
ÖZET
Bu derleme, diyabetin patofizyolojisini ve komplikasyonlarını anlamak için hayvan modellerinin kullanımını ve etkinliğini incelemeyi amaçlamaktadır. Bu derleme, 
hayvan modellerinde diyabet kaynaklı komplikasyonları inceleyen güncel literatürün analizini içermektedir. Sadece İngilizce makaleler dahil edilmiştir ve çoğunluğu 
2018 sonrası yayımlanmıştır. Alloksan ve Streptozotosin gibi kimyasal modellerin etkili bir şekilde diyabet oluşturabildiği, ancak toksisite ve sistemik yan etkilere yol 
açabileceği görülmektedir. Alloksan, β-hücre toksisitesi yoluyla Tip 1 diyabeti tetiklerken, STZ hem Tip 1 hem de Tip 2 diyabeti modellemek için tercih edilmektedir. 
Otoimmün diyabeti simüle eden NOD fareleri veya obezite kaynaklı diyabet geliştiren db/db fareleri gibi genetik modeller, hastalığın genetik yönlerini incelemek için 
avantajlıdır ancak yüksek maliyet ve karmaşıklık gibi dezavantajlar taşımaktadır. Cerrahi yaklaşımlar, insülin sekresyonu ve pankreas fonksiyonlarını değerlendirmede 
önemli bilgiler sunarken, bu yöntemlerin invaziv olması ve fizyolojik olarak bazı farklılıklara yol açması sınırlayıcı bir faktördür. Modellerin çoğu, diyabete bağlı 
oksidatif stres ve inflamasyonun, nefropati, retinopati, nöropati ve kardiyovasküler hastalıklar gibi komplikasyonlara yol açtığını göstermektedir. Özellikle diyabetik 
böbrek hastalığında podosit hasarı, proteinüri ve glomerüler filtrasyon değişiklikleri gözlemlenirken, diyabetik retinopati modelinde vasküler değişiklikler ve görme 
kaybı tespit edilmiştir. Diyabetik nöropati, duyusal ve motor fonksiyon kayıplarına yol açarken, kardiyovasküler komplikasyonlar damar sertliği, hipertansiyon ve kalp 
yetmezliği ile ilişkilendirilmiştir. Diyabetin ilerleyişi ve komplikasyonlarını değerlendirebilmek için model seçimi büyük önem taşımaktadır. Ancak her modelin kendine 
özgü avantajları ve sınırlamaları vardır. Kimyasal ajanlar hızlı ve düşük maliyetli bir seçenek sunarken, genetik modeller daha fizyolojik ancak maliyetli ve teknik olarak 
karmaşıktır. Bu derleme, diyabet araştırmalarında en uygun hayvan modelinin belirlenmesine rehberlik edebilir ve yeni terapötik stratejilerin geliştirilmesine katkı 
sağlayabilir.
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ABSTRACT
This review aims to examine the use and effectiveness of animal models in understanding the pathophysiology and complications of diabetes. This review includes an 
analysis of recent literature investigating diabetes-related complications in animal models. Only English-language articles were included, with the majority published 
after 2018. Chemical models such as Alloxan and Streptozotocin (STZ) effectively induce diabetes; however, they may cause toxicity and systemic side effects. While 
Alloxan triggers Type 1 diabetes through β-cell toxicity, STZ is preferred for modeling both Type 1 and Type 2 diabetes. Genetic models, such as NOD mice simulating 
autoimmune diabetes or db/db mice developing obesity-induced diabetes, provide advantages in studying the genetic aspects of the disease. However, these models 
have drawbacks, including high costs and complexity. Surgical approaches offer valuable insights into insulin secretion and pancreatic function, but their invasive 
nature and potential physiological differences pose limitations. Most models demonstrate that oxidative stress and inflammation associated with diabetes lead to 
complications such as nephropathy, retinopathy, neuropathy, and cardiovascular diseases. Specifically, diabetic nephropathy is characterized by podocyte damage, 
proteinuria, and changes in glomerular filtration, while diabetic retinopathy models show vascular alterations and vision loss. Diabetic neuropathy results in sensory 
and motor function loss, whereas cardiovascular complications are linked to arterial stiffness, hypertension, and heart failure. Selecting the appropriate model is 
crucial for evaluating diabetes progression and its complications. However, each model has its unique advantages and limitations. Chemical agents offer a fast and 
cost-effective approach, while genetic models provide a more physiologically relevant but expensive and technically complex alternative. This review may guide 
researchers in selecting the most suitable animal model for diabetes studies and contribute to the development of new therapeutic strategies.
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INTRODUC TION 
 Diabetes, a chronic disease that is widely prevalent worldwide, 
can lead to serious health problems due to disruptions in the 
regulation of blood sugar in the body. Diabetes can manifest in 
different types based on the disorders in the body's blood sugar 
regulation. Type 1 diabetes develops as a result of the immune 
system attacking the beta cells of the pancreas, which produce 

insulin. On the other hand, type 2 diabetes represents a condition 
where the effective use of insulin is impaired. Understanding these 
types of the disease and developing effective treatment methods 
is crucial, and for this purpose, experimental diabetes models play 
a vital role. In the scientific research, animal models are frequently 
employed to gain deeper insights into the pathophysiology 
and treatment of diabetes. Through these models, valuable 
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information is obtained regarding the interaction of genetic 
and some environmental factors in diabetes, the progression 
of the disease, and potential treatment strategies. This review 
discusses how experimental diabetes models are established in 
animals, how these models are evaluated in diabetes research, 
which models are more suitable for specific experiments, and 
their effects on complications.

MATERIALS AND METHODS
 This review examines the investigation of complications 
induced by diabetes in animal models through a review of the 
scientific literature. Only English articles have been included in 
the review, with the majority of the articles being from after 
2018.
What is Diabetes Mellitus?
 Diabetes is a chronic disease characterized by the 
impairment of the body's ability to regulate blood sugar 
levels. Essentially, it arises when the pancreas is unable to 
generate sufficient insulin or when the body is ineffective 
in utilizing the insulin it produces. Diabetes can lead to 
various complications in the long term, such as neuropathy, 
retinopathy, nephropathy, cardiomyopathy, vascular damage, 
and others (1). In 2019, the World Health Organization updated 
the classification of diabetes. According to this classification, 
Type 1 Diabetes is considered as an autoimmune disease which 
affects beta cells of the pancreas. This condition leads to almost 
no insulin production. Type 2 Diabetes is a condition where 
insulin resistance develops, meaning the body's cells cannot 
effectively utilize insulin, and over time, there is a reduction 
in insulin production from the Langerhans islets. Gestational 
Diabetes is a type of diabetes that arises during pregnancy or 
is first detected during pregnancy, typically temporary, but 
sometimes can persist postpartum (2). In addition to these, 
there are various special types of diabetes that include genetic 
or other types of diabetes based on reasons such as infection, 
medications, and chemicals.
Pathophysiology of Diabetes
 We encounter different molecules in the pathophysiology 
of diabetes such as insulin. Insulin is a polypeptide hormone 
produced as preproinsulin by the beta cells of the Langerhans 
islets in the pancreas. Its primary functions include increasing 
glucose uptake into cells, facilitating the storage of glucose 
as glycogen and fat, and regulating protein synthesis. This 
hormone initiates mechanisms by binding to receptors on cell 
membranes, making it easier for glucose to enter cells. This 
process is crucial for maintaining glucose metabolism and 
energy homeostasis.
 Understanding the mechanism of intracellular insulin 
secretion and the cellular factors that regulate it is crucial in 
diabetes treatment strategies. Insulin release from beta cells of 
the pancreas' Langerhans islets occurs after a complex process. 
In beta cells, enzymes such as glucose transporters (GLUT) and 
glucokinase, which allow glucose to enter the cell, are present. 
When post-digestion blood glucose levels rise, and glucose 
levels inside beta cells increase, ATP production increases as 
a result of glucose metabolism. With the increase in ATP/ADP 

in the cytosol of beta cells, ATP-sensitive potassium channels 
(KATP) close. This causes cell depolarization, the opening of 
voltage-sensitive calcium channels, and, consequently, the 
entry of calcium into the cell. In addition, cyclic AMP further 
increases intracellular calcium levels by reducing the intake 
of Ca++ into intracellular organelles and modulating second 
messenger molecules independently or dependently on 
protein kinase A (3). Calcium is essential for the exocytosis 
process of insulin vesicles, allowing insulin to be released from 
the cell into the bloodstream (4). 
 The regulation of insulin secretion is associated with various 
factors, including cellular, hormonal, and neural, in addition 
to plasma glucose. Among cellular factors, gastrointestinal 
hormones (e.g., glucagon-like peptide-1), neurotransmitters, 
and intermediates in the glucose metabolic pathway play 
a role. For example, glucagon-like peptide-1 (GLP-1), which 
reaches beta cells through endocrine and paracrine pathways, 
can increase insulin production (5). Neural regulations have 
a significant impact, with the activity of the autonomic 
nervous system playing a major role. Sympathetic nervous 
system activity can regulate insulin secretion through neural 
stimulation or alpha and beta adrenergic receptors on the 
surface of beta cells (6). Various signaling pathways in beta 
cells that modulate intracellular calcium levels and second 
messenger molecules also influence insulin release (7).
 After insulin is secreted, it reaches target cells through the 
circulation. Insulin receptors are specialized protein structures 
located on the surface of cells with tyrosine kinase enzyme 
activity (8). Insulin receptors are made up of four subunits, 
resulting from the repetition of two different types called 
alpha (α) and beta (β). The alpha subunits of the receptor 
assist in insulin binding and the insertion of the receptor into 
the cell surface, while the beta subunits transmit the insulin 
signal, initiating cellular responses (9). The binding of insulin 
results in the dimerization of the receptor's alpha subunits. This 
dimerization triggers the activation of intracellular signaling 
pathways by increasing the interaction of the beta subunits, 
leading to the opening of voltage-sensitive calcium channels. 
These signaling pathways regulate intracellular signal 
transduction and direct the effects of insulin in target tissues. 
In particular, signaling pathways such as the MAPK (mitogen-
activated protein kinase) and the PI3K (phosphoinositide 
3-kinase) pathways regulate a significant portion of insulin
cellular effects (10).
Diabetic Complications

When predisposing factors for diabetes progress from 
prediabetes to diabetes, individuals face many complications 
of these pathophysiological conditions. Diabetes can lead to 
various complications due to long-term high blood sugar levels. 
These complications are generally classified as microvascular 
(related to small blood vessels) and macrovascular (related 
to large blood vessels) complications. Diabetes can lead to 
microvascular complications such as nephropathy, retinopathy, 
neuropathy and macrovascular complications such as diabetic 
foot syndrome, cardiovascular diseases and thrombotic events. 

Retinopathy is one of the most common complications 
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of diabetes. Prolonged high blood glucose levels can lead 
to proliferative retinopathy or non-proliferative retinopathy, 
eventually resulting in vision loss. Diabetic nephropathy 
results from damage to the filtration system of the kidneys 
due to chronic uncontrolled glucose metabolism. Impaired 
kidney function can lead to an increased risk of kidney 
failure, proteinuria, and the loss of blood pressure control 
(11). Neuropathy often presents symmetrically in the 
extremities, resembling gloves and socks, in diabetic patients. 
It can also affect nerves responsible for autonomic functions 
in the digestive, cardiovascular, and urinary system (12). 
Cardiovascular diseases may develop due to impaired glucose 
metabolism in diabetes, due to the formation of Advanced 
Glycation End Products (AGES) and oxidative damage (13). 
Diabetic foot ulcers are observed in approximately 30% of 
diabetic patients. Poor circulation and sensory nerve damage 
make wound healing difficult and increase the risk of infection 
(14). Thrombotic events occur due to reasons such as reduced 
anti-thrombotic activity, platelet reactivation, increased 
concentration and activity of coagulation factors (15). These 
complications highlight the importance of effective diabetes 
management so we made a particular effort to focus on 
modelling of diabetic complications in animal experiments in 
this article.
Diabetes Models in Experimental Animals
 Due to the complex pathophysiology and treatment 
requirements of diabetes, understanding this disease better 
and developing effective treatment strategies is of great 
importance. Before clinical research, it is necessary to conduct 
cell culture studies and test with experimental diabetes models 
in animals. Experimental diabetes models aim to mimic certain 
aspects of diabetes types such as Type 1 and 2 in a laboratory 
setting. These models are used as tools to understand how 
various factors contribute to the development of diabetes, 
investigate the effects of drug candidate chemicals or plant 
extracts in diabetes, and study complications. In diabetes 
research, experimental models created using genetic methods, 
chemical compounds, or dietary manipulations are quite 
common.
 Various models are applied to create Type 1 and Type 2 
diabetes in mice and rats. The main categories for triggering 
diabetes include chemical methods (Alloxan and STZ), 
spontaneous autoimmune and genetic methods (16). Surgical 
methods can also be added to these methods. One of the 
oldest and simplest ways to induce experimental diabetes in 
animals is the partial or complete removal of the pancreas (17). 
Towards the end of the 19th century, physicians discovered 
the association between diabetes and the pancreas and 
began research to understand the role of this organ. Although 
open abdominal surgery is generally preferred, laparoscopic 
methods have also been tested recently (18). Complete 
removal of the pancreas or Langerhans is compatible with Type 
1 diabetes since it eliminates insulin production. In contrast, 
partial removal can be adapted to a Type 2 model (19). It is 
worth noting that rats and mice have significant anatomical 
and physiological differences in their pancreas compared to 

humans (20). The head of the rodent pancreas is located in the 
duodenal region and is scattered within the mesentery. The 
body part extends to the spleen, and the tail ends at the hilum 
of the spleen (21). 
 In addition to this difference, there are adverse effects of 
total pancreatectomy. Total pancreatectomy eliminates not 
only endocrine but also exocrine cells, resulting in a more severe 
condition than the true diabetic syndrome. Furthermore, this 
method destroys not only beta cells but also other critical cells 
that secrete hormones such as alpha, delta, pp, and epsilon 
cells (22). Since the aim of partial pancreatectomy is to remove 
over 90% of the pancreas, the disadvantages of this method are 
similar to total pancreatectomy (23). Despite the ease of this 
surgical method, its undesired side effects have led researchers 
towards practices where diabetes can be modeled more easily 
without causing significant harm to animals. Looking more 
closely at these methods, it can be seen that the most common 
applications are chemical or toxin applications. Although 
within this model framework, the ditizone model (24), ferric 
nitrilotriacetate injection (25), insulin antibody model (26), and 
diet modification with high-fat or high-glucose diets can be 
used to model conditions similar to type 2 diabetes in animals, 
the two most commonly used chemical substances are Alloxan 
and Streptozotocin (STZ) (27).
 The advantages, disadvantages, mechanisms of action and 
complications of experimental diabetes models are given in 
table 1.
Alloxan
 Alloxan is one of the molecules frequently used in 
modeling experimental diabetes in animals. It is a hydrophilic 
derivative of pyrimidine that is similar to glucose. Due to its 
resemblance to glucose, it can easily enter pancreatic beta 
cells and liver cells through the GLUT2 transporters (28). Its 
chemical structure contains five carbonyl groups, allowing 
it to react with thiol groups in cells. It inhibits the function 
of the thiol-based enzyme glucokinase, which acts as a 
glucose sensor in beta cells by forming disulfide bonds (29). 
Furthermore, it increases intracellular ROS production, leading 
to DNA damage and consequently, beta cell apoptosis (30). 
The increased production of hydroxyl radicals inside the beta 
cells is related to ascorbic acid, and this effect is pronounced 
in the mitochondria (31). A study investigating the effects 
of age-related alloxan administration in Wistar albino rats 
reported that the best induction of diabetes was observed in 
rats aged 7-9 weeks (32). Mostafavinia and colleagues reported 
that subcutaneous experiments with different doses of alloxan 
resulted in the most desirable outcome for Type 1 diabetes 
induction at a dose of 120mg/kg (33). However, there are 
limitations to the use of alloxan. It not only reduces glucokinase 
activity in beta cells but also in liver cells, which has led to the 
incompatibility of this model with human diabetes (34).   
Streptozotocin 
 Streptozotocin is a broad-spectrum antibiotic that was 
initially isolated from Streptomyces achromogenes in the 1960s 
and was later reported to have diabetogenic effects (35, 36). 
In those years, it was used as a chemotherapeutic agent for 
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Model Induction Mechanism Main Type Advantages Disadvantages Common
Type Method of DM Complications
Alloxan Chemical GLUT2- Type 1 Simple, Affects liver Kidney damage, 

mediated inexpensive, cells, short Retinopathy,
entry, rapid half-life, Neuropathy
ROS induction inconsistent
production

Streptozo
tocin (STZ) Chemical GLUT2- Type 1 & More stable Causes severe Kidney damage,

mediated Type 2 than Alloxan, β-cell destruction, Retinopathy,
entry, DNA (with high high specificity can induce Neuropathy
alkylation, -fat diet) for β-cells early death
ROS

Pancreate
ctomy Surgical  Partial/total Type 1 or Accurately Invasive,  Severe

removal of Type 2 mimics affects both pancreatic
pancreas (depending insulin endocrine and damage,

on extent) deficiency exocrine function multi-organ
dysfunction

NOD Mouse Genetic Spontaneous Type 1 Autoimmune High cost, Retinopathy,
autoimmune resemblance variability in Neuropathy
diabetes to human diabetes onset

T1DM
db/db Mouse Genetic Leptin Type 2 Obesity and Does not Nephropathy, 

receptor insulin perfectly mimic Cardiomyopathy
mutation, resistance human T2DM
leading to model
obesity

High-Fat 
Diet + STZ Combined Diet-induced  Type 2 Mimics  Requires precise  Nephropathy,

insulin resis human dosing, variability Retinopathy
tance, STZ- T2DM in response
induced β-cell better than
destruction genetic models

Non-Human Genetic Multiple Type 1 & Close  High cost, Kidney damage, 
Primates Surgical pathways Type 2 physiological ethical Retinopathy,

Chemical resemblance  concerns Neuropathy
to humans

Table 1.  Comparison of Common Experimental Diabetes Models and Complications

metastatic pancreatic cancers. In fact, after a trial with 52 
patients, reductions in tumor size were observed, but it was 
reported that five patients died due to organ damage (37). 
STZ is not suitable for oral administration because it is affected 
by stomach acid, so parenteral administration is preferred. 
It remains in the bloodstream at high levels for 15 minutes 
after injection and is then excreted through the kidneys and 
bile ducts (38). Similar to alloxan, STZ is a hydrophilic agent 
with a structure resembling glucose. STZ's specific effect 
on pancreatic beta cells is explained by its entry into the 
cells through GLUT2 receptors on the surface of pancreatic 
beta cells. In its chemical formula, it contains a nitrosourea 
group similar to adenosine, leading to DNA methylation in 
beta cells. Furthermore, it increases nitric oxide production 
and free radical formation, causing cell death (39). Surviving 
beta cells continue their existence with oxidative stress and 
mitochondrial dysfunction (40). Beta cell damage and hence 
insulin deficiency are typical features of type 1 diabetes, 

which is why STZ is considered more suitable for type 1 
diabetes models. However, it is often added to models for 
type 2 diabetes, such as high-fat diets (41) or combined with 
agents like nicotinamide (42) to create these models. The 
nicotinