) (≥ 200 mg/dL), random glycemia in the 

presence of classic symptoms (≥ 200 mg/dL), and glycated hemoglobin 

(HbA1c ≥ 6.5%) (World Health Organization, 2018).  

While widely adopted, these biomarkers have important limitations: both FPG 

and OGTT are subject to intraindividual variability and may be influenced by 

acute factors such as stress or medication use, whereas HbA1c, despite 

reflecting average glycemia over the previous three months, fails to capture 

daily fluctuations and hypoglycemic episodes and is affected by hematologic 

conditions, ethnicity, and renal impairment (Cerf, 2013; World Health 

Organization, 2018). 

Beyond these parameters, T2DM is associated with systemic alterations in 

lipid, protein, hematological, and cytokine profiles, all of which highlight the 

chronic inflammatory and prothrombotic milieu underlying the disease. In 

particular, protein modifications induced by sustained hyperglycemia, such as 

the non-enzymatic glycation of serum proteins, are increasingly acknowledge 

as key mediators of diabetic complications (Le et al., 2025).  
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Among these, glycated albumin (GA) has emerged as a reliable short-term 

glycemic marker, while methylglyoxal (MGO), a highly reactive dicarbonyl 

compound, is a critical precursor of advanced glycation end products.  

Both biomarkers, discussed in the following sections, provide mechanistic 

insights into the molecular cascade linking hyperglycemia to vascular and 

neuronal damage, and could complement traditional diagnostic tools in the 

clinical management of T2DM. 

3.5.1. Glycated albumin 

Albumin is the most abundant plasma protein in humans, accounting for 50-

60% of circulating protein mass. Owing to its tertiary structure, albumin binds 

reversibly to a wide range of small molecules, including metal ions and drugs, 

thereby influencing their pharmacokinetics. Its relatively long half-life makes 

albumin particularly prone to biochemical modifications through both 

enzymatic and non-enzymatic mechanisms. Under conditions of oxidative 

stress and hyperglycemia, albumin undergoes non-enzymatic glycation, 

producing GA via the Maillard reaction, in which glucose binds to the N-

terminal or to lysine/arginine residues of the protein (Fanali et al., 2012; 

Raghav & Ahmad, 2014). 

GA levels increase proportionally to glycemic burden and oxidative stress, 

leading to structural modifications such as local unfolding, exposure of 

hydrophobic pockets, and increased molecular weight. These changes are not 

merely biochemical: high GA levels contribute to cellular and tissue injury, 

playing a pathogenic role in the development of diabetic complications, 

including retinopathy, nephropathy, neuropathy, and cardiovascular disease 

(Freitas et al., 2017; Raghav & Ahmad, 2014; Wu et al., 2016). Importantly, 

increased protein glycation has also been detected in the cerebrospinal fluid 

of AD patients, further supporting the mechanistic link between T2DM and 

neurodegeneration (Ayoub et al., 2025). 

Clinically, GA reflects average glycemia over a period of about 2-3 weeks, 

thereby representing an intermediate-term marker between fasting glucose and 

HbA1c (Figure 6). Unlike HbA1c, GA is unaffected by erythrocyte lifespan 

and is thus more accurate in conditions such as anemia, hemoglobinopathies, 

and chronic kidney disease. It is also sensitive to rapid glycemic changes, 

making it useful for assessing short-term therapeutic efficacy. Compared to 
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HbA1c, GA can be measured through enzymatic assays without fasting 

requirements, from both serum and plasma, with reduced costs and faster 

turnaround times (Freitas et al., 2017; Zendjabil, 2020). 

 

 

Figure 6. Glycation rates of GA and HbA1c. GA are formed over approximately 

eight weeks, with the first two weeks accounting for about half of their total 

production. In contrast, HbA1c requires around four months to reach full 

formation, although the first month contributes to about half of the overall 

production (Freitas et al., 2017). 

Nevertheless, GA has certain limitations. Its levels are influenced by sex and 

age, being generally higher in women and in adults compared to children. 

Moreover, the rate of false positives and negatives remains significant, 

limiting its use as a stand-alone diagnostic tool. For these reasons, GA is 

increasingly considered a complementary biomarker to traditional measures 

such as HbA1c rather than a full substitute (Giglio et al., 2020; Zendjabil, 

2020). 

3.5.2. Methylglyoxal 

MGO is a highly reactive dicarbonyl compound produced predominantly as a 

byproduct of glycolysis, from intermediates such as glyceraldehyde-3-

phosphate (G3P), fructose, and aminoacetone (Lee et al., 2009; Liu et al., 

2011).  

Under conditions of insulin resistance and hyperglycemia, MGO production 

is enhanced not only via carbohydrate metabolism but also through lipid 
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catabolism (acetone, acetoacetate) and amino acid degradation (tyrosine, 

serine, threonine, glycine), as summarized in Figure 7 (Ahmed et al., 2005; 

Kim et al., 2012). 

 

 
Figure 7. Formation and detoxification of methylglyoxal (MGO). MGO is mainly 

produced from triosephosphate degradation, with minor contributions from 

threonine, acetoacetate, and glycated proteins. Dietary intake is negligible (<1%). 

Detoxification occurs predominantly via the glyoxalase system (C. G. Schalkwijk & 

Stehouwer, 2020). 

 

Exogenous sources can further increase MGO load. Dietary excess of glucose 

and fructose stimulates its formation together with ROS, while foods exposed 

to dry-heat cooking methods such as grilling, frying, or roasting are 

particularly enriched in MGO. Notably, dairy products and beverages, 

including coffee and whisky, rank among the richest dietary sources of MGO 

measured in commercial foods (Shamsaldeen et al., 2016; Tan et al., 2008). 

Physiologically, plasma MGO concentrations in healthy individuals range 

between 60 and 500 nM, while intracellular levels are maintained between 1 

and 5 nM. In diabetic patients, however, plasma concentrations can reach up 
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to 500 μM, with significant accumulation also detected in the pancreas, 

skeletal muscle, and adipose tissue (C. G. Schalkwijk & Stehouwer, 2020).  

This elevation is associated with decreased glutathione (GSH) availability and 

reduced expression of glucose transporters such as GLUT2 in pancreatic β-

cells and GLUT4 in adipocytes. To counteract MGO toxicity, mammalian 

cells rely on the glyoxalase (GLO) system, a cytosolic enzymatic pathway that 

converts MGO into D-lactate. Measurement of urinary D-lactate has been 

proposed as an indirect index of MGO metabolism (Negre-Salvayre et al., 

2009; Rabbani et al., 2016; Sutkowska et al., 2023). 

Beyond being a major precursor of AGEs through reactions with arginine, 

lysine, and cysteine residues of proteins, MGO can also modify lipids and 

DNA, and exerts direct pathogenic effects. In particular, it interferes with 

insulin receptor signaling by modifying IRS-1, leading to disruption of 

downstream pathways in muscle, endothelial, and pancreatic β-cells 

(Dornadula et al., 2015; Schalkwijk et al., 2008).  

This mechanism provides a direct molecular link between MGO 

accumulation, insulin resistance, and diabetic complications. 

Clinically, elevated plasma MGO levels have been associated with multiple 

diabetes-related complications, including chronic kidney disease, 

macroangiopathy, and cognitive impairment (Shamsaldeen et al., 2016; 

Ogawa et al., 2010).  

While monitoring MGO concentrations could represent a useful tool for 

evaluating systemic and neurological risk, its application as a clinical 

biomarker is currently limited by variability in assay methodologies, 

instability within biological samples, and the unresolved issue of whether 

MGO functions primarily as a biomarker or as an active driver of pathology. 

Taken together, both glycated albumin and methylglyoxal illustrate how short-

term glycemic markers and glycation precursors can provide mechanistic 

insights beyond conventional indices of glucose control. However, their 

translational application is still limited, and their relationship with functional 

outcomes such as physical and cognitive performance is still under 

investigation. This highlights the need to integrate biomarker studies with 

multidimensional concepts such as frailty and cognitive frailty, which capture 

the systemic vulnerability induced by diabetes and its impact on brain health. 
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3.6. Frailty and cognitive frailty 

Frailty is a multidimensional clinical syndrome characterized by reduced 

physiological reserve and increased vulnerability to stressors, predisposing 

individuals to adverse outcomes such as disability, hospitalization, and 

mortality (Robertson et al., 2013).  

Unlike chronological age, frailty reflects multisystem dysregulation across 

musculoskeletal, immune, and nervous systems, thus explaining why not all 

elderly individuals become frail (Figure 8; Bandeen-Roche et al., 2006; Fried 

et al., 2001; Piggott & Tuddenham, 2020).  

 
Figure 8. Multidimensionality of frailty (Sacha et al., 2017). 
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Two main models are commonly used to define and measure frailty: the 

phenotype model proposed by Fried, defined by the presence of at least three 

clinical indicators (slow walking speed, weakness, unintentional weight loss, 

fatigue, reduced physical activity), and the deficit accumulation model, in 

which the Frailty Index (FI) quantifies the proportion of health deficits present 

in an individual (Palliyaguru et al., 2019; Parks et al., 2012; Rockwood et al., 

2017). 

More recently, the concept of cognitive frailty has been introduced to describe 

the coexistence of physical frailty and cognitive impairment in the absence of 

dementia or other neurodegenerative disorders (Aguilar-Navarro et al., 2025; 

Kelaiditi et al., 2013; Lu et al., 2022).  

This condition highlights the interaction between systemic metabolic 

vulnerability and early cognitive decline. One proposed mechanism is the 

brain-muscle loop theory, whereby the central nervous system regulates 

muscle function, and skeletal muscle secretes myokines that contribute to 

neuronal physiology and synaptic plasticity (Kostka et al., 2024; Pedersen, 

2019).  

This bidirectional relationship offers a biological basis for the observed 

overlap between frailty, insulin resistance, and cognitive impairment in 

T2DM. 

3.6.1. Recognition memory as a cognitive marker 

Memory is not a unitary faculty but a multicomponent system supported by 

distinct brain circuits. A fundamental distinction exists between declarative 

(explicit) memory, mediated by the hippocampus and parahippocampal 

cortices, and non-declarative (implicit) memory, which includes skills, habits, 

priming, and conditioning and relies on structures such as the striatum, 

amygdala, cerebellum, and neocortex (Squire & Dede, 2015). 

Within declarative memory, episodic memory enables conscious recall of 

personal experiences and is characterized by three processes: encoding, 

consolidation, and retrieval (Matthews, 2015).  

A central aspect of episodic memory is recognition memory, the ability to 

discriminate familiar from novel stimuli, which is a core feature of both human 

and animal cognition (Bevandić et al., 2024; Bird, 2017; Boyle & Brown, 

2025). 
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Two major theoretical models have been proposed to explain recognition 

memory. The single-process model views it as a continuum of familiarity 

strength, where “knowing” (familiarity) and “remembering” (contextual 

recollection) differ only quantitatively. In contrast, the dual-process model 

posits that recognition memory is supported by two distinct and qualitatively 

different mechanisms: familiarity judgments mediated by the perirhinal 

cortex, and recollection of contextual associations mediated by the 

hippocampus (Brown & Aggleton, 2001).  

Evidence from experimental studies, including work from our laboratory, 

supports the dual-process model. For example, extracts of Hericium erinaceus 

enhanced the “knowledge” component (tested by novel object recognition and 

emergence tasks) without affecting the “remember” component (tested by 

object location and Y-maze tasks), suggesting a dissociation between these 

processes (Rossi et al., 2018). 

Recognition memory is particularly vulnerable to aging. Elderly individuals 

exhibit deficits in recall and familiarity tasks compared to younger adults, with 

the knowledge component being more strongly affected, as confirmed by 

recent meta-analyses (Graves et al., 2017; Rhodes et al., 2019).  

This sensitivity to aging underscores its relevance as an early cognitive 

marker. Importantly, recognition memory is one of the first domains impaired 

in MCI and AD, conditions where hippocampal dysfunction plays a central 

role (Michailidis et al., 2022; Nguyen, & Giau, 2020; Rao et al., 2022).  

In the context of T2DM, hyperglycemia, oxidative stress, and insulin 

resistance further compromise hippocampal function, accelerating recognition 

memory decline. Preclinical studies support this link: diabetic rodents display 

consistent impairments in tasks such as novel object recognition (NOR) and 

spatial paradigms, including object location and Y-maze, thereby mirroring 

key aspects of human cognitive vulnerability (Aderinto et al., 2023; Kassab et 

al., 2019; Patel et al., 2016; Vilela et al., 2023). 

Altogether, recognition memory emerges as a sensitive and translational 

cognitive marker that bridges aging, diabetes, and neurodegeneration. Its dual-

process architecture and dependence on hippocampal and parahippocampal 

circuits make it an informative endpoint for experimental studies aimed at 

disentangling the interplay between metabolic dysfunction and cognitive 

decline. 
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3.7. Preclinical mouse models as tools to investigate diabetes and 

cognitive decline 

The limitations of traditional metabolic markers, the emerging role of glycated 

proteins, and the concept of frailty highlight the multifactorial nature of 

diabetes-related cognitive decline. Recognition memory, in particular, 

emerges as a sensitive and translational cognitive endpoint that mirrors 

hippocampal vulnerability and provides a valuable bridge between preclinical 

and clinical research. To experimentally dissect the mechanistic links between 

metabolism, cognition, and neuropathology, animal models are indispensable 

tools. Their controlled setting allows the integration of metabolic, behavioral, 

and neuropathological assessments, thereby providing a comprehensive 

framework to investigate how T2DM contributes to neurodegeneration. 

T2DM is a heterogeneous disorder characterized primarily by insulin 

resistance. While some subtypes can be traced to single-gene mutations, in 

most patients the onset, progression, and long-term complications arise from 

the interaction between genetic and environmental factors. Therefore, animal 

models of T2DM should capture complexity and heterogeneity. Particularly 

valuable are models that combine hyperglycemia with obesity, dyslipidemia, 

and hypertension, as these replicate the multifactorial profile of human T2DM 

(Rees & Alcolado, 2005). 

Murine models include both genetic and induced approaches. Among genetic 

models, ob/ob and db/db mice, harboring mutations in the leptin gene or its 

receptor, exhibit hyperglycemia, obesity, and insulin resistance. By contrast, 

NSY mice develop diabetes without obesity, thus providing a lean diabetic 

phenotype (Lee & Cox, 2010).  

However, to model diabetes-associated cognitive decline, induced models 

based on streptozotocin (STZ) and high-fat diet (HFD) exposure are 

commonly employed. 

3.7.1. Streptozotocin protocols 

STZ is a nitrosourea compound, isolated from Streptomyces achromogenes in 

1959, that selectively targets pancreatic β-cells. 

Because of its structural similarity to glucose, STZ is taken up by GLUT2 

transporters, which are highly expressed in β-cells. After cellular uptake, its 

methylnitrosourea moiety induces DNA alkylation and fragmentation, leading 
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to oxidative stress, β-cell necrosis, and progressive insulin deficiency (Figure 

9; Al-awar et al., 2016). 

Figure 9. The action of STZ on β cells of the pancreas (Al-awar et al., 2016). 

STZ has a short half-life, as it is rapidly metabolized in the liver and excreted 

via the kidneys. In addition to experimental research, it is also used clinically 

as a chemotherapeutic agent for pancreatic islet cell tumors. The response to 

a diabetogenic dose of STZ in rodents occurs in three phases: (i) transient 

hyperglycemia shortly after injection, (ii) transient hypoglycemia, due to 

insulin release from damaged β-cells, and (iii) sustained hyperglycemia with 

hypoinsulinemia, polyuria, and glycosuria (Al-awar et al., 2016). 

Its diabetogenic effect is dose-dependent: high doses (100-200 mg/kg) cause 

almost complete β-cell ablation, leading to severe insulin deficiency and 

hyperglycemia, while low doses (30-60 mg/kg) induce partial β-cell loss, 

resulting in a milder diabetic phenotype (Bauer et al., 2023; Sims-Robinson et 

al., 2010). 

A single high dose of STZ has therefore been reported to induce a pathology 

more similar to T1DM. Conversely, the use of multiple low doses of STZ has 

been described to induce either T1DM (Bauer et al., 2023; Furman, 2021; Wu 

& Huan, 2008) or T2DM (Cassano et al., 2020; Lai et al., 2024). 

To refine the model and reduce β-cell toxicity, STZ has often been 

administered in combination with nicotinamide. This approach produces a 

stable, moderate hyperglycemia associated with partial β-cell dysfunction 

(approximately 60% loss of function), but it typically produces insulin 

dependence rather than insulin resistance (Furman, 2021; Ghasemi & Jeddi, 

2023). Thus, the actual diabetic phenotype resulting from low-dose STZ 

administration remains controversial. 
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Although the STZ model reproduces important metabolic and neurological 

alterations, it lacks several key features of human T2DM, such as obesity and 

progressive insulin resistance, which limit its translational applicability. 

Furthermore, sensitivity to STZ varies by strain, sex, and age, and 

inappropriate dosing can cause high mortality, further complicating 

reproducibility across studies. For these reasons, STZ is frequently combined 

with dietary manipulations to generate models that more closely align with 

human T2DM. 

3.7.2. The combination of a High-fat diet and STZ 

Diet-induced obesity is another strategy to model T2DM. Rodents exposed to 

an HFD progressively develop obesity, insulin resistance, and dyslipidemia 

(Stott & Marino, 2020).  

Importantly, HFD-fed mice also exhibit behavioral alterations, including 

anxiety-like traits and cognitive impairment (Henn et al., 2022). 

The combination of HFD with low-dose STZ has emerged as a particularly 

effective strategy to replicate the complex metabolic and neurological features 

of human T2DM. In this model, HFD induces insulin resistance, while STZ 

triggers partial β-cell dysfunction, resulting in a phenotype characterized by 

obesity, hyperglycemia, and impaired insulin secretion. This dual-hit 

paradigm closely mimics the pathophysiology of late-stage T2DM and 

provides a robust platform for investigating diabetes-associated 

complications, including cognitive decline (Marino et al., 2023; Rees & 

Alcolado, 2005). 

Overall, the HFD/STZ model is considered the most effective for replicating 

the metabolic and cognitive features of human T2DM, but variability in diet 

composition, dosing schedules, and animal strains complicates 

reproducibility. In addition, long-term maintenance requires continued dietary 

exposure, which may increase costs and introduce confounding nutritional 

effects.
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4. Aims of the research 

Diabetes mellitus (DM) is a major global health challenge with rising 

prevalence worldwide. Among the different forms of DM, this project 

specifically focuses on type 2 diabetes mellitus (T2DM), which accounts for 

more than 90% of cases and represents the fastest-growing metabolic disorder 

globally. T2DM is strongly associated with aging, sedentary lifestyle, and 

obesity, factors that also increase the risk of cognitive impairment and 

dementia, particularly Alzheimer’s disease (AD) (Patel et al., 2016; Wium-

Andersen et al., 2020). The underlying mechanisms include hyperglycemia, 

insulin resistance, oxidative stress, and the accumulation of advanced 

glycation end-products (AGEs), all of which accelerate neuronal dysfunction 

and brain aging (Nowotny et al., 2015). This convergence has led to the 

concept of AD as “type 3 diabetes” (Kciuk et al., 2024; Michailidis et al., 

2022). Despite this growing awareness, in clinical practice, HbA1c remains 

the gold-standard biomarker for glycemic control. However, it reflects only 

long-term glycemia and is unreliable in several comorbid conditions (Freitas 

et al., 2017). Glycated albumin (GA) and methylglyoxal (MGO) have 

emerged as promising alternatives: GA reflects short-term variability (Piuri et 

al., 2020), while MGO is a reactive dicarbonyl compound that drives AGE 

formation and neuronal injury (Shamsaldeen et al., 2016; Schalkwijk & 

Stehouwer, 2020). Both GA and MGO have therefore been proposed as 

valuable tools for improving the prevention, monitoring, and risk stratification 

of diabetes and its complications, including cognitive decline. 

Within this translational perspective, and supported by the INVITALIA 

Brevetto+ program on patented analytes for innovative diagnostics, the 

present doctoral project set out to investigate how diabetes promotes cognitive 

impairment, with a specific focus on recognition memory, and to evaluate the 

translational value of GA and MGO as biomarkers of disease progression.  

A critical aspect of the study was the selection of an appropriate animal model. 

We excluded genetic models, as they do not allow longitudinal monitoring of 

the transition from the physiological to the pathological state. For this reason, 

chemically induced paradigms were considered, although they present several 

specific limitations. As previously discussed in the Introduction section, STZ-

based models are highly heterogeneous: their outcome depends on multiple 

variables, including the age at induction, the total dose administered, and the 
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injection protocol (single high-dose vs multiple low-dose protocols), as well 

as factors such as strain, sex, or diet. Consequently, the type of diabetes 

reproduced by STZ is not always clearly defined, and the translational validity 

of these models remains debated. Moreover, to our knowledge, no previous 

studies employing STZ-based protocols have described either the long-term 

effects of STZ administration or the independent impact of HFD alone, 

leaving a critical gap in understanding disease progression over time. 

Given these considerations, this project implemented two complementary 

models: (i) a low-dose streptozotocin (STZ) protocol; and (ii) a combined 

high-fat diet (HFD) and STZ model, complemented by the study of HFD 

alone. In addition, a detrimental high-sugar (HS) diet in drinking water was 

applied to only STZ-treated mice to test whether excessive sugar intake could 

further aggravate the diabetic condition. 

These models were followed longitudinally from adulthood to senescence, 

enabling the evaluation of GA and MGO in relation to conventional measures 

(glycemia) and the investigation of central outcomes, including recognition 

memory and Alzheimer-like neuropathology.  

The underlying hypothesis was that diabetes accelerates memory decline and 

hippocampal dysfunction through peripheral metabolic dysfunction, and that 

GA and MGO could serve as more sensitive biomarkers than HbA1c to 

capture these processes. Accordingly, the project was structured around five 

interconnected goals:  

• to validate and compare complementary murine models of T2DM; 

• to assess the translational reliability of GA and MGO in reflecting 

short-term metabolic alterations and disease progression; 

• to evaluate whether a high-sugar diet further exacerbates the diabetic 

phenotype; 

• to investigate how these metabolic alterations translate into cognitive 

impairment, with a specific focus on recognition memory; 

• to evaluate the diabetes-induced damage to pancreatic and 

hippocampal tissues. 

Overall, this work aimed to provide a comprehensive framework for 

understanding how diabetes and diet shape the trajectory of brain aging, while 

establishing GA and MGO as clinically relevant biomarkers for the early 

detection and personalized monitoring of diabetes-related cognitive decline.  
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5. Materials and methods 

5.1. Experimental design and animal models 

All the animals used in this work were wild-type pathogen-free male mice 

(strain C57BL/6J), purchased from Charles River company (Calco, Italy). The 

mice were acclimated to their environmental condition for almost one week 

before starting experiments conducted in the Animal Care Facility at the 

University of Pavia. The mice were housed in single plastic cages at 21 ± 2 

°C, with humidity at 50 ± 10%, with an automatically controlled 12-hour 

light/dark cycle. Water and food were provided ad libitum. All experimental 

procedures were carried out following the guidelines of the institutional 

welfare committee and were approved by the Ethics Committee of the 

University of Pavia (Ministry of Health, License number 220/2022-PR), in 

compliance with the European Council Directive 2010/63/EU on the 

protection of animals used for scientific purposes.  

All mice were initially fed a standard diet (normal diet, ND), consisting of 

4RF21 pellets supplied by Mucedola Srl. The ND comprised 42.63% kcal of 

carbohydrates, 18.50% kcal of protein, and 3% kcal of fats.  

In Model 1, only half of the animals were given 10% sucrose-enriched 

drinking water ad libitum (high-sugar group, HS) as their sole fluid source. 

In Model 2, all animals were shifted to a high-fat diet (HFD) following a two-

week acclimation period on the ND. HFD pellets were obtained from the 

Laboratory of Dr. Piccioni Srl (Gessate, MI, Italy) and consisted of 20% kcal 

from carbohydrates, 15% kcal from protein, and 59% kcal from fat. 

5.1.1. Model 1: STZ model 

The first experimental model involved thirty-five 9-month-old wild-type male 

mice. The study employed a longitudinal design, comprising five 

experimental time points (Figure 10), which began at 9 months of age (T0) 

and continued until the animals reached 19 months of age. 

At the baseline time point (T0), all mice were maintained on a normal diet 

(ND), and assessments were conducted for fasting blood glucose, glycated 

albumin (GA), and methylglyoxal (MGO), along with spontaneous behavioral 

evaluations. 

At T1 (13 months of age), the animals were randomly assigned to two groups: 
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• a control group (CTRL, n=17) that received daily intraperitoneal 

injections of physiological saline (0.9% NaCl) for five consecutive 

days. 

• a diabetic group (DM, n=18) that received 5 intraperitoneal injections 

of 50 mg/kg streptozotocin (STZ) to induce diabetes (details provided 

in the subsequent section). 

At T2 (one-month post-injection), fasting glycemia, GA, and MGO levels 

were assessed in all animals to confirm diabetes induction. From T2 onward, 

half of the animals in each group were given 10% sucrose-enriched drinking 

water ad libitum (high-sugar group, HS) as their only fluid source. 

Consequently, four experimental groups were defined: 

• CTRL maintained on ND (CTRL-ND) 

• CTRL receiving HS water (CTRL-HS) 

• DM maintained on ND (DM-ND) 

• DM receiving HS water (DM-HS) 

Metabolic and behavioral evaluations were repeated at T3 (16 months) and T4 

(19 months), including measurements of fasting glycemia, GA, MGO, and 

behavioral performance. At T4, all animals were euthanized, and tissues were 

collected for further analyses. 
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Figure 10. Experimental plan of STZ model. 

5.1.2. Model 2: HFD/STZ model 

In this second experimental model, fourteen male wild-type mice were used, 

starting at 10 months of age. The study design consisted of five time points 

(Figure 11), spanning from 10 months (T0) to 16 months of age (T5).  

At baseline (T0), all mice were transitioned from a normal diet to an HFD diet. 

Fasting blood glucose levels were measured, along with an oral glucose 

tolerance test (OGTT).  

At T1 (one month after HFD initiation), fasting glycemia, GA, and MGO 

levels were measured, and spontaneous behavioral tests were performed. 

At T2 (two weeks before STZ treatment), fasting glycemia, GA, MGO, and 

behavioral performance were reassessed. 

At T3 (14 months of age), mice were randomly assigned to two groups: 
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• HFD group (n = 7), which continued on the HFD and received i.p. 

injections of physiological saline (0.9% NaCl) for five consecutive 

days. 

• HFD/STZ group (n = 7), which remained on the HFD and received 5 

i.p. injections of 50 mg/kg STZ to induce diabetes (detailed protocol 

provided in the following section). 

At T4 (one month after injections), fasting glycemia was measured to verify 

the diabetic state. 

At the final timepoint (T5, 16 months of age), fasting glycemia, GA, and MGO 

were measured again. OGTT and spontaneous behavioral tests were also 

conducted. Subsequently, all animals were sacrificed, and blood and organs 

were collected for further analysis, as described in the Materials and Methods 

section. 

Throughout the study, body weight, food intake, and water consumption were 

monitored at regular intervals. 

 

Figure 11. Experimental plan of HFD/STZ model. 

 



Materials and methods 

52 
 

5.2. Glycemic index of ND and HS diets 

At T0, the test to measure the glycemic index of ND and HS diets was 

performed, following the standard procedure used for GI testing in humans 

(Campbell et al., 2018). The protocol used for humans is designed to evaluate 

how 50 g of available carbohydrates (defined as total carbohydrate minus 

dietary fiber content) affect glycemia over time, according to the International 

Standard Organization (ISO 26642) (International Standards Organization. 

We assumed that the amount of CHO to test in each mouse is proportional to 

its weight. Specifically, we consider that 50 g of CHO are tested in 50 kg of 

human weight. Similarly, we administered 30 mg of CHO for every 30 g of 

body weight in each mouse. We performed the testing of the different diets in 

3 subsequent days, using a glucose bolus as the standard reference glycemic 

index value of 100.  

Therefore, each mouse was fed a portion of pure glucose solution, ND, or HS 

diets on a petri dish, with the serving size calculated to provide 30 mg of 

available carbohydrate during a 15-minute food intake period. Blood glucose 

levels were measured using a glucometer at 30, 60, 90, 120, 150, and 180 

minutes after ingestion. Using the mathematical and statistical analysis 

software ORIGIN, the glycemic response curve was constructed, and the 

incremental area under the curve (AUC) of glucose, ND, and HS for each 

mouse was calculated. The glycemic index was then calculated as follows:  

𝐼𝐺 =
𝐴𝑈𝐶𝑑

𝐴𝑈𝐶𝑔
⋅ 100 

Where: AUCd is the area under the curve of the diet test; AUCg is the area 

under the curve of the glucose test.  

5.3. Diabetes induction: the Low-Dose STZ induction protocol  

Diabetes was induced in mice according to protocols established by the 

Animal Models of Diabetic Complications Consortium (AMDCC) (Furman, 

2021; K. K. Wu & Huan, 2008).  A 50 mg/kg of STZ dose, dissolved in 100 

mM citrate buffer, was administered via intraperitoneal injection for five 

consecutive days. Control animals received an equivalent volume of 

physiological saline (0.9% NaCl). One month after the final injection, fasting 

blood glucose levels were measured via tail vein sampling after a 4-hour fast. 
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In the STZ model, fasting blood glucose levels exceeding 300 mg/dL up to 

600 mg/dl (16.7 mmol/L to 33.3 mmol/L) are considered as a classification 

criterion for diabetes (Furman, 2021; Graham et al., 2011). In the mouse 

model 2, the T2DM was induced by combining a high-fat diet (HFD) with 

STZ administration, as previously described. In this case, mice were 

considered diabetic if fasting glucose levels exceeded 250 mg/dL, according 

to established diagnostic criteria for this model (Chen et al., 2024; Furman, 

2021; Peng et al., 2021). 

5.4. Metabolic parameters 

5.4.1. Weight, food, and water intake evaluation 

Throughout the experimental period, body weight, food consumption, and 

water intake were routinely monitored in all experimental groups. 

Specifically, food intake was assessed only in the HFD/STZ model, while 

body weight and water intake were measured in both models. Body weight 

was measured using a calibrated digital scale with a precision of ±0.01 g. In 

both mouse models, body weight measurements were performed at the same 

time of day to minimize variability due to circadian fluctuations. Food intake 

was assessed by calculating the difference between the amount of food 

provided and the residual food remaining in each cage after 24 hours. 

Similarly, water intake was determined by measuring the volume of drinking 

water consumed over 24 hours, using graduated water bottles. These 

parameters were used to evaluate the impact of different dietary regimens and 

diabetes induction on body weight dynamics and metabolic behavior over 

time. 

5.4.2. Measurement of fasting glucose, GA, and MGO   

Mice were fasted for 12–16 hours before the measurement of fasting blood 

glucose, GA, and MGO levels. Blood samples were collected from the tail 

vein. For blood glucose measurement, a small drop of blood was applied to a 

test strip and analyzed using a OneTouch Verio Reflect® glucometer 

(Lifescan Italy Srl). 

For the assessment of serum GA and MGO levels, approximately 200 µL of 

blood was collected using synthetic swabs (Copan 552C, purchased from 
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Diagnostic International Distribution S.p.A.), which ensure efficient sample 

collection and release, and subsequently analysed by GekLab laboratory using 

specific ELISA kits. Serum GA concentrations were determined using a 

Mouse Glycated Albumin ELISA Kit (LLD: 11.3 pmol/mL; Abbexa Ltd., 

Cambridge Science Park, Cambridge, U.K.), while MGO levels were 

measured using the OxiSelect™ Methylglyoxal Competitive ELISA Kit 

(lower detection limit: 0 µg/mL; Cell Biolabs, San Diego, CA, USA). This 

assay quantitates protein adducts of methylglyoxal-derived hydroimidazolone 

(MG-H1) (Nowotny et al., 2015). 

5.4.3. The OGTT test 

Oral glucose tolerance tests (OGTT) were performed at time points T0 and T5 

in the HFD/STZ mouse model. Mice were fasted overnight before receiving 

an oral gavage of glucose solution (Glucosio Sclavo Diagnostics; 75 g/150 

mL) at a dose of 1 g/kg body weight, following established protocols (Ayala 

et al., 2010; Nagy & Einwallner, 2018). Blood glucose levels were measured 

at baseline (0 minutes, fasting glycemia) and 30-minute intervals for up to 3 

hours post-glucose administration. Glucose response curves and the 

corresponding area under the curve (AUC) were calculated for each animal 

using ORIGIN 6.0 software. Mean values and SEM for both glucose curves 

and AUCs were subsequently derived. 

5.4.4. Insulin determination and HOMA-IR 

At T5 in the HFD/STZ model, all mice were fasted for 12 hours before blood 

collection. Blood samples were obtained and centrifuged at 1500 RCF for 10 

minutes to separate the serum. Serum insulin levels were quantified using a 

Mouse/Rat Insulin ELISA Kit (EMR0002, FineTest; Labclinics, Barcelona, 

Spain). Insulin resistance was evaluated using the homeostasis model 

assessment of insulin resistance (HOMA-IR), calculated according to the 

following formula: 

𝐻𝑂𝑀𝐴 − 𝐼𝑅 =
𝑓𝑎𝑠𝑡𝑖𝑛𝑔 𝑝𝑙𝑎𝑠𝑚𝑎 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 (

𝑚𝑚𝑜𝑙

𝐿
)𝑋 𝑓𝑎𝑠𝑡𝑖𝑛𝑔 𝑝𝑙𝑎𝑠𝑚𝑎 𝑖𝑛𝑠𝑢𝑙𝑖𝑛 (

𝜇𝐼𝑈

𝑚𝐿
)

22.5
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5.5. Behavioral test 

Spontaneous behavioral tests were conducted without the use of external 

rewards or punishments to assess recognition memory and novelty-seeking 

behavior in mice. Animal activity was monitored and quantified using the 

SMART Video Tracking System (Biological Instruments, Besozzo, Varese, 

Italy) with a sampling rate of 40 ms per point, coupled with a Sony color CCD 

camera (PAL format).  

In the STZ model, mice underwent a single behavioral test, the Novel Object 

Recognition (NOR) test, at specific time points (T0, T3, and T4). In the 

HFD/STZ model, at designated time points (T1, T2, and T5), animals 

underwent three behavioral tests: NOR, Object Location (OL), and Y-Maze. 

Specific cognitive parameters were selected and analyzed for each test, as 

described below. Between trials, the testing arena was thoroughly cleaned 

with 70% ethanol to remove olfactory traces from previous subjects. 

5.5.1. Novel object recognition (NOR) test 

The Novel Object Recognition (NOR) test evaluates exploratory behavior 

towards novelty and recognition memory (knowledge component) in rodents. 

The test, which lasts three days, is characterized by three main phases: 

habituation (or open arena), familiarization, and testing. During the first phase 

of habituation, which is carried out in the first two days, the mice were placed 

one at a time inside a white arena with no objects inside. Each mouse was left 

free to explore the empty arena for 15 minutes to familiarize themselves with 

the environment in which the test would later take place. Following this, the 

mice were removed from the arena and repositioned in their respective cages.  

On the third day, during the familiarization phase, the mice were positioned, 

always one at a time, within the same arena in which two identical objects 

were placed. The animals were left free to explore the two objects for 5 

minutes, after which they were transferred back to their cages for 10 minutes 

(retention phase). During this time-lapse, the arena and the objects were 

cleaned with 70% ethanol, and one of the two objects was replaced with 

another object with a different shape, size, and color. Next, during the test 

phase, the mice were returned to the same arena and were left free to explore 
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the familiar object and the new object for 5 minutes, after which they were 

returned to their respective cages (Figure 12). 

 

 

Figure 12. Experimental set-up and procedure for NOR task (Brandalise et al., 

2017). 

In this test, we evaluated two cognitive parameters: (i) the number of 

approaches and (ii) the total duration of the approaches for both the familiar 

object and the new object. The approaches were defined as when the distance 

between the mice's snout and the object is equal to or less than 2 cm. 

To assess the mice capability to discriminate between the familiar and the 

novel object, we calculated the mean novelty discrimination index (DI) using 

the formula: 

𝐷𝐼 =
(𝑛 −  𝑓)

(𝑛 + 𝑓)
 

where n is the number or duration of approaches to the new object and f is the 

number or time of approaches to the familiar one. The DI value can range from 

-1 to 1, where -1 indicates complete preference towards the familiar object, 0 

indicates no preference, and 1 indicates complete preference for the new 

object. 
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5.5.2. Object location (OL) test 

The Object Location (OL) is a spontaneous behavioral test that allows to 

investigate the "remember" component of the recognition memory in rodents 

(Rossi et al., 2018). This test consists of the same phases as the NOR task: two 

days of habituation (15 minutes per day) and the familiarization, retention, and 

test phase on the third day. The test procedure is identical to the NOR up to 

the test phase. After 5 minutes of the familiarization phase, the mouse was 

removed from the arena and placed inside its cage for 10 minutes. During this 

period, the arena and objects were cleaned with 70% ethanol, and one of the 

two was moved to a different location in the arena. In the subsequent test 

phase, the animals were repositioned in the same arena and were left free to 

explore the familiar object and the repositioned object for 5 minutes (Figure 

13). 

In the OL test, we investigated the exact parameters of the NOR test: (i) the 

number of approaches and (ii) the duration of the approaches for both the 

familiar object and the repositioned one.  

To assess the discrimination between the familiar object and the repositioned 

one, the discrimination index (DI) was calculated in the same way as it was 

done for the NOR task. 
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Figure 13. Experimental set-up and procedure for NOR task (Rossi et al., 2018). 

5.5.3. Y-maze test 

The Y maze test is usually used to study the "remember" component of the 

recognition memory and spatial working memory. This test is carried out in a 

Y-shaped labyrinth consisting of three symmetrical solid gray plastic arms (40 

cm long, 12 cm high, 8 cm wide) positioned at an angle of 120 ° to each other. 

Each session began with placing the mouse in the center of the maze. The 

mouse is left free to explore the three arms for 8 minutes (Figure 14). In this 

test, an “arm entry” was defined as all 4 of the animal’s limbs entering an arm 

of the maze. A “triad” or “triplet” was defined as a set of 3 arm entries in 

which each consecutive entry was into a different arm of the maze. If the arms 

of the Y maze are designated A, B, and C, an entry will proceed as ABC, ACB, 

BAC, BCA, CAB, or CBA. On the contrary, a failure was defined as repeated 

entry into the same arm (AAA, ABA, ACA, AAB, AAC, BBB, BAB, BCB, 

BBC, CCC, CBC, CAC, CCB, or CCA). The number of arm entries and the 

number of triads were measured.  

In particular, the percentage of triplet alternation was considered as a cognitive 

parameter, calculated by using the following formula: 
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Number of triplets

Number of total entries - 2
× 100 

 

 

Figure 14. Experimental set-up and procedure for Y maze task (Rossi et al., 2018). 

5.6. Frailty index calculation 

We used a variant of Parks's procedure to measure the frailty index (FI) during 

aging (Parks et al., 2012). Park’s FI procedure is as follows. Mean reference 

values for each parameter used to construct the FI are obtained at T0. For each 

mouse and at different experimental times, the values of these parameters are 

compared with the mean reference values. The values that are 1 standard 

deviation (SD) above or below the mean reference value are given a FI value 

of 0.25; the values that are different of 2 SD are scored as 0.5; the values that 

are different of 3 SD are 0.75; the values that are more than 3 SD above the 

mean reference receive the maximal frailty value of 1. Parameters that are 

different from the mean reference values by less than 1 SD receive a score of 

0. These values are averaged to obtain an FI for each animal so that a mouse 

with no deficits has a FI score of 0 and an animal with all possible maximal 

deficiencies has a FI score of 1 (Parks et al., 2012). 

Whereas Parks’s method for creating the FI used a graded scale, we developed 

a method to derive more accurate values during aging. The mean reference 

value and the SD for each studied parameter were calculated at T0 (11 

months). The values obtained from each mouse at different experimental times 

were compared to the mean value at T0 using the following formula: 

𝐹𝐼 =
𝑉𝑎𝑙𝑢𝑒 − 𝑀𝑒𝑎𝑛 𝑎𝑡 𝑇0

𝑆𝐷 𝑎𝑡 𝑇0
∗ ±0.25 
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This procedure was used for creating Cognitive FI.  

Furthermore, for the HFD/STZ model, this procedure was applied to derive 

specific FI reflecting the “knowledge” (assessed via the NOR test) and 

“remember” (assessed via the OL and Y-maze tests) components of 

recognition memory. Finally, to obtain a global cognitive FI of recognition 

memory, the FI from the two components were subsequently averaged. 

5.7. Histological analysis 

All mice were decapitated at 19 (for the STZ model) or 16 (for the HFD/STZ 

model) months after anesthetization with isofluorane (Aldrich, Milwaukee, 

WI, USA). The head/body of the pancreas and brain were immediately 

excised, washed in 0.9% NaCl, and fixed by immersion for 7 h in 4% 

paraformaldehyde in 0.1 M phosphate (pH 7.4). The tissues were then 

dehydrated through a graded series of ethanol and finally embedded in 

Paraplast X-TRA (Sigma Aldrich, Milan, Italy). Using a manual rotatory 

microtome, 6 µm-thick pancreatic and 8 µm-thick brain coronal sections were 

cut serially and collected on silane-coated slides. 

At the time of use, the sections included in Paraplast X-tra were then 

deparaffinized for 20 minutes in xylene (Carlo Erba, Cornaredo, Italy), 

subsequently rehydrated by using a descending alcoholic scale protocol that 

includes five steps of 5 minutes each, as follows: xylene 50%/absolute ethanol 

50%, absolute ethanol, ethanol 95%, ethanol 80%, and finally ethanol 70%. 

Next, the sections were rinsed in phosphate-buffered saline (PBS). The 

sections were then used for Hematoxylin and Eosin (H&E) staining and 

brightfield immunohistochemistry evaluations. 

5.7.1. Hematoxylin/eosin staining 

The deparaffinized and rehydrated sections of pancreas and hippocampus 

tissues were immersed in hematoxylin for 10 minutes and then washed with 

running water for about 2 minutes. Next, the sections were washed twice in 

distilled water (H20d) and immersed in eosin for 2 minutes. After two washes 

in H20d, the slices were dehydrated following an ascending alcoholic scale 

protocol consisting of five steps: 80% ethanol (fast), 95% ethanol, absolute 

ethanol, xylene 50%/absolute ethanol 50%, and xylene (3 minutes each). 
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Finally, the slides were mounted with Eukitt (Kindler gmbH) for the bright-

field microscope analysis. 

Given the complex architecture and functional specialization of both the 

pancreas and central nervous system (CNS), H&E staining provided a clear 

overview of tissue organization and delineated region-specific histological 

characteristics (Li et al., 2022; Longnecker, 2021; Roda et al., 2019). 

Brightfield microscopy at low magnification enables clear identification of 

distinct areas within the pancreas and hippocampus. Whereas the coronal 

plane and subregional anatomy of the hippocampus were readily visualized, 

the coronal orientation of the pancreas was only confirmed based on the 

presence of rounded pancreatic ducts lined with cuboidal epithelium and the 

distribution of the islets of Langerhans. 

Sections were observed by Leica DM6B WF microscope (Leica 

Microsystems, Buccinasco, MI, Italy). The images were acquired with a Leica 

dfc 7000 t CCD camera (Leica microsystems, Buccinasco, MI, Italy) and 

stored on a PC running the Leica Application Suite X (LAS X) software 

(Version 5.1.0). The whole hippocampus was reconstructed using the LAS X 

Navigator imaging system, including the merge function. 

5.7.1.1. Insulitis scoring 

H&E-stained pancreatic tissue sections were then observed for the assessment 

of lymphocytic infiltrates in the Langerhans pancreatic islets. To determine 

the presence and severity of insulitis, a minimum of 30 islets for each 

experimental group were evaluated. All evaluations were conducted under 

double-blinded conditions. The degree of insulitis was graded according to the 

following: normal islet, score 0; perivascular/periductal infiltration, score 1; 

peri-insulitis, score 2; mild insulitis (< 25% of the islet infiltrated), score 3; 

and severe insulitis (more than 25% of the islet infiltrated), score 4 (Pavlovic 

et al., 2018; Pejnovic et al., 2013). 

5.7.1.2. Hippocampal injury evaluation 

For histopathological evaluation, four sections per mouse were examined. The 

most representative figures of the hippocampus were selected and are shown, 

with a focus on the Dentate Gyrus (DG) and Cornu Ammonis (CA) regions. 

Concerning the quantitative evaluation, the following measurements were 
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performed: (i) whole thickness of DG layer; (ii) pyramidal cell layer thickness 

of CA subdivisions; (ii) cell density (number of cells/area in mm2) in the same 

areas was measured. 

5.7.2. Immunohistochemistry  

After deparaffination in xylene (Carlo Erba, Cornaredo, Italy), the sections 

were rehydrated in a series of decreasing ethanol concentrations and rinsed in 

phosphate-buffered saline (PBS, Sigma-Aldrich, Milan, Italy). The 

hippocampal slides were incubated at RT for 7 min in a blocking buffer for 

the suppression of the endogenous peroxidases (3% H2O2 in 10%methanol in 

PBS), then for 20 min in foetal calf serum to block non-specific antigen 

binding sites. Immunohistochemistry was performed using commercial 

antibodies on mice and human hippocampal sections, to localize the presence 

and distribution of two specific markers involved in Alzheimer pathology: (i) 

Anti-Beta (β)-Amyloid (AβPP), and (ii) Anti-phospho-Tau (Ser235) (details 

and dilutions are reported in Table 1). The sections were incubated at 4°C 

overnight in a dark chamber. Subsequently, the slides were incubated with 

biotinylated secondary antibodies (Vector Laboratories, Burlingame, CA, 

USA) for 30 minutes and horseradish peroxidase conjugated avidin-biotin 

complex (Vector Laboratories, Burlingame, CA, USA) for 30 minutes at RT. 

Then, 0.05% 3,3-diaminobenzidine tetrahydrochloride (DAB; Sigma Aldrich, 

Milan, Italy) with 0.01% H2O2 in Tris–HCl buffer (0.05 M, pH 8) was used 

as a chromogen, followed by nuclear counterstaining with Haematoxylin. 

Then, sections were dehydrated in ethanol, cleared in xylene (Carlo Erba 

Reagents, Cornaredo, Italy), and finally mounted in Eukitt (Kindler, Freiburg, 

Germany). For control staining, the primary antibody was omitted in some 

sections, which were incubated with phosphate-buffered saline only. No 

immunoreactivity was observed in this condition. 
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 Antigen Species, Manifacturers Dilution 

P
ri

m
a

ry
 a

n
ti

b
o

d
ie

s 
Anti-Beta (β)-

Amyloid 

Mouse monoclonal IgG1, clone 

22C11, Chemicon (MAB348, 

Sigma-Aldrich, St. Louis, MO, 

USA) 

1:100 

Anti-phospho-Tau 

(Ser235)  

Mouse monoclonal IgG1k, clone 

RN235, Sigma-Aldrich 

(MABN2275, Sigma-Aldrich, St. 

Louis, MO, USA) 

1:500 

S
ec

o
n

d
a
ry

 

a
n

ti
b

o
d

ie
s 

 

Biotinylated horse anti- 

mouse IgG 

Horse, Cat# PK-6102, Vector 

Laboratories 

(Burlingame, CA, USA) 

1:200 

Table 1. Primary and secondary antibodies used for immunohistochemical 

reactions. 

5.7.3. Quantitative analysis 

For the quantitative assessment of the two markers, the immunopositivity was 

analyzed in four hippocampal subregions: the molecular layer of CA1 (ML-

CA1), the pyramidal layer of CA1 (P-CA1), the pyramidal layer of CA3 (P-

CA3), and the molecular layer of the dentate gyrus (ML-DG).  

Sections were observed by Leica DM6B WF microscope (Leica 

Microsystems, Buccinasco, MI, Italy). The images were acquired with a Leica 

dfc 7000 t CCD camera (Leica microsystems, Buccinasco, MI, Italy) and 

stored on a PC running the Leica Application Suite X (LAS X) software 

(Version 5.1.0). Furthermore, three sections per animal were analyzed using 

ImageJ (ImageJ 1.46p, NIH, Bethesda, MA, USA), and for each animal the 

mean and standard error of the mean (SEM) were calculated. 
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p-Tau analysis 

After image acquisition, bright-field images were inverted so that 

immunopositive areas appeared lighter than the background or non-stained 

neurons. Background intensity and hematoxylin staining were subtracted. The 

density of pixels in immunopositive areas was measured and expressed as 

optical density (OD). For each section, OD measurements were performed in 

10 rectangular regions of interest (ROIs 40x40) for molecular layers (Figure 

15A) and 10 circular (ROIs 30x30) for pyramidal layers (Figure 15B). The 

background OD from each section was subtracted from the measured values. 

The dimensions of the ROIs and the magnification were kept constant across 

all analyses.  

Figure 15. ImageJ toolbar with "Rectangular selection" (A) and "Oval selection" 

(B) with ROIs specification. 

 

APP analysis 

For each section, the area of plaque and the number of APP spots were 

measured using the “polygon selection” (Figure 16A) and “multi-point” 

(Figure 16B) tools, respectively. Subsequently, these data were considered to 

calculate the APP plaque density applying the following formula: 

 
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑖𝑛𝑔𝑙𝑒 𝐴𝑃𝑃 𝑠𝑝𝑜𝑡𝑠

𝑎𝑟𝑒𝑎 𝑝𝑙𝑎𝑞𝑢𝑒
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Figure 16. ImageJ toolbar with “polygon selection” (A) and “multi-point” (B) with 

ROIs specification. 

5.8. Statistical analysis 

The values obtained were expressed in terms of mean ± standard error of the 

mean (SEM, Standard Error of the Mean). The statistical analysis of Kaplan-

Meier graphs was performed using a Log-Rank (Mantel-Cox) test. To evaluate 

the statistical differences among the experimental groups in fasting glycemia, 

GA, MGO, weight, food and water intake, Global DI, Global FI, and 

quantitative analysis of hippocampus tissue, the unpaired t-test and the 

ANOVA One-Way test followed by the Bonferroni post-hoc test, were 

performed. Microsoft Excel and Prism 5 (GraphPad Software, San Diego, CA, 

USA) were used for statistical analysis. Statistical significance was assigned 

as follows: P < 0.05 (*), P < 0.01 (**), P < 0.001 (***).  
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6. Results 

My Ph.D. project aimed to investigate the metabolic, cognitive, and 

hippocampal consequences of diabetes and diet-induced metabolic alterations 

in mice. To this end, two longitudinal and complementary experimental 

models were developed. The first model, hereafter referred to as STZ, was 

based on low-dose streptozotocin (STZ) administration in adult mice. This 

model was examined under two different conditions: one group of animals 

followed a normal diet (ND), while another group was exposed to a 

detrimental high-sugar (HS) diet.  The HS diet was applied to evaluate whether 

excessive sugar intake could induce or exacerbate the diabetic condition. 

The second preclinical model, hereafter referred to as HFD/STZ, combined a 

high-fat diet (HFD) with low-dose STZ treatment. In addition, HFD alone was 

studied to assess the specific contribution of diet-induced metabolic changes.  

Data obtained from the STZ model have been published in Frontiers in 

Physiology (Venuti et al., 2025), and a second paper describing the results of 

the HFD/STZ model is currently in preparation. 

6.1. Metabolic biomarkers in non-diabetic mice 

To evaluate the systemic impact of dietary interventions and diabetes 

induction, metabolic parameters were assessed in the control groups of each 

model. Fasting glycemia, glycated albumin (GA), and methylglyoxal (MGO) 

were measured in control animals fed a normal diet (CTRL-ND), provided by 

the animal facility, or a high-sugar diet (CTRL-HS), as well as in mice 

exposed to a high-fat diet (HFD). Furthermore, in the HFD-fed mice, the 

OGTT was performed to evaluate the presence of glucose intolerance. 

6.1.1. Glycemia, glycated albumin, and methylglyoxal in mice fed a 

normal and high-sugar diet 

Monitoring peripheral metabolic markers is essential to characterize the 

systemic effects of dietary interventions and to evaluate their potential 

contribution to diabetes-related alterations. In this study, fasting glycemia, 

GA, and MGO were assessed longitudinally in mice fed either an ND or an 

HS diet.  

As expected, in CTRL-ND mice, fasting glycemia at T2 (14 months of age; 

104.45 ± 2.94 mg/dL, n = 8) was not significantly different from baseline 
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levels at T0 (98.44 ± 2.83 mg/dL, n = 35). The same levels of fasting glycemia 

were also maintained at T3 (16 months of age; 94.50 ± 5.15 mg/dL, n = 8) and 

T4 (19 months of age; 97.29 ± 8.58 mg/dL, n = 8), with no statistical difference 

across timepoints (Figure 17A).  

Similarly, no significant changes in GA were detected at any monitored 

timepoint: T0 (29.13 ± 1.81 pmol/mL, n = 35), T2 (35.05 ± 1.65 pmol/mL, n 

= 8), T3 (14.77 ± 0.81 pmol/mL, n = 8), and T4 (26.66 ± 2.62 pmol/mL, n = 

8; Figure 17B).  

However, MGO concentrations at T2 (2.04 ± 0.22 μg/mL, n = 8) were 

comparable to those at T0 (2.72 ± 0.21 μg/mL, n = 35), but significantly 

declined with age. Specifically, values decreased from T0 (2.72 ± 0.21 μg/mL, 

n=35) to subsequent timepoints (T2: 2.04 ± 0.22 μg/mL; T3: 1.26 ± 0.27 

μg/mL, p = 0.017; T4: 1.22 ± 0.15 μg/mL, p = 0.023; Figure 17C). 

In summary, while fasting glycemia and GA remained stable between 9 and 

19 months of age in ND-fed mice, as expected, MGO showed a significant 

age-related reduction. 

After 5 months of ND (T2), a group of mice (n = 9) was switched to an HS 

diet, and were monitored for 2 months (T3) and 5 months (T4). 

At T3, fasting glycemia in CTRL-HS mice (98.78 ± 5.76 mg/dL, n = 9) was 

statistically indistinguishable from that in CTRL-ND mice, a trend maintained 

at T4 (CTRL-HS: 86.78 ± 5.06 mg/dL; Figure 17A). Thus, prolonged intake 

of 10% HS over five months did not alter fasting glucose levels when 

compared to mice fed a normal diet. Moreover, glycemia remained stable 

across the entire experimental period in both CTRL-ND and CTRL-HS 

groups. 

Furthermore, at T3, the GA level in CTRL-HS mice (27.76 ± 8.0 pmol/mL, n 

= 9) was comparable to that in CTRL-ND animals. However, at T4, GA in 

CTRL-HS mice (78.08 ± 15.08 pmol/mL, n = 9) was significantly elevated 

relative to CTRL-ND mice (p < 0.001; Figure 17B). This suggests a 

detrimental impact of prolonged HS intake on the glycation process. 

Regarding MGO, a similar age-related decline in its levels, as seen in ND-fed 

mice, was also detected in CTRL-HS mice (T3: 1.18 ± 0.24 μg/mL, p = 0.005; 

T4: 0.64 ± 0.14 μg/mL, T4 vs T3: p < 0.001). Importantly, MGO levels were 

comparable between CTRL-ND and CTRL-HS groups at corresponding 

timepoints. 
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Overall, these findings indicate that a 10% HS diet does not adversely affect 

glycemia, GA, or MGO levels up to T3. However, an extended HS diet for 

five months led to a marked increase in GA at T4, without affecting glucose 

levels, suggesting that GA is a more sensitive indicator of long-term 10% HS 

exposure. Additionally, we suggest that the senescence process could cause 

the decline in MGO, which was independent of diet regimen. 

Figure 17. Comparison between normal (ND) and high sugar (HS) diet in control 

mice (CTRL) at different experimental timepoints. Fasting glycemia (A), Glycated 

albumin (B), and Methylglyoxal (C) levels were measured at T0 and T2 in CTRL 

mice, at T3 and T4 in CTRL-ND and CTRL-HS animals. Statistical significance 

(One-Way ANOVA followed by Bonferroni post-hoc test): * vs T0, # vs T2, £ vs T3 

ND, $ vs T3 HS, § vs T4 ND. For all symbols reported p < 0.05 (*, #, £, $, §); p < 

0.01 (**, ##, ££, $$, §§); p < 0.001 (***, ###, £££, $$$, §§§). 

6.1.2. Glycemia, glycated albumin, methylglyoxal, and oral glucose 

tolerance test in mice fed with high-fat diet  

Following the same approach previously described, fasting glycemia was 

measured at designated time points throughout the study to evaluate the 

metabolic effects of HFD alone. Before HFD at T0 (10 months of age), mice 

fed an ND exhibited euglycemia (94.16 ± 2.11 mg/dl, n = 14). After one month 

(T1: 162.08 ± 5.28 mg/dl, n = 14), four months (T2: 154.87 ± 10.32 mg/dl, n 

= 14), and six months (T5: 143.29 ± 12.97 mg/dl, n = 7) of HFD, fasting 

glycemia values were significantly elevated compared to T0 (T1 and T2: p < 

0.0001; T5: p = 0.00011). In the HFD group, no statistically significant 
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differences were detected among the different experimental timepoints 

(Figure 18A). 

These findings indicate that HFD alone induces a rapid, stable elevation in 

fasting glycemia, reaching a 72.13% increase after one month. This 

hyperglycemic state persists throughout the six-month monitoring period. 

As with fasting glycemia, GA levels were monitored before HFD (T0: 29.15 

± 2.11 pmol/mL, n = 14), and after one (T1: 14.91 ± 7.58 pmol/mL, n = 14), 

four (T2: 52.17 ± 6.34 pmol/mL, n = 14), and six months (T5: 24.92 ± 2.23 

pmol/mL, n = 7) of HFD. Specifically, after four months of HFD, GA levels 

significantly increased compared to T0 (p = 0.002) and T1 (p = 0.001), but 

decreased significantly at T5 (p = 0.016; Figure 18B). While glycemia 

exhibited a rapid response after only one month of diet switch, GA levels 

showed a delayed response, with a significant increase emerging after four 

months of HFD exposure. Thereafter, GA concentrations declined, suggesting 

a dynamic metabolic adaptation to a prolonged HFD regimen. 

MGO levels in HFD mice showed a significant reduction at T1 (1.31 ± 0.05 

µg/mL, n = 14) compared to T0 ND (2.27 ± 0.30 μg/mL, n = 14; p = 0.011). 

Furthermore, MGO levels further decreased at both T2 (0.27 ± 0.07 µg/mL, n 

= 14) and T5 (0.22 ± 0.07 µg/mL, n = 7), relative to T1 (1.31 ± 0.05 µg/mL, 

n = 14; p < 0.0001 for T2 and p = 0.0001 for T5; Figure 18C). This progressive 

reduction over time mirrored the trend previously observed in ND and HS 

mice of the first model, confirming the hypothesis of an age-related decline in 

fasting MGO levels.  
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Figure 18. HFD effect on fasting glycemia, GA and MGO. (A) Fasting glycemia, 

(B) Glycated albumin, and (C) Methylglyoxal at T0 in ND mice (dark green) and at 

T1, T2, T4, and T5 in HFD mice (green). Values are reported as mean ± SEM.  

Statistical significance (one-way ANOVA followed by Bonferroni post-hoc test): p < 

0.05 (*); p < 0.01 (**); p < 0.001 (***). 

Given the hyperglycemia in HFD mice, the OGTT was conducted to evaluate 

the presence of glucose intolerance. Specifically, this test was performed at 

T0 in CTRL mice (n = 14) and at T5 in HFD mice (n = 3). For each animal, 

the glucose response curve and the corresponding area under the curve (AUC) 

were calculated (Figure 19A and B, respectively). 

In CTRL mice, the glucose peak (4.44 ± 0.27 mmol/L) occurred 30 minutes 

after glucose administration and gradually declined thereafter, indicating 

normal glucose homeostasis. In contrast, the HFD group displayed a higher 

glucose peak (6.99 ± 1.19 mmol/L), followed by a more rapid decline 

compared to CTRL mice (Figure 19A). Nevertheless, the AUC in CTRL mice 

at T0 was 556.74 ± 31.99 mmol/L × min, while the AUC in HFD mice at T5 

was slightly elevated (582.61 ± 45.86 mmol/L × min), without reaching 

statistical significance (Figure 19B). These results demonstrated normal 

glucose tolerance. 
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Figure 19. HFD effect on OGTT test. (A) Mean of response glucose curves and (B) 

Mean of Area under the curve (AUC) of OGTT at T0 in CTRL mice (dark green) 

and at T5 in HFD (green). Data are presented as mean ± SEM. Statistical 

significance (One-Way ANOVA followed by Bonferroni post-hoc test): p < 0.05 (*); 

p < 0.01 (**); p < 0.001 (***). 

6.2. Diabetes induction on the two experimental models 

After establishing the longitudinal profiles of metabolic parameters in ND, 

HS, and HFD-fed mice, these parameters were investigated in diabetic 

conditions. In both experimental models, diabetes was induced in adult mice 

using the same low-dose STZ protocol, as described in section 5.3 of Materials 

and Methods. This approach enabled direct comparison between STZ alone 

and the combined HFD/STZ condition. In both models, metabolic alterations 

were monitored by fasting glycemia, GA, and MGO. Furthermore, in the 

HFD/STZ model, additional assessments included OGTT, plasma insulin 

levels, and the Homeostatic Model Assessment of Insulin Resistance (HOMA-

IR) to evaluate insulin resistance. 

6.2.1. Metabolic parameters of diabetic mice in STZ model  

In this first model, diabetes was established at T1, corresponding to 13 months 

of age (DM-ND, n = 18). One month following STZ administration (T2), all 

treated mice exhibited a significant and pronounced increase in fasting 
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glycemia (mean: 421.5 ± 21.63 mg/dL, n = 18; Figure 20A) compared to pre-

induction levels at T0 (98.44 ± 2.83 mg/dL, p < 0.001). Notably, each mouse 

exceeded 300 mg/dL for three consecutive days, fulfilling diagnostic criteria 

for diabetes in STZ-treated rodents (Furman, 2021; Graham et al., 2011; Liu 

et al., 2020). In accordance with the Animal Models of Diabetic 

Complications Consortium (AMDCC), these animals were classified as 

diabetic (DM). Overall, fasting glycemia at T2 represented a 412.7% increase 

relative to T0. 

Concomitantly, GA levels were markedly elevated at T2 (113.37 ± 26.39 

pmol/mL, n = 18) compared to baseline (29.13 ± 1.81 pmol/mL, n = 35; p = 

0.0062; Figure 20B), reflecting a 389.6% increase. In contrast, MGO levels in 

the DM group at T2 (3.12 ± 0.66 μg/mL, n = 35) remained comparable to T0 

values (2.72 ± 0.21 μg/mL, n = 18). Thus, one month post-STZ treatment, both 

glycemia and GA were significantly elevated, whereas MGO remained 

unchanged. 

At T3 (two months post-induction), both DM-HS and DM-ND mice 

demonstrated a tendency toward decreased fasting glycemia (DM-HS: 342.78 

± 61.41 mg/dL, n = 9; DM-ND: 332.22 ± 46.40 mg/dL, n = 9), though still 

significantly above T0 levels (p < 0.001). Glycemia further declined at T4 

(five months post-induction) in both DM-HS (152.60 ± 33.25 mg/dL) and 

DM-ND (217.33 ± 54.54 mg/dL) mice. These values, although reduced 

compared to T2, were no longer significantly different from baseline T0 

levels. No significant differences in glycemia were observed between DM-HS 

and DM-ND groups at either T3 or T4. Collectively, these results suggest a 

partial spontaneous recovery of glycemic control over time following STZ 

induction, and importantly, indicate that high-sugar (HS) water intake did not 

exacerbate glycemia at any measured time point. 

GA levels, after peaking at T2, remained elevated but did not differ 

significantly at subsequent time points (T3 and T4) in either group (T3: DM-

HS 93.04 ± 58.61 pmol/mL; DM-ND 93.62 ± 36.61 pmol/mL; T4: DM-HS 

97.16 ± 29.27 pmol/mL; DM-ND 71.22 ± 21.45 pmol/mL; Figure 20B). 

Notably, GA values remained 3-4 times higher than baseline, confirming its 

utility as a robust biomarker of diabetes in STZ-treated animals. Unlike 

glycemia, GA did not decline at T4, suggesting sustained non-enzymatic 

glycation despite partial normalization of glucose levels. 



Results 

73 
 

As observed in control mice, MGO levels in DM animals showed a non-

significant downward trend over time. However, at T3, MGO was 

significantly elevated in DM-HS mice (3.57 ± 0.48 μg/mL, n = 9) relative to 

DM-ND mice (2.03 ± 0.21 μg/mL, n = 9; p = 0.01). At T4, following continued 

HS intake, MGO levels in DM-HS mice significantly declined (0.64 ± 0.18 

μg/mL) compared to T3 (1.32 ± 0.10 μg/mL; p = 0.0009; Figure 20C). 

Since HS intake did not affect glycemia at any experimental time point, either 

in control or diabetic mice, animals were pooled at T3 and T4 within the 

respective CTRL and DM groups to assess longitudinal effects of metabolic 

parameters (Figure 21). Animals that did not survive to T4 were excluded 

(CTRL: n = 16; DM: n = 14). 

In CTRL mice, fasting glycemia remained stable over time: T0 (97.5 ± 4.05 

mg/dL), T2 (103.31 ± 3.02 mg/dL), T3 (97.75 ± 3.91 mg/dL), and T4 (91.37 

± 4.73 mg/dL; Figure 21A). In contrast, DM mice exhibited a marked 

glycemic increase at T2 (419.87 ± 32.38 mg/dL) compared to T0 (103.64 ± 

7.69 mg/dL; p < 0.001) and to CTRL mice at T2 (p < 0.001). Although 

glycemia decreased significantly in DM mice at T3 (296.57 ± 32.61 mg/dL) 

and T4 (194.21 ± 37.04 mg/dL), values remained elevated relative to CTRL 

mice (p < 0.001), though no longer significantly different from T0. 

Regarding GA, CTRL mice showed a significant increase at T4 (59.46 ± 12.89 

pmol/mL) compared to T0 (29.37 ± 2.33 pmol/mL; p = 0.007). GA levels 

decreased significantly at T3 (17.76 ± 1.35 pmol/mL; p < 0.001 vs. T0, p = 

0.03 vs. T2; Figure 21C), with the T4 increase primarily attributable to the HS 

diet. In DM mice, GA levels significantly increased at T2 (76.59 ± 20.87 

pmol/mL vs. T0: 33.29 ± 5.47 pmol/mL; p = 0.02), and also differed from 

CTRL at the same time point (p = 0.0064). GA levels subsequently declined 

at T3 (75.82 ± 25.08 pmol/mL) and T4 (63.07 ± 12.76 pmol/mL), but the 

differences were not statistically significant. However, at T3, a significant 

difference persisted between DM and CTRL groups (p = 0.043). 

For MGO, CTRL mice showed significant reductions at T3 (0.98 ± 0.21 

μg/mL) and T4 (0.84 ± 0.17 μg/mL) compared to T0 (2.27 ± 0.30 μg/mL; p = 

0.009 and p = 0.03, respectively; Figure 21E). Similarly, DM mice exhibited 

a significant decrease in MGO at T4 (1.07 ± 0.12 μg/mL) compared to T0 

(2.77 ± 0.40 μg/mL; p = 0.01; Figure 21F). No significant difference in MGO 

was detected between CTRL and DM groups at T2, although at T3, MGO was 
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significantly higher in DM mice (2.58 ± 0.41 μg/mL) relative to CTRL (p = 

0.0003). At T4, MGO levels were comparable between groups. Notably, the 

increase observed at T3 in DM mice was primarily attributable to the HS 

regimen. 

Figure 20. Comparison between control mice fed with normal diet (CTRL-ND) and 

diabetic mice fed with both normal diet (DM-ND) and high sugar diet (DM-HS) at 

different experimental timepoints. Fasting glycemia (A), Glycated albumin (B), and 

Methylglyoxal (C) levels were measured at T2 in DM mice (n=18), and at T3 and 

T4 in DM-ND and DM-HS animals. All data were compared to each other and 

compared to the value measured at T0 (n=35). The value is reported as mean ± 

Standard Error of the Mean (SEM). Statistical significance: (One-Way ANOVA 

followed by Bonferroni post-hoc test): * vs T0, # vs T2 DM, £ vs T3 DM-ND, $ vs 

T3 DM-HS, § vs T4 DM-ND. For all symbols reported p < 0.05 (*, #, £, $, §); p < 

0.01 (**, ##, ££, $$, §§); p < 0.001 (***, ###, £££, $$$, §§§). 
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Figure 21. Comparison at all experimental times in control (CTRL) and diabetic 

(DM) mice. Fasting glycemia in CTRL (A) and DM (B), Glycated albumin in CTRL 

(C) and DM (D), and Methylglyoxal in CTRL (E) and DM (F) levels were assessed 

at T2, T3, and T4. The values are reported as mean ± Standard Error of the Mean 

(SEM). Statistical significance (Repeated Measures ANOVA followed by Bonferroni 

post-hoc test): * vs T0, # vs T2, £ vs T3. For all symbols reported p < 0.05 (*, #, £); 

p < 0.01 (**, ##, ££); p < 0.001 (***, ###, £££). 
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6.2.2. Glycemic recovery in diabetic mice of STZ model: relationship 

with GA and MGO 

Since some animals partially recovered from STZ-induced hyperglycemia, we 

stratified diabetic mice into persistent and recovered groups. This subdivision 

provided insight into the relationship between glycemic normalization and 

long-term behavior of GA and MGO. 

To further explore and clarify the relationship between glycemia, glycated 

albumin (GA), and methylglyoxal (MGO), values obtained from diabetic mice 

(DM-ND and DM-HS combined) are presented in Figure 22. The analysis 

revealed a wide variability in both GA and MGO levels. 

Based on individual glycemic values at T3 and using a threshold of 300 

mg/dL, diabetic mice were stratified into two subgroups. The DM-REC group 

included animals that had recovered to normoglycemia (mean glycemia: 

215.90 ± 15.82 mg/dL, n = 10), while the DM group comprised mice with 

persistent hyperglycemia above the threshold (mean glycemia: 489.50 ± 35.81 

mg/dL, n = 8; T3 DM, Figure 22A). The difference in glycemia between these 

two groups at T3 was statistically significant (p < 0.001). 

Interestingly, by T4, only two mice retained glycemia values above the 300 

mg/dL threshold (481 ± 108 mg/dL, n = 2), whereas the remaining mice 

showed a significant reduction in glycemia (146.42 ± 16.16 mg/dL, n = 12; 

T4 DM-REC; p < 0.001, Figure 22A). 

To assess whether glycemia at T3 correlated with GA or MGO levels, the two 

subgroups were further analyzed in Figures 22B and 22C. No statistically 

significant differences were observed for GA between the groups: T3 DM 

(161.79 ± 69.46 pmol/mL), T3 DM-REC (93.96 ± 40.47 pmol/mL), T4 DM 

(148.67 ± 88.54 pmol/mL), and T4 DM-REC (69.12 ± 14.01 pmol/mL; Figure 

22B). While GA tended to decrease in DM-REC animals at both T3 and T4 

compared to their hyperglycemic counterparts, the variability in data 

prevented statistical significance. 

Conversely, MGO levels partially mirrored the glycemic profile. A significant 

reduction in MGO was observed in DM-REC animals at T4 (1.03 ± 0.14 

μg/mL) compared to T3 DM mice (2.49 ± 0.34 μg/mL; p = 0.046) and T3 DM-

REC mice (2.98 ± 0.54 μg/mL; p = 0.002; Figure 22C), suggesting a stronger 

correlation between MGO and glycemic improvement than with GA. 
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Figure 22. Comparison between diabetic mice (DM) and diabetic-recovery (DM-

REC) animals at chosen experimental timepoints. Mice divided into two subgroups: 

DM, with fasting glycemia values higher than 300 mg/dl, and DM-REC, with 

fasting glycemia values lower than 300 mg/dl. (A) fasting glycemic values, (B) 

fasting GA values and (C) MGO values. Graphs showing the mean value line and 

the Standard Error of the Mean (SEM) error bars. Statistical significance 

(Unpaired T-test): * vs T3 DM, # vs T3 DM-REC, £ vs T4 DM. For all symbols 

reported p < 0.05 (*, #, £); p < 0.01 (**, ##, ££); p < 0.001 (***, ###, £££). 

6.2.3. Metabolic parameters of diabetic mice in HFD/STZ model 

In this second model, diabetes was established at T3, corresponding to 14 

months of age. After one month after STZ injection, the fasting blood glucose 

levels were significantly elevated (T4: 365.43 ± 14.36 mg/dl, n = 5) compared 

to HFD mice at the corresponding time points (p = 1.5 × 10⁻¹⁰, Figure 23A). 

Based on established diagnostic criteria for hyperglycemia in mice (≥250 

mg/dl; Chen et al., 2024; Furman, 2021), all STZ-treated animals met the 

threshold for classification as diabetic.  

Furthermore, at T5 (two months after STZ-injections), the fasting glycemia 

maintained the elevated value (T5: 356.86 ± 15.94 mg/dl, n = 5), and showed 

a statistically significant difference compared to HFD mice at the same time 

(p = 5.4 × 10⁻¹⁰). 

Moreover, HFD/STZ mice at T5 exhibited a significantly elevated GA level 

(44.65 ± 8.35 pmol/mL, n = 5), comparable to the GA value in HFD mice at 

T2 but significantly higher than in HFD mice at T5 (p = 0.024, Figure 23B). 

Additionally, MGO levels in HFD/STZ mice at T5 (0.72 ± 0.20 µg/mL, n = 
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5) were significantly increased compared to both T2 and T5 values in HFD-

only mice (p = 0.006, Figure 23C). 

These findings indicate that STZ administration in HFD-fed mice not only 

exacerbates hyperglycemia but also counteracts the metabolic adaptations 

observed under HFD alone, as reflected by elevated GA and MGO levels. 

Figure 23. Fasting glycemia, GA and MGO in HFD (green) and HFD/STZ (light 

green) mice. (A) Fasting glycemia at T4 and T5; (B) Glycated albumin, and (C) 

Methylglyoxal levels at T5. Data are presented as mean ± SEM. Statistical 

significance (One-Way ANOVA followed by Bonferroni post-hoc test): p < 0.05 (*); 

p < 0.01 (**); p < 0.001 (***). 

To evaluate insulin resistance in HFD/STZ mice, the OGTT, plasma insulin, 

and HOMA-IR were performed at T5 and compared to HFD mice at the same 

time point. 

The OGTT was conducted in HFD/STZ mice (n = 3), as described in section 

5.4.3 of the Materials and Methods.  

These mice exhibited a markedly elevated glucose peak (11.21 ± 0.69 

mmol/L), which remained persistently high for over three hours post-glucose 

administration, indicative of profound glucose intolerance (Figure 24A). 

Consistently, the AUC in the HFD/STZ group was significantly increased 

(1702.60 ± 136.29 mmol/L × min) compared to both the CTRL group at T0 

(p = 1.9 × 10⁻¹¹) and the HFD group at T5 (p = 8 × 10⁻⁹; Figure 24B). 

Furthermore, at T5, plasma insulin levels were measured in both HFD and 

HFD/STZ mice. Insulin concentrations were comparable between groups, 
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with no statistically significant difference observed (HFD: 12.10 ± 2.15 

ng/mL, n = 7; HFD/STZ: 9.39 ± 1.10 ng/mL, n = 5; Figure 24C). However, 

the HOMA-IR index was significantly elevated in the HFD/STZ group 

(214.85 ± 26.49, n = 7) compared to the HFD group (106.34 ± 21.04, n = 7; p 

= 0.008; Figure 24D), indicating a marked increase in insulin resistance 

following STZ administration. 

Collectively, these data demonstrate that the combination of HFD and STZ 

leads to pronounced glucose intolerance and insulin resistance, consistent with 

the development of a severe diabetic phenotype (Abdul-Ghani et al., 2006; 

Tomlinson et al., 2008). 

Figure 24. Insulin resistance induced by the HFD/STZ combination. (A) Mean of 

response glucose curves and (B) Mean of Area under the curve (AUC) of OGTT at 

T5 in both HFD (green) and HFD/STZ mice (light green). (C) Insulin 

concentrations at T5; (D) HOMA-IR index at T5. Data are presented as mean ± 

SEM. Statistical significance (One-Way ANOVA followed by Bonferroni post-hoc 

test): p < 0.05 (*); p < 0.01 (**); p < 0.001 (***). 
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6.3. STZ induction effect on body weight, water intake, and survival 

probability in the two experimental models 

In addition to glycemic and biochemical parameters, body weight, food, and 

water intake were longitudinally monitored in both experimental models to 

characterize further the metabolic profile associated with diabetes induction. 

In the STZ model, control mice on a normal diet (CTRL-ND) showed a 

progressive age-related weight gain, from 30.9 ± 0.3 g at T0 to 36.1 ± 2.1 g at 

T4 (p-value < 0.001 vs. T0). By contrast, DM-ND exhibited significant weight 

loss, reaching 30.0 ± 1.1 g at T4 (p-value = 0.0086 vs. CTRL-ND). HS diet 

further promoted weight gain in controls (39.1 ± 1.5 g at T4), while DM-HS 

mice did not display marked weight loss (Figure 25). Water intake was 

approximately doubled in diabetic groups compared with controls (∼9 

mL/day vs. 4 mL/day). Regarding food intake, any changes were observed 

(data not shown). 

In the HFD/STZ model, HFD-only mice displayed progressive weight gain, 

whereas HFD/STZ mice showed a significant reduction, from 35.7 ± 0.9 g at 

T4 to 32.8 ± 0.5 g at T5 (p < 0.001; Figure 26). Food intake remained 

comparable between groups (~3 g/day). In contrast, water consumption was 

markedly elevated in diabetic mice, reaching 19.7 ± 0.8 mL/day at T5 versus 

HFD controls (p < 0.001), with an increase of ~27% between T4 and T5, 

indicating progressive polydipsia (data not shown). 

Taken together, these findings show that diabetes induction was consistently 

associated with reduced body weight and increased water consumption in 

both models. In contrast, dietary sucrose attenuated weight loss in the STZ 

paradigm, and HFD/STZ mice displayed pronounced polydipsia despite 

unchanged food intake. 
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Figure 25. Weight was measured at T0 in controls (CTRL), at T2 in CTRL and 

diabetic (DM) mice, and at T3 in CTRL and DM mice, both in normal (ND) and 

high sugar (HS) diet conditions. Values are presented as mean ± SEM. Statistical 

significance for data presented in (Two-Way ANOVA followed by Bonferroni post-

hoc test): * vs T0, # vs T2 CTRL-ND, £ vs T2 DM-ND, $ vs T3 CTRL-HS, § vs T3 

DM-ND, € vs T3 DM-HS, † vs T4 CTRL-ND, Ұ vs T4 CTRL-HS. For all symbols 

reported p < 0.05 (*, #, £, $, §, €, †, Ұ); p < 0.01 (**, ##, ££, $$, §§, €€, ††, Ұ Ұ); p 

< 0.001 (***, ###, £££, $$$, §§§, €€€, †††, Ұ Ұ Ұ). 
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Figure 26. Weight was measured at T0 in CTRL (dark green), at T1, T2 in HFD 

(green), and at T4 and T5 in HFD and HFD/STZ (light green) mice. Values are 

presented as mean ± SEM. Statistical significance for data presented in (Two-Way 

ANOVA followed by Bonferroni post-hoc test): * vs T0, # vs T1, £ vs T2, $ vs T4 

HFD, § vs T5 HFD. For all symbols reported p < 0.05 (*, #, £, $, §); p < 0.01 (**, 

##, ££, $$, §§); p < 0.001 (***, ###, £££, $$$, §§§). 

Survival probability was monitored to evaluate the impact of diabetes 

induction and metabolic alterations on lifespan. Kaplan–Meier curves were 

generated for both models, allowing comparisons between diabetic and 

control groups as well as between single and combined metabolic insults. 

In the STZ model, Kaplan-Meier survival analysis (Figure 27A) revealed a 

statistically significant difference among the survival curves of CTRL-ND, 

CTRL-HS, DM-ND, and DM-HS groups (p = 0.0241), indicating that both 

STZ-induced diabetes and HS water intake significantly influenced survival 

outcomes. 

Notably, a direct comparison between CTRL-ND and DM-ND groups 

revealed no significant difference in survival probability, suggesting that 

diabetes alone did not compromise lifespan up to senescence (19 months of 

age). Similarly, HS consumption alone did not affect survival in CTRL mice 

(CTRL-ND vs. CTRL-HS). In contrast, a significant difference was found 

between DM-ND and DM-HS groups (p = 0.0275), indicating that HS intake 
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negatively affected survival in diabetic animals. A significant difference was 

also identified between CTRL-HS and DM-HS groups (p = 0.0275), 

demonstrating that diabetes reduced survival in the presence of HS 

consumption. Thus, the combination of diabetes and HS intake was 

detrimental, leading to reduced survival probability in DM-HS animals 

compared to all other groups. By 18 months of age, survival probability in 

DM-HS mice dropped to 55.55%. 

To further investigate the link between survival and glycemic control, we 

analyzed the relationship between Kaplan-Meier survival probability and 

fasting glycemia at T3. A statistically significant difference in survival curves 

was observed between DM-ND and DM-HS mice (p = 0.0295, Figure 27B), 

indicating an influence of glycemic status on mortality in diabetic animals. 

Specifically, only DM mice exhibited fasting glycemia levels between 500–

600 mg/dL (n = 5). All DM-HS animals in this range (n = 3) died, while all 

DM-ND mice (n = 2/2) survived, highlighting a deleterious effect of HS intake 

under extreme hyperglycemic conditions. These findings suggest that 

although elevated glycemia contributes to mortality risk, it is not sufficient on 

its own to explain the outcome in diabetic mice fully. 
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Figure 27. Kaplan-Meier survival analysis. Panel (A): Kaplan-Meier survival 

analysis showing survival curves of CTRL and DM mice, fed with either ND or HS 

diet. It should be noted that the DM-ND and CTRL-HS symbols are overlapped. In 

the lower part of panel B, the whole number of mice (n) and the number of dead 

mice (in brackets), at different ages, are reported. Panel (B): Kaplan-Meier 

analysis presenting survival curves of DM mice, fed with either ND or HS diet, 

relative to the glycemia value assessed at 18 months of age (T3). In the lower part 

of panel C, the number of alive mice (n) and the number of dead mice (in brackets) 

are listed. Statistics for Kaplan-Meier analysis was obtained with a Log (Mantel-

Cox) rank test. 

In the HFD/STZ model, Kaplan–Meier survival analysis (Figure 28) revealed 

no significant differences between the HFD and HFD/STZ groups, indicating 

that STZ treatment did not affect overall survival probability, despite the death 

of two out of seven mice at T4. 
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Figure 28. survival probability. (A): Kaplan-Meier survival curves. Statistical 

significance for Kaplan-Meier analysis was obtained with a Log (Mantel-Cox) rank 

test. 

6.4. Histopathological analysis of the pancreas islets: insulitis score in 

the two models 

For both experimental models, histopathological analysis of pancreatic islets 

was performed to assess diabetes-induced alterations. Coronal pancreatic 

sections were collected from CTRL, DM, and DM-REC mice of the first 

model at 19 months of age (T4), and from HFD and HFD/STZ mice of the 

second model at 16 months of age (T5). The tissues were then processed for 

histological evaluation using hematoxylin and eosin (H&E) staining to assess 

diabetes-induced alterations in pancreatic morphology (for details, see 5.7.1 

section of material and methods). A semiquantitative scoring system, as 

described by Pavlovic et al. (2018), was applied under conventional 

brightfield microscopy to estimate the extent of tissue damage, using a scale 

ranging from 0 (undetectable) to 4 (severe). Specifically, the lesion scores 

were defined as follows: score 0, normal islets; score 1, 

perivascular/periductal infiltration; score 2, peri-insulitis; score 3, mild 

insulitis (< 25% of the islet infiltrated); score 4, severe insulitis (more than 

25% of the islet infiltrated).  

In the first model, the histological evaluation of CTRL mice revealed a well-

preserved pancreatic cytoarchitecture, with the majority of islets (82.82%) 

categorized as normal (score 0). In contrast, DM mice exhibited a marked 

reduction in normal islets, with only 6.94% scoring 0. Interestingly, DM-REC 
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animals showed a partial recovery of islet morphology, with 58.53% of islets 

appearing normal (Figure 29A-B). 

DM mice displayed substantial levels of islet inflammation, with mild insulitis 

(score 3) observed in 22.22% and severe insulitis (score 4) in 30.56% of islets. 

In DM-REC mice, these values dropped considerably, with mild and severe 

insulitis recorded at 2.68% and 4.52%, respectively, indicating reduced 

immune infiltration. 

Perivascular and periductal infiltration (score 1) was present in 13.37% of 

islets in CTRL mice but increased to 26.96% in DM mice, before decreasing 

to 20.41% in the DM-REC group. Meanwhile, peri-insulitis (score 2) occurred 

at similar frequencies in both DM and DM-REC animals (13.89% and 

13.87%, respectively), but remained lower in CTRL mice (2.51%). 

These results demonstrate that STZ treatment induced a persistent 

inflammatory response in the pancreatic islets of DM mice, characterized by 

high-grade insulitis. However, a partial restoration of normal islet structure 

was evident in DM-REC animals, indicating some recovery of pancreatic 

integrity over time (Figure 29A-B). 
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Figure 29. Pancreas islet insulitis in CTRL, DM, and DM-REC at T4. Histological 

characterization by H&E staining. (A) Representative micrographs showing the 

pancreas from different groups. Black arrows for each micrograph indicated the 

alteration observed for each score. Light microscopy magnification: 40x. Scale 

bars 145.2 m. (B) Insulitis was reduced in DM-REC mice compared to DM animals. 

Semiquantitative scale ranging from undetectable (0) to severe (4) tissue damage. 

In particular, degree of lesions was recorded and graded as follows: 0, normal 

islet; 1, perivascular/periductal infiltration; 2, peri-insulitis; 3, mild insulitis (< 

25% of the islet infiltrated); 4, severe insulitis (more than 25% of the islet 

infiltrated). 

In the second model, the islet morphology was largely preserved in HFD mice, 

with 56.98% of the islets scored as 0, indicating normal architecture. In 

contrast, the HFD/STZ group exhibited a marked decrease in intact islets, with 

only 1.78% classified as score 0, pointing to significant structural disruption 

(Figure 30A-B). 

Perivascular/periductal infiltration (score 1) was more commonly observed in 

the HFD group (24.42%) than in the HFD/STZ group (17.86%). Conversely, 

the prevalence of peri-insulitis (score 2) was higher in HFD/STZ mice 

(23.21%) compared to HFD mice (6.98%). Similarly, mild insulitis (score 3) 

was more frequently detected in HFD/STZ mice (39.28%) than in HFD mice 

(8.14%). The occurrence of severe insulitis (score 4) was also elevated in the 
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HFD/STZ group (17.86%) relative to the HFD group (3.49%) (Figure 30A-

B). 

These findings clearly demonstrate that the combination of a high-fat diet and 

STZ treatment induces substantially greater pancreatic islet damage compared 

to HFD alone, as reflected by the increased frequency of higher insulitis scores 

in the HFD/STZ group. 

Figure 30. Pancreatic islet insulitis in HFD and HFD/STZ mice at T5. Histological 

characterization by H&E staining. (A) Representative micrographs showing 

pancreas architecture from different groups. Red arrows highlight characteristic 

features associated with each score. Light microscopy magnification: 40x. Scale 

bars 145.2 μm. (B) Semi-quantitative scale ranging from undetectable (0) to severe 

(4) tissue damage. In particular, the degree of lesions was recorded and graded as 

follows: 0, normal islet; 1, perivascular/periductal infiltration; 2, peri-insulitis; 3, 

mild insulitis (< 25% of the islet infiltrated); 4, severe insulitis (more than 25% of 

the islet infiltrated). 

6.5. Cognitive decline and frailty  

The link between metabolic dysfunction and cognitive aging was explored by 

evaluating recognition memory and frailty in both models.  



Results 

89 
 

Cognitive performance was initially evaluated in the STZ model using the 

Novel Object Recognition (NOR) test, with a specific focus on the 

“knowledge” component of recognition memory. In the subsequent HFD/STZ 

model, the assessment was extended to also explore the “remember” 

component through the Object Location (OL) and Y-maze tasks. Furthermore, 

the Discrimination Index (DI) was calculated based on both the time and the 

number of approaches for the NOR and OL tasks. In the Y-maze, the 

percentage of spontaneous alternations in triplets was assessed. In both 

models, a frailty index (FI) was calculated to provide an integrated measure 

of systemic and behavioral vulnerability (for details, see sections 5.5 and 5.6 

of the Materials and Methods). 

6.5.1. STZ model: knowledge component of recognition memory and 

frailty index 

In the STZ model, the NOR test was performed at T0, T3, and T4, following 

the same longitudinal experimental design and time points used for metabolic 

markers, to enable an association between cognitive and systemic parameters. 

As previously observed in metabolic parameters, the analysis of behavioral 

outcomes revealed no significant differences between mice maintained on ND 

or HS diets in either the CTRL or DM groups (data not shown). Consequently, 

dietary conditions were excluded as variables, and subsequent analyses 

focused solely on comparisons between CTRL and DM mice. Furthermore, 

based on the variation in fasting glycemia observed at T3, DM mice were 

stratified into two subgroups: DM, with fasting glycemia > 300 mg/dl, and 

DM-REC, with fasting glycemia < 300 mg/dl (Figure 22A). 

In CTRL mice, a physiological age-related decline in recognition memory was 

detected, consistent with prior findings (Ratto et al., 2019). Specifically, the 

global FI in CTRL mice increased progressively from 0.00 ± 0.04 at T0 (n=35) 

to 0.21 ± 0.11 at T3 (n=12) and further to 0.64 ± 0.13 at T4 (n=12) (Figure 

31B). 

Three months after STZ treatment (T3), DM mice exhibited a significant 

reduction in recognition memory, as reflected by both a decline in the DI and 

an increase in the frailty index (Figure 31A-B). The global FI of DM mice at 

T3, was 0.54 ± 0.09 (n = 8), significantly higher than that of CTRL mice at 

the same time point (p = 0.04) (Figure 31B). By contrast, DM-REC mice at 
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T3 exhibited a restored global FI (0.21 ± 0.15, n = 10), comparable to that of 

CTRL mice, suggesting a recovery of cognitive function in correlation with 

normalized glycemia. 

At T4, most STZ-induced mice showed glycemic recovery, qualifying them 

as DM-REC, and their recognition memory performance aligned with that of 

age-matched CTRL animals (Figure 31B). This recovery was also evidenced 

by improvements in both the DI and the global FI derived from the NOR test 

(0.53 ± 0.09, n = 12) (Figure 31A-B), indicating a partial reversal of the 

cognitive impairments caused by STZ. 

However, a subset of DM mice (n = 3) continued to show severely impaired 

locomotor activity. These animals interacted with the novel and familiar 

objects only 1-2 times over 5 minutes, with each interaction lasting under 3 

seconds. As a result, their low activity levels at T4 precluded the calculation 

of a valid frailty index. 

Figure 31. Novel Object Recognition test (NOR) data. Panels (A) and (B): Global 

Discrimination Index (DI) and Global Frailty Index (FI), respectively. Values are 

presented as mean ± Standard Error of the Mean (SEM). Statistical significance 

(One-Way ANOVA followed by Bonferroni post-hoc test): * vs T0, # vs T3 CTRL, £ 

vs T3 DM, $ vs T3 DM-REC, § vs T4 CTRL. For all symbols reported p < 0.05 (*, 

#, £, $, §); p < 0.01 (**, ##, ££, $$, §§); p < 0.001 (***, ###, £££, $$$, §§§). 
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6.5.2. HFD/STZ model: knowledge and remember component of 

recognition memory and frailty index 

In the HFD/STZ model, the NOR, OL, and Y-maze tasks were performed at 

T1, T2, and T5 to align recognition performance with metabolic parameter 

changes. 

In HFD mice, the discrimination index (DI) for both the number of approaches 

(Figure 32A) and the time spent exploring objects (Figure 32B) in the novel 

object recognition (NOR) test remained unchanged at T2 (0.22 ± 0.07 and 0.45 

± 0.09, n = 14, respectively) compared to T1 (0.25 ± 0.03 and 0.45 ± 0.04, n 

= 14). However, after six months of HFD (T5), a significant reduction in the 

DI for the number of approaches was observed (0.12 ± 0.04, n = 7) compared 

to T1 (p = 0.037), indicating emerging cognitive impairment. No significant 

change in the DI for exploration time was detected at T5 (0.28 ± 0.08, n = 7). 

The global DI of the NOR test (Figure 32C), combining both metrics, revealed 

a significant cognitive decline at T5 (0.17 ± 0.06, n = 7) compared to T1 (0.34 

± 0.03, n = 14; p = 0.016). This decline was evident only after prolonged HFD 

exposure, as no significant differences were detected between T1 and T2 (0.33 

± 0.08, n = 14). 

In the HFD/STZ group, recognition memory deficits were more pronounced. 

At T5, both the DI for number of approaches (−0.09 ± 0.08, n = 5) and 

exploration time (0.00 ± 0.09, n = 5) significantly declined compared to T1 (p 

= 0.0017 and p = 0.0027, respectively), T2 (p = 0.013 and p = 0.0068), and 

also compared to HFD mice at T5 (p = 0.038 and p = 0.032). The global DI in 

HFD/STZ mice at T5 (−0.04 ± 0.07, n = 5) was significantly reduced relative 

to T1 (p = 0.001), T2 (p = 0.004), and HFD mice at the same time point (p = 

0.038). 
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Figure 32. Novel Object Recognition test (NOR) data. Discrimination Index (DI) of 

the number of approaches (A) and time of approaches (B); Global DI of NOR test 

(C) in HFD (blue) and HFD/STZ (light blue) mice. Data are presented as mean ± 

SEM.  Statistical significance (One-Way ANOVA followed by Bonferroni post-hoc 

test): p < 0.05 (*); p < 0.01 (**); p < 0.001 (***). 

In HFD mice, the discrimination index (DI) for both the number of approaches 

(Figure 33A) and the time spent exploring objects (Figure 33B) in the object 

location (OL) test did not significantly change at T2 (0.17 ± 0.05 and 0.09 ± 

0.06, n = 14, respectively) or T5 (0.16 ± 0.04 and 0.10 ± 0.04, n = 7) compared 

to T1 (0.16 ± 0.02 and 0.20 ± 0.03, n = 14). Similarly, the global DI of the OL 

test (Figure 33C) showed no significant effect of HFD after one (T1, 0.17 ± 

0.02, n = 14), four (T2, 0.13 ± 0.05, n = 14), and six months (T5, 0.13 ± 0.04, 

n = 7) of diet. 

Figure 33D shows the percentage of alternation triplets obtained from the Y-

maze test. In HFD mice, the percentage of alternation remained stable at T2 

(58.50 ± 1.13%, n = 14) and T5 (62.18 ± 3.68%, n = 7) compared to T1 (59.30 

± 1.26%, n = 14). 

In contrast, HFD/STZ mice displayed a significant decrease in the DI for both 

the number (Figure 33A) and time of approaches (Figure 33B) in the OL test 

at T5 (−0.07 ± 0.05 and −0.14 ± 0.06, n = 5, respectively) compared to T1 (p 

= 0.022 and p = 0.00043) and T2 (p = 0.0021 and p = 0.048). These values 

were also significantly lower than those of HFD mice at T5 (p = 0.014 and p 

= 0.016). 
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Accordingly, the global DI of the OL test (Figure 33C) revealed a significant 

cognitive decline in HFD/STZ mice at T5 (−0.10 ± 0.06, n = 5) compared to 

T1 (p = 0.0065), T2 (p = 0.0065), and HFD mice at T5 (p = 0.023). 

Similarly, in the Y-maze test, HFD/STZ mice showed a significant reduction 

in the percentage of alternation at T5 (50.53 ± 2.96%, n = 5) compared to T1 

(p = 0.017), T2 (p = 0.0061), and HFD mice at the same time point (p = 0.045, 

Figure 33D). 

Figure 33. Object Location (OL) and Y-maze tests data. Discrimination Index (DI) 

of number of approaches (A) and time of approaches (B); Global DI of OL test (C); 

% of alternation triplet in Y-maze test (D) in HFD (blue) and HFD/STZ (light blue) 

mice. Data are presented as mean ± SEM. Statistical significance (One-Way 

ANOVA followed by Bonferroni post-hoc test): p < 0.05 (*); p < 0.01 (**); p < 

0.001 (***). 
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For all selected parameters and behavioral tests, we calculated the FI (see 

Materials and Methods). Specifically, a global FI for the “knowledge” 

component was derived from the NOR test (Figure 34A), while a global FI for 

the “remember” component was obtained by combining the results from the 

OL and Y-maze tests (Figure 34B). These two global FI values were then 

combined to generate the overall global FI of Recognition Memory (Figure 

34C). 

In HFD mice, the global FI of knowledge was not affected after four months 

of treatment (T2, 0.01 ± 0.12, n = 14) compared to baseline (T1, 0.00 ± 0.04, 

n = 14). However, after six months (T5, 0.22 ± 0.10, n = 7), a significant 

increase was observed compared to T1 (p = 0.037, Figure 34A). Regarding 

the “remember” component, no significant changes were detected at one (T1, 

0.00 ± 0.03), four (T2, 0.06 ± 0.06), or six months (T5, 0.06 ± 0.07) following 

the start of HFD (Figure 34B). 

Consequently, the global FI of recognition memory was stable after four 

months of HFD (T2, 0.04 ± 0.06, n = 14 vs. T1, 0.00 ± 0.02, n = 14), but 

showed a significant increase at six months (T5, 0.14 ± 0.05, n = 7) compared 

to T1 (p = 0.02, Figure 34C). 

In contrast, HFD/STZ mice exhibited a marked and statistically significant 

increase in the global FI of knowledge at T5 (0.58 ± 0.10, n = 5) compared to 

both T1 (p = 0.0012) and T2 (p = 0.0049), as well as to HFD mice at T5 (p = 

0.038, Figure 34A). Similarly, for the “remember” component, HFD/STZ 

mice showed a significant increase at T5 (0.50 ± 0.07, n = 5) relative to T1 (p 

= 4.4 x 10⁻⁶), T2 (p = 0.00019), and HFD mice at the same timepoint (p = 

0.0011, Figure 34B). Finally, the global FI of recognition memory in 

HFD/STZ mice was significantly elevated at T5 (0.54 ± 0.05, n = 5) compared 

to T1 (p = 2.42 x 10⁻⁸), T2 (p = 1.29 x 10⁻⁶), and T5 in HFD mice (p = 0.0024, 

Figure 34C). 
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Figure 34. The HFD/STZ combination induced a decline in recognition memory. 

Global Frailty Index (FI) of «Knowledge» (A), and «Remember» components (B); 

Global FI of Recognition memory (C) in HFD (blue) and HFD/STZ (light blue) 

mice. Data are presented as mean ± SEM Statistical significance (One-Way 

ANOVA followed by Bonferroni post-hoc test): p < 0.05 (*); p < 0.01 (**); p < 

0.001 (***). 

6.6. Neurodegenerative signatures in the Hippocampus 

To investigate if diabetes and metabolic alterations were associated with 

central nervous system alterations, hippocampal structure and pathology were 

analyzed in both models. Morphological assessments were performed to 

detect age- and diabetes-related changes in hippocampal subregions. At the 

same time, immunohistochemistry for phosphorylated Tau (p-Tau) and β-

amyloid (Aβ) was carried out to evaluate molecular markers of Alzheimer-

like neurodegeneration. 

6.6.1. Morphological changes in the hippocampal architecture 

Hippocampal cytoarchitecture was analyzed in both models to determine 

whether diabetes induction affected structural integrity. Specific subregions 

were examined for age- and diabetes-related changes in neuronal organization 

and tissue morphology. Coronal brain sections were collected from CTRL, 

DM, and DM-REC mice of the first model at 19 months of age (T4), and from 

HFD and HFD/STZ mice of the second model at 16 months of age (T5). The 

tissues were then processed for histological evaluation using H&E staining. 

The analysis focused on the dentate gyrus (DG) and the Ammon’s horn, 
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including the CA1-CA2-CA3 subdivisions (for details, see 5.7.1 section of 

material and methods). 

6.6.1.1. STZ model 

Hippocampal morphology was examined in CTRL, DM, and DM-REC mice 

at T4, and the representative H&E-stained micrographs are shown in Figure 

35A. 

The overall gross morphology of the hippocampus appeared preserved across 

all experimental groups. The Ammon’s horn maintained its typical 

organization into four areas, CA1, CA2, CA3, and CA4, the latter embedded 

within the V-shaped DG region. High-magnification images of the DG in 

CTRL, DM, and DM-REC mice revealed the presence of the three well-

defined layers: the molecular layer (ML), granule cell layer (GL), and 

pleomorphic layer (PL). In the CA regions, the characteristic trilaminar 

structure was observed, consisting of the outer polymorphic layer (Stratum 

oriens, SO), the middle pyramidal cell layer (Stratum pyramidale, SP), and the 

inner molecular layer (Stratum radiatum, SR). 

Quantitative analysis revealed region-specific alterations, assessed in terms of 

both layer thickness and cell density, with significant changes confined to the 

CA1 and CA3 subregions (Figure 35), while the DG and CA2 areas remained 

unaffected (data not shown). 

Specifically, a significant reduction in the thickness of both CA1 (p < 0.001) 

and CA3 (p = 0.0113) was detected in DM mice compared to CTRL animals. 

In contrast, DM-REC mice displayed a significant increase in thickness in 

both CA1 (p < 0.001) and CA3 (p = 0.0053) compared to DM mice (Figure 

35B-C). 

Furthermore, quantification of neuronal cell density in the CA1 and CA3 areas 

showed a marked decrease in DM mice relative to CTRL animals (p < 0.001 

and p = 0.0011, respectively). Conversely, DM-REC mice exhibited a 

significant increase in cell density compared to DM mice in both CA1 (p = 

0.0003) and CA3 (p = 0.007) regions (Figure 35D). 

These findings collectively suggest that STZ-induced diabetes induces 

structural hippocampal impairments, particularly within the CA1 and CA3 

subregions, which can be partially reversed upon glycemic recovery. 
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Figure 35. Histological characterization of hippocampus by H&E staining. Panel 

(A): Representative brain sections showing the hippocampal cytoarchitecture.  Left 

column: the whole hippocampus images were obtained with LASX Navigator. Black 

and blue squares indicate the ROI region for CA3 and CA1, respectively. Center 

and right column: high-magnification micrographs of CA3 and CA1, respectively, 

from CTRL, DM and DM-REC mice. Light microscopy magnification: 40x. Scale 

bars 43.6 µm. Panel (B-E): Histograms showing the thickness of CA3 (B) and CA1 

(C) and the cell density measured in CA3 (D) and CA1 (E) in CTRL, DM and DM-

REC mice. Values are presented as mean ± Standard Error of the Mean (SEM). 

Statistical significance (One-Way ANOVA followed by Bonferroni post-hoc test): * 

vs CTRL, £ vs DM. For all symbols reported p < 0.05 (*, £); p < 0.01 (**, ££); p < 

0.001 (***, £££). 
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6.6.1.2. HFD/STZ model 

Hippocampal morphology was examined in HFD and HFD/STZ mice at T5, 

and the representative micrographs are shown in Figure 36A. Although the 

overall hippocampal architecture appeared preserved in both groups, specific 

alterations were evident in the CA1, CA2, and CA3 regions, while the DG 

areas remained unaffected (data not shown). 

High-magnification images revealed the characteristic three-layer 

organization of the hippocampus (SO, SP, and SR). Quantitative analysis 

showed significant thinning of these layers in the CA1, CA2, and CA3 

subregions of HFD/STZ mice compared to HFD controls (p = 1 x 10⁻¹⁴ for all, 

Figures 36B-D). Moreover, cell density was markedly reduced in the CA1 (p 

= 4 x 10⁻⁴), CA2 (p = 9.1 x 10⁻³), and CA3 (p = 3.7 x 10⁻²) areas of HFD/STZ 

mice relative to HFD mice (Figures 36E-G). 
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Figure 36. Histological characterization of the hippocampus by H&E staining. 

Representative brain sections showing the hippocampal cytoarchitecture (A): Left 

column: the whole hippocampus images were obtained with LASX Navigator. 

Black, red, and blue squares indicate the ROI region for CA3, CA2, and CA1, 

respectively. Center and right column: high-magnification micrographs of CA3, 

CA2, and CA1, respectively, from HFD and HFD/STZ mice. Light microscopy 

magnification: 40x. Scale bars 25 μm. Histograms showing the thickness of CA3 

(B), CA2 (C), and CA1 (D) and the cell density measured in CA3 (E), CA2 (F), and 

CA1 (G) in HFD (blue) and HFD/STZ (light blue) mice. Values are presented as 

mean ± Standard Error of the Mean (SEM). Statistical significance (One-Way 

ANOVA followed by Bonferroni post-hoc test): p < 0.05 (*); p < 0.01 (**); p < 

0.001 (***). 
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6.6.2. Molecular pathology: p-Tau and β-Amyloid 

immunohistochemistry 

Immunohistochemical analyses were performed to evaluate whether diabetes 

and metabolic alterations were associated with Alzheimer-like molecular 

hallmarks in the hippocampus. Coronal brain sections were collected from 

CTRL, DM, and DM-REC mice of the first model at 19 months of age (T4), 

and from HFD and HFD/STZ mice of the second model at 16 months of age 

(T5). The tissues were then processed for p-Tau and Aβ antibodies. These 

markers were selected as indicators of tauopathy and amyloid deposition, 

providing complementary insights into the neurodegenerative burden across 

experimental groups. In particular, in the two experimental models, 

immunopositivity for both markers was analyzed in four hippocampal 

subregions: the molecular layer of CA1 (ML-CA1), the pyramidal layer of 

CA1 (P-CA1), the pyramidal layer of CA3 (P-CA3), and the molecular layer 

of the dentate gyrus (ML-DG). Specifically, p-Tau immunoreactivity was 

quantified as optical density (OD) within the immunopositivity regions. In 

contrast, APP plaque density (number of APP spots/area plaque) was 

evaluated for β-amyloid (see sections 5.7.2 and 5.7.3 of Materials and 

Methods for details). 

6.6.2.1. STZ model 

In STZ model, the analysis focused on comparing CTRL, DM, and DM-REC 

groups to determine whether diabetes induction or subsequent glycemic 

recovery influenced hippocampal p-Tau accumulation and Aβ deposition. 

Representative images for p-tau and Aβ markers are shown in Figure 37A and 

Figure 38A.  

Specifically, in the ML-CA1 region (Figure 37B), DM mice exhibited a 

significant increase in p-Tau OD (44.30 ± 5.33), compared to CTRL mice 

(17.65 ± 1.37; p = 0.006), and also compared to DM-REC mice (15.25 ± 0.07; 

p = 0.006). Similar patterns were observed in P-CA1 and P-CA3 (Figure 37C-

D), where p-Tau levels were significantly elevated in DM (P-CA1: 25.65 ± 

3.73, P-CA3: 39.86 ± 8.01) compared to CTRL (P-CA1: 11.54 ± 1.69, p = 

0.04; P-CA3: 14.27 ± 5.76, p = 0.04) and DM-REC (P-CA1: 9.01 ± 1.84, p = 

0.03; P-CA3: 21.51 ± 2.87, p = 0.03). In the ML-DG region (Figure 37E), a 

significant increase in p-Tau was also detected in DM mice (19.34 ± 0.50) 
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compared to CTRL (6.96 ± 1.90, p = 0.03) and also to DM-REC mice (6.61 ± 

3.00, p = 0.03). Notably, no significant differences were observed between 

DM-REC and CTRL mice in the mean p-tau OD of DM-REC compared to 

CTRL mice. 

Regarding β-amyloid, no APP plaques were observed in CTRL mice in any 

hippocampal subregion. In contrast, APP plaques were detected in DM and 

DM-REC mice. Analysis of plaque density revealed statistically significant 

differences between DM and DM-REC mice in ML-CA1 (5.76 ± 1.85 vs 2.09 

± 0.26, respectively; p = 0.03; Figure 38B), P-CA1 (6.06 ± 1.79 vs 2.91 ± 0.28; 

p-value = 0.04; Figure 38C), and ML-DG (3.25 ± 1.49 vs 0.73 ± 0.73; p = 

0.04; Figure 38D) regions, with DM mice showing higher densities. Notably, 

no APP plaques were observed in the P-CA3 region in any of the groups. 
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Figure 37. Immunohistochemical reactions for hyperphosphorylated Tau (p-Tau) 

(Ser235). Panel (A): Representative images of Molecular layer of CA1 (ML-CA1), 

Pyramidal layer of CA1 (P-CA1), Pyramidal layer of CA3 (P-CA3), and Molecular 

layer of Dent gyrus (ML-DG) from CTRL (upper row), DM (Central row), and DM-

REC (down row) mice. Scale bars 10 µm. Panel (B-E): Histograms showing the 

Optical density (OD) of p-Tau signals in ML-CA1 (B), P-CA1 (C), P-CA3 (D), ML-

DG © in CTRL (blue), DM (blue with white lines), and DM-REC (light blue) mice. 

Values are presented as mean ± Standard Error of the Mean (SEM). Statistical 

significance (One-Way ANOVA followed by Bonferroni post-hoc test): p < 0.05 (*); 

p < 0.01 (**); p < 0.001 (***). 
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Figure 38. Immunohistochemical reactions for Anti-Beta (β) Amyloid. Panel (A): 

Representative images of Molecular layer of CA1 (ML-CA1), Pyramidal layer of 

CA1 (P-CA1), Pyramidal layer of CA3 (P-CA3), and Molecular layer of Dent gyrus 

(ML-DG) from CTRL (upper row), DM (Central row), and DM-REC (down row) 

mice. Scale bars 10 µm. Panel (B-E): Histograms showing the APP plaque density 

(number of APP spots/area plaque) in ML-CA1 (B), P-CA1 (C), ML-DG (D) in DM 

(blue with white lines), and DM-REC (light blue) mice. Values are presented as 

mean ± Standard Error of the Mean (SEM). Statistical significance (One-Way 

ANOVA followed by Bonferroni post-hoc test): p < 0.05 (*); p < 0.01 (**); p < 

0.001 (***). 
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6.6.2.2. HFD/STZ model 

In the HFD/STZ model, comparisons with HFD controls were carried out to 

evaluate whether the combination of insulin resistance and β-cell damage 

enhanced Alzheimer-like pathology in the hippocampus. Representative 

images for p-tau and Aβ markers are shown in Figure 39A and Figure 40A.  

For p-Tau, HFD/STZ mice showed a significant increase in OD in the ML-

CA1 region (58.73 ± 6.53; Figure 39B) compared to HFD mice (23.17 ± 4.05; 

p = 0.003). Elevated p-Tau levels were also observed in P-CA1 and P-CA3 

(Figure 39C-D), with HFD/STZ mice displaying a significantly elevated (P-

CA1: 31.33 ± 6.50, P-CA3: 57.19 ± 2.54) compared to HFD (P-CA1: 12.21 ± 

2.27, p = 0.03; P-CA3: 31.94 ± 3.22, p = 0.04). In the ML-DG region (Figure 

39E), p-Tau was significantly increased in HFD/STZ mice (37.98 ± 7.91) 

compared to HFD (8.89 ± 0.44, p = 0.01). 

Regarding β-amyloid, APP deposits were detected in both groups. However, 

no deposits were observed in the ML-DG region in HFD group, but only in 

HFD/STZ mice (4.08 ± 2.11). Quantitative analysis of deposit density 

revealed significant increases in HFD/STZ mice compared to HFD in ML-

CA1 (4.63 ± 0.14 vs 2.28 ± 0.93, respectively; p = 0.03; Figure 40B), and in 

P-CA1 (5.68 ± 0.41 vs 3.08 ± 0.39; p = 0.005; Figure 40C) regions, with 

HFD/STZ mice showing the highest densities. Notably, no statistical 

difference was observed in the P-CA3 region (Figure 40D) between HFD and 

HFD/STZ mice (4.42 ± 0.03 vs 3.65 ± 0.57).  
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Figure 39. Immunohistochemical reactions for hyperphosphorylated Tau (p-Tau) 

(Ser235). Panel (A): Representative images of Molecular layer of CA1 (ML-CA1), 

Pyramidal layer of CA1 (P-CA1), Pyramidal layer of CA3 (P-CA3), and Molecular 

layer of Dent gyrus (ML-DG) from HFD (upper row), and HFD/STZ (Central row) 

mice. Scale bars 10 µm. Panel (B-E): Histograms showing the Optical density (OD) 

of p-Tau signals in ML-CA1 (B), P-CA1 (C), P-CA3 (D), ML-DG (E) in HFD 

(green), and HFD/STZ (light green) mice. Values are presented as mean ± 

Standard Error of the Mean (SEM). Statistical significance (One-Way ANOVA 

followed by Bonferroni post-hoc test): p < 0.05 (*); p < 0.01 (**); p < 0.001 (***). 
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Figure 40. Immunohistochemical reactions for Anti-Beta (β) Amyloid. Panel (A): 

Representative images of Molecular layer of CA1 (ML-CA1), Pyramidal layer of 

CA1 (P-CA1), Pyramidal layer of CA3 (P-CA3), and Molecular layer of Dent gyrus 

(ML-DG) from HFD (upper row), and HFD/STZ (Central row) mice. Scale bars 10 

µm. Panel (B-E): Histograms showing the APP plaque density (number of APP 

spots/area plaque) in ML-CA1 (B), P-CA1 (C), and P-CA3 (D) in HFD (green), and 

HFD/STZ (light green) mice. Values are presented as mean ± Standard Error of the 

Mean (SEM). Statistical significance (One-Way ANOVA followed by Bonferroni 

post-hoc test): p < 0.05 (*); p < 0.01 (**); p < 0.001 (***). 
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7. Discussion 

Type 2 diabetes mellitus (T2DM) is increasingly recognized not only as a 

systemic metabolic disorder but also as a driver of accelerated brain aging and 

dementia risk. Epidemiological and experimental evidence consistently 

support the concept of “type 3 diabetes,” whereby peripheral metabolic 

dysfunction converges on central mechanisms of neurodegeneration (Kciuk et 

al., 2024; Michailidis et al., 2022; Patel et al., 2016; Wium-Andersen et al., 

2020).  

Among the multiple pathways implicated, chronic hyperglycemia and 

advanced glycation processes are particularly relevant, as they promote 

vascular damage, oxidative stress, and neuroinflammation, ultimately leading 

to hippocampal vulnerability and Alzheimer-like pathology. Identifying 

biomarkers that capture these mechanisms is therefore critical to improve both 

experimental modeling and clinical monitoring. 

Conventional measures such as HbA1c provide an integrated view of long-

term glycemic control. However, they are limited in sensitivity to short-term 

fluctuations and do not capture the contribution of dicarbonyl stress. For this 

reason, glycated albumin (GA) and methylglyoxal (MGO) were selected as 

candidate biomarkers. GA reflects glycemic variability over shorter time 

scales, while MGO is a highly reactive dicarbonyl compound directly 

implicated in the formation of advanced glycation end-products (AGEs) and 

in cellular toxicity (Ayoub et al., 2025; Oliveira et al., 2024). 

Their evaluation in experimental diabetes models provided an opportunity to 

test whether they may serve as more responsive and mechanistically relevant 

indicators of glycemic variability and dicarbonyl stress, as well as their 

association with recognition memory and hippocampal injury. 

To address these questions, two murine models of T2DM were established 

and followed longitudinally from adulthood to senescence, allowing the 

parallel monitoring of systemic metabolism, GA, and MGO dynamics, frailty 

indices, and recognition memory. Furthermore, hippocampus and pancreas 

morphology were studied at the experimental endpoint.  

The discussion that follows is organized around four main themes: (i) the 

diabetic condition induced in the two animal models; (ii) the validity as 

glycation markers of GA and MGO as short-term indicators of diabetic 

condition; (iii) the impact of dietary on fasting glycemia, MGO and GA values 

and the association with recognition memory performances; and (iv) the 
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association between diabetic condition, cognitive decline, and p-tau and 

APP/amyloid as Alzheimer-like neuropathology. Together, these 

considerations aim to situate the findings of this thesis within the broader 

context of diabetes research and neurodegeneration, while highlighting both 

the strengths and the limitations of the adopted approaches. 

A general limitation of experimental diabetes research is that no single animal 

model can fully reproduce the multifactorial nature of the human disease. 

T2DM arises from the interaction of insulin resistance, β-cell dysfunction, 

dietary factors, and aging, and each model reflects only part of this 

complexity. For this reason, complementary approaches are needed to capture 

both the systemic and the neurological consequences of the disease (Rees & 

Alcolado, 2005). 

The study was designed around two complementary paradigms to capture 

different trajectories of diabetes: (i) a low-dose streptozotocin (STZ) protocol, 

which induces partial β-cell dysfunction; and (ii) a combined high-fat diet 

(HFD) and STZ model, complemented by the study of HFD alone, to 

reproduce the multifactorial interaction between insulin resistance and β-cell 

loss. In addition, a detrimental high-sugar (HS) diet in drinking water was 

applied to only STZ-treated mice to test whether excessive sugar intake could 

further aggravate the diabetic condition. These models were followed 

longitudinally from adulthood to senescence, enabling the evaluation of GA 

and MGO in relation to conventional measures (glycemia) and the 

investigation of central outcomes, including recognition memory decline and 

p-Tau and APP/amyloid as Alzheimer-like neuropathology.  

To separate the effects of diabetes from those of aging or diet, several control 

conditions were included. Non-diabetic controls (CTRL) of the STZ model 

provided a reference for age-related changes in systemic parameters such as 

glycemia, GA, and MGO. This was important to determine whether alterations 

observed in diabetic animals could be attributed to the disease itself or simply 

to advancing age. 

In addition, high-sugar (HS) supplementation was tested in non-diabetic 

controls to assess whether dietary sugar intake alone is sufficient to perturb 

metabolic homeostasis in adult animals. Similarly, a group maintained on 

high-fat diet (HFD) without STZ allowed the evaluation of diet-induced 

metabolic parameters alteration and insulin resistance in the absence of 
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chemical β-cell injury. Together, these comparisons made it possible to 

separate the contribution of aging, dietary factors, and diabetes induction to 

metabolic parameters. 

In the CTRL group of the STZ model, fasting glycemia remained within the 

physiological range throughout the observation period, confirming that aging 

alone did not drive the onset of hyperglycemia.  

Similarly, GA values were stable across time, indicating that age by itself does 

not significantly affect short-term glycation under normoglycemic conditions. 

In contrast, MGO levels showed a progressive decline with age. This pattern 

is consistent with the notion that serum MGO may decrease as intracellular 

sequestration and AGE formation increase when detoxification capacity 

becomes less efficient (Dhar & Desai, 2012; Kold-Christensen & Johannsen, 

2020). Thus, aging was associated with subtle biochemical shifts, but not with 

overt disruption of glucose homeostasis. 

Supplementation with HS did not induce diabetes in adult non-diabetic mice. 

Fasting glucose values remained in the normal range, confirming previous 

reports that adult rodents show relative resistance to sugar-induced 

hyperglycemia (Coirini et al., 2022). Interestingly, GA values increased only 

after prolonged exposure, suggesting that cumulative dietary sugar may 

modulate short-term glycation processes even in the absence of overt 

hyperglycemia. MGO levels, however, were unaffected, reinforcing the idea 

that dicarbonyl stress requires an underlying diabetic condition to become 

manifest. These findings indicate that while excessive sugar intake may 

exacerbate existing metabolic alterations, it is not sufficient to induce diabetes 

in otherwise healthy adult animals. 

The prolonged HFD exposure resulted in a progressive elevation of fasting 

glycemia, accompanied by increased body mass. These effects cannot be 

attributed to aging, as shown by comparison with our previous dataset in the 

first model, where control animals maintained stable fasting glucose (~90–100 

mg/dL) and showed only modest weight gain at later ages (~36 g at 19 

months). Thus, the observed alterations can be ascribed specifically to dietary 

intervention. Despite the absence of internal age-matched controls in this 

study, the insulin concentrations and HOMA-IR indices of HFD-fed mice 

align with values reported for insulin-resistant models in the literature 

(Heyward et al., 2012; Meng et al., 2010). Collectively, these findings indicate 
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that HFD feeding alone is sufficient to induce early insulin resistance, with 

severity modulated by both starting age and intervention length. 

However, GA levels increased after four months of exposure, confirming 

chronic glycemic stress, but they surprisingly declined again with continued 

diet, implying possible metabolic adaptation to sustained nutritional overload. 

Furthermore, comparing these values with those of age-matched CTRL of the 

STZ model, it is evident that the rise in GA is diet-driven, while its subsequent 

decline reflects long-term compensatory responses.  

Regarding MGO levels, they decreased with age regardless of diet, reflecting 

the same pattern observed in the CTRL group of the first model. 

Taken together, these results indicate that aging alone does not significantly 

affect glycemia or GA, though it is associated with a decline in circulating 

MGO. HS supplementation in CTRL animals produced only a late and modest 

increase in GA, without altering glucose or MGO. HFD diet, in contrast, 

induced clear metabolic alterations, including hyperglycemia, insulin 

resistance, and alterations in GA, thereby establishing it as a predisposing 

condition for diabetes. 

These findings provide the baseline for interpreting the diabetic phenotypes 

observed in the STZ and HFD/STZ models, and for assessing the added value 

of GA and MGO as early markers of diabetes. 

In the STZ model, diabetes was induced at 13 months of age, corresponding 

to late adulthood in mice (~43 human years; Dutta & Sengupta, 2016). One 

month after induction, all diabetic mice displayed severely elevated fasting 

glucose, averaging approximately fourfold higher than controls, confirming 

the robustness of the initial phenotype. However, the longitudinal follow-up 

revealed an unexpected trajectory: rather than remaining stable, the diabetic 

phenotype showed progressive spontaneous remission in a large proportion of 

animals. By 16 months of age (3 months after STZ injections), approximately 

55% of animals showed partial remission, and by 19 months of age (6 months 

after STZ injections), nearly 90% had normalized glycemia. 

To our knowledge, such recovery has not been previously reported, likely 

because most studies adopt cross-sectional designs and terminate experiments 

within weeks after induction. This novel observation suggests that STZ-

induced diabetes in adult mice is not invariably irreversible but instead 

exhibits a transient course characterized by early severity and later plasticity. 
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While this reduces its translational validity as a model of chronic T2DM, it 

provides a unique window to study endogenous mechanisms of recovery. 

Candidate processes may include β-cell replication via IRS2/PI3K/Akt 

signaling, neogenesis from progenitor cells, α-to-β cell trans-differentiation, 

and immunomodulatory pathways that may promote regeneration (Dor et al., 

2004; Ji et al., 2022; Shahedi et al., 2024; Yin et al., 2006). 

Pancreatic histology reinforced this interpretation. STZ-treated animals 

displayed insulitis and islet disorganization, but those in the recovery 

subgroup (DM-REC) showed partial restoration of islet structure, suggesting 

regenerative processes at work. This correlation between glycemic recovery 

and histological improvement underscores the importance of a longitudinal 

design to capture the dynamic evolution of diabetes. 

The addition of a high-sugar supplement (DM-HS) did not exacerbate 

hyperglycemia compared to diabetic animals on normal diet. This aligns with 

previous reports that adult mice are relatively resistant to dietary sugar 

challenges (Coirini et al., 2022). However, survival outcomes revealed an 

important interaction: DM-HS animals had markedly reduced lifespan, with 

only ~55% surviving to 18 months. Strikingly, none of the animals with 

extreme glycemia (>500 mg/dL) survived, indicating that dietary sugar 

compounds increase mortality risk in severe diabetes even without 

consistently worsening glycemia. This observation has translational 

implications, as it mirrors epidemiological data linking high sugar intake to 

increased mortality in diabetic patients (Ma et al., 2023; Yang et al., 2014). 

GA levels in STZ-induced diabetic animals increased early, within one month 

of induction, and remained elevated until T4, even in mice that had normalized 

glycemia. This persistence suggests that GA reflects ongoing glycation and 

dicarbonyl stress beyond overt hyperglycemia, reinforcing its potential as a 

more sensitive biomarker than fasting glucose for detecting alterations in 

glucose and dicarbonyl metabolism. 

Importantly, no significant differences were observed between DM-ND and 

DM-HS animals, indicating that the diabetic state itself outweighed the 

contribution of dietary sugar to GA variability. 

MGO levels in diabetic animals followed a distinct trajectory. In contrast to 

the age-related decline observed in controls, MGO concentrations increased 

after 3 months of STZ induction in DM-HS mice, counteracting the normal 

age-dependent reduction, before declining again after another 3 months 
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alongside glycemic recovery. This profile indicates that MGO may act as a 

transient marker of glycation activity, particularly when dietary challenges 

compound diabetes. Its normalization in recovered animals suggests that 

MGO accumulation is closely tied to ongoing hyperglycemia rather than 

residual systemic alterations. 

Overall, the STZ model revealed an acute and severe diabetic state that, 

contrary to prevailing assumptions, was transient and partially reversible. This 

limits its construct validity for modeling chronic human diabetes. However, it 

provides a unique opportunity to investigate endogenous recovery processes 

and to evaluate GA and MGO as biomarkers of ongoing metabolic changes 

beyond overt hyperglycemia. 

In the second model, diabetes was induced at 14.5 months of age (~48 human 

years; Dutta & Sengupta, 2016) by combining high-fat diet (HFD) feeding 

with low-dose STZ administration, the same chemical protocol used for the 

first model. This dual-hit approach aimed to reproduce the interaction between 

insulin resistance and β-cell dysfunction that characterizes human disease 

trajectories. 

The combined HFD/STZ protocol generated a more severe and persistent 

diabetic phenotype. Fasting glycemia after one month of STZ injections, all 

animals exhibited diabetic fasting glucose levels (exceeded 250 mg/dL), 

confirming the effectiveness of the induction. At 16 months of age, 

corresponding to 2 months after STZ induction, hyperglycemia remained 

stable, and no signs of recovery were observed, in clear contrast with the 

partial remission seen in the STZ-only model. Beyond this window, the 

longitudinal course of HFD/STZ mice remains unknown, which represents a 

limitation of the model. However, the primary objective of this paradigm was 

to establish a stable diabetic phenotype suitable for the study of metabolic and 

cognitive alterations. To avoid the confound of potential recovery, analysis 

was therefore restricted to the 16-month time point. Within this timeframe, the 

HFD/STZ model provided a consistent phenotype without signs of recovery. 

A defining feature of this model was the combination of persistent 

hyperglycemia with clear evidence of insulin resistance. Insulin levels and 

HOMA-IR indices were markedly elevated in HFD/STZ mice, confirming that 

the metabolic dysfunction was not limited to β-cell loss but also involved 
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impaired insulin sensitivity. This dual pathology strongly parallels the human 

condition, where insulin resistance and β-cell dysfunction jointly drive disease 

progression. It also distinguishes the HFD/STZ paradigm from the STZ-only 

model, which lacks significant insulin resistance. 

GA and MGO profiles further corroborated the severity of the phenotype. GA 

remained persistently elevated, reflecting sustained short-term glycemic 

instability, while MGO concentrations were high despite the age-related 

decline seen in controls and HFD mice. This divergence highlights ongoing 

dicarbonyl stress and advanced glycation, processes known to mediate 

complications of diabetes, including vascular damage and neurodegeneration 

(C. G. Schalkwijk & Stehouwer, 2020). 

Pancreatic histology confirmed extensive islet disruption and severe insulitis, 

with higher grades (3-4) predominating. These lesions exceeded those 

observed in HFD-fed animals, underscoring the synergistic contribution of 

insulin resistance and STZ-induced β-cell toxicity to irreversible pancreatic 

failure. 

Survival outcomes also diverged between models. HFD/STZ mice exhibited 

persistently reduced survival, reflecting the relentless progression of their 

metabolic impairment. This supports the view that chronic insulin resistance 

combined with β-cell dysfunction leads to irreversible systemic frailty and 

higher mortality. 

Taken together, the HFD/STZ paradigm provided a translationally relevant 

model of diabetes, faithfully reproducing the chronic and progressive nature 

of the human disease within the monitored window, with persistent 

hyperglycemia, elevated GA and MGO, severe β-cell damage, and reduced 

survival. Although stability was confirmed only up to 16 months of age, this 

model fulfilled its purpose of providing a robust platform for investigating 

long-term systemic and neurological complications of diabetes. 

The association between diabetes and cognitive impairment has been 

consistently demonstrated in both clinical and experimental studies. Patients 

with T2DM show a higher risk of developing dementia, particularly 

Alzheimer’s disease, and often present with early deficits in memory, 

attention, and executive function (Michailidis et al., 2022; Patel et al., 2016; 

Wium-Andersen et al., 2020). Animal studies have provided converging 
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evidence that hyperglycemia, insulin resistance, and advanced glycation 

accelerate brain aging and predispose to neurodegenerative changes (Ayoub 

et al., 2025; Oliveira et al., 2024). Within this framework, recognition memory 

represents a particularly sensitive marker, as it relies on hippocampal and 

cortical networks that are highly vulnerable to metabolic and 

neurodegenerative stress  (Bird, 2017; Rao et al., 2022; Vilela et al., 2023). 

Recognition memory is not a unitary construct but comprises at least two 

partially dissociable components: knowledge (familiarity with a previously 

encountered stimulus) and remember (the recollection of contextual details). 

This distinction has been increasingly recognized in both human and animal 

studies, with evidence that the two processes rely on overlapping but distinct 

neural substrates (Brown & Aggleton, 2001). Assessing both components is 

therefore essential to capture the full spectrum of diabetes-related memory 

dysfunction. 

In the STZ model, the knowledge component of recognition memory was 

analyzed using the novel object recognition (NOR) task, whereas in the 

HFD/STZ model, the assessment was extended to include both knowledge and 

remember components. 

High-sugar supplementation was not assessed at the cognitive or 

neuropathological level, as it did not produce measurable alterations in 

metabolic parameters or in recognition memory performance, either in 

controls or in diabetic animals. For this reason, the following analyses focus 

exclusively on control, HFD-alone, STZ-alone (DM), and HFD/STZ groups. 

In CTRL mice of the STZ model, recognition memory gradually declined with 

age, consistent with physiological cognitive aging (Ratto et al., 2019). 

In HFD-fed animals, recognition memory was only subtly impaired. When 

compared with the age-matched controls of the first model, no meaningful 

differences emerged, indicating that diet alone did not accelerate decline. 

Furthermore, when considered within the broader trajectory of age-related 

changes previously characterized in our laboratory (Roda et al., 2023), both 

the knowledge and remember components in HFD animals aligned with 

normal aging patterns. Together, these findings suggest that a prolonged high-

fat diet contributes modestly to cognitive decline, largely through age-related 

mechanisms and metabolic alterations rather than overt diabetes. 
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In the first model, after 3 months from STZ induction, diabetic animals 

displayed severe cognitive impairment, with the global frailty index more than 

doubling relative to age-matched controls, indicating that diabetes accelerated 

the cognitive decline. Notably, animals in the recovery subgroup regained 

NOR performance comparable to controls, demonstrating that restoration of 

glycemic control can reverse familiarity-based memory deficits. This finding 

highlights the plasticity of recognition memory circuits and supports the 

hypothesis that early metabolic interventions may preserve or restore 

cognitive function (Kleinridders et al., 2015).  

By 16 months of age, cognitive testing was affected by two major limitations: 

increased frailty and reduced locomotor activity, which constrained 

exploratory behavior, and the very small number of animals that remained 

diabetic (only 2 mice, as ~90% had undergone recovery). These factors 

preclude firm conclusions about recognition memory at the latest time point. 

Nevertheless, DM-REC animals maintained cognitive performance 

comparable to controls, indicating that cognitive recovery remained stable 

over time despite these experimental condition’s constraints. 

In the second model, HFD/STZ mice displayed an elevated cognitive frailty 

index, comparable to values previously reported in STZ-only mice at the same 

age. The combined treatment accelerated cognitive decline, with persistent 

and generalized deficits affecting both the knowledge and remember 

components of recognition memory. Compared to HFD-fed mice, these 

impairments were markedly more severe, underscoring the role of insulin 

resistance and β-cell dysfunction in exacerbating cognitive deterioration. 

Taken together, these findings support an association between hyperglycemia, 

insulin resistance, and glycation and recognition memory impairment, 

consistent with clinical and experimental evidence linking metabolic 

syndrome to accelerated neurocognitive aging and increased dementia risk 

(Hamzé et al., 2022; Shieh et al., 2020; Yu et al., 2025).  

The hippocampus was selected as the primary region for histopathological 

analysis because of its central role in recognition memory and its well-

established vulnerability to metabolic dysfunction and neurodegeneration. 

Clinical and experimental studies consistently show that hippocampal 

atrophy, neuronal loss, and synaptic alterations are among the earliest brain 

changes associated with both diabetes and Alzheimer’s disease  (Jash et al., 
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2020; Kciuk et al., 2024; Michailidis et al., 2022). Moreover, hyperglycemia, 

insulin resistance, and glycation stress converge on pathways that promote tau 

hyperphosphorylation and amyloid accumulation, processes that particularly 

affect hippocampal circuits (Ayoub et al., 2025; Oliveira et al., 2024). 

In control animals, hippocampal architecture was preserved, with no 

histological evidence of structural alterations in the analyzed regions.  

HFD-only animals were analyzed histologically, but interpretation was 

limited by the lack of age-matched controls for direct comparison. Within this 

constraint, the changes observed were modest relative to diabetic groups. This 

is in line with previous reports showing that chronic HFD exposure can induce 

moderate hippocampal alterations, including reduced neurogenesis and 

synaptic dysfunction, though typically less severe than those associated with 

overt diabetes (González Olmo et al., 2023; Zhuang et al., 2022). 

In the diabetic mice of the STZ model, clear neurodegenerative changes were 

detected in CA1 and CA3 subfields, where pyramidal layers appeared thinner 

and neuronal density was reduced. Immunohistochemical analyses further 

revealed increased tau phosphorylation and APP/amyloid deposition in 

diabetic mice. Although histological evaluations were performed later than the 

cognitive assessments, the presence of these alterations is consistent with the 

hypothesis that systemic metabolic alteration contributes to hippocampal 

vulnerability and may underlie the memory impairment observed at earlier 

stages (Biessels & Despa, 2018; Jash et al., 2020; Michailidis et al., 2022). 

Remarkably, in the recovery subgroup (DM-REC), both structural and 

molecular alterations were attenuated: neuronal density partially recovered, 

and p-Tau and APP/amyloid immunoreactivity decreased. This suggests that 

hippocampal circuits retain a degree of plasticity and that normalization of 

glucose metabolism can mitigate AD-related pathology, in line with evidence 

that early interventions may slow or reverse neurodegenerative changes 

(Kleinridders et al., 2015). 

In the second model, neuropathological alterations were more widespread, 

with HFD/STZ mice showing structural damage across CA1, CA2, and CA3. 

Although the overall hippocampal morphology remained recognizable, 

quantitative analysis revealed clear reductions in pyramidal layer thickness 

and neuronal density, pointing to a loss of cytoarchitectural integrity in 
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memory-related subregions. These structural deficits were accompanied by 

sustained tau phosphorylation and amyloid accumulation, molecular 

hallmarks of Alzheimer-like pathology. Together, these changes align with 

recent evidence linking metabolic alterations to hippocampal vulnerability and 

are consistent with the notion that the combined burden of insulin resistance 

and β-cell failure exacerbates hippocampal damage and accelerates 

neurodegenerative cascades (De Felice & Ferreira, 2014; Peng et al., 2021; 

Vilela et al., 2023). 

Taken together, these findings highlight the complex interplay between 

hyperglycemia, insulin resistance, glycation, and hippocampal alterations, 

underscoring the value of complementary experimental models in 

disentangling the systemic and neurological dimensions of diabetes. 
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8. Conclusions and Future Perspectives 

This doctoral project demonstrates that diabetes profoundly affects not only 

systemic metabolism but also brain health, accelerating cognitive decline and 

promoting p-Tau and APP/amyloid accumulation. By adopting a longitudinal 

design across two complementary murine models, it was possible to dissect 

both the reversible and the chronic trajectories of diabetes and to link systemic 

alterations with cognitive and neuropathological outcomes. 

A major contribution of this work is the introduction of glycated albumin (GA) 

and methylglyoxal (MGO) as biomarkers in experimental models of type 2 

diabetes. Both markers proved sensitive to short-term fluctuations and to the 

persistent glycation process, often beyond what was captured by conventional 

glycemia. Their consistent association with metabolic and hippocampal 

alterations highlights their potential value in translational research and clinical 

applications. 

The two models adopted offered complementary insights. The STZ-only 

paradigm revealed an unexpected capacity for spontaneous recovery, reducing 

its translational validity as a model of chronic diabetes but providing a unique 

opportunity to explore endogenous mechanisms of β-cell and hippocampal 

plasticity. In contrast, the HFD/STZ model reproduced a more stable diabetic 

phenotype, combining insulin resistance and β-cell loss, and better reflecting 

the chronic progression of human disease. Together, these approaches 

underscore the need to integrate multiple models to capture the multifactorial 

nature of diabetes and its neurological complications. 

At the same time, several limitations should be acknowledged. Sample sizes 

were modest, particularly in the HFD/STZ cohort, and only male animals were 

included across both models, precluding the assessment of sex-specific 

responses. The follow-up was restricted to a defined time window, limiting 

conclusions about longer-term trajectories, especially in the HFD/STZ model. 

Moreover, mechanistic analyses of inflammation, oxidative stress, and insulin 

signaling were beyond the scope of this study, leaving open questions about 

the molecular mediators of recovery and decline. 

Future studies should therefore expand to larger and sex-balanced cohorts, 

adopt longer longitudinal designs, and integrate multi-omics approaches to 

unravel the pathways linking hyperglycemia, insulin resistance, dicarbonyl 
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stress, and neurodegeneration. Interventional studies, testing dietary 

modulation, antidiabetic drugs, or neuroprotective strategies, will be essential 

to establish the predictive and therapeutic value of GA and MGO. Finally, 

translational efforts connecting animal and clinical cohorts will be crucial to 

validate these biomarkers and to explore their role in stratifying cognitive risk 

in diabetic populations. 

In summary, this work provides new insights into how diabetes may accelerate 

brain aging, emphasizes the complementary strengths and limitations of 

experimental models, and suggests GA and MGO as promising biomarkers 

associated with metabolic and cognitive alterations. These findings set the 

stage for future research aimed at developing personalized strategies to 

monitor and mitigate diabetes-related neurodegeneration.  

Ultimately, bridging preclinical models with clinical translation will be 

essential to integrate metabolic and cognitive aspects of diabetes management. 
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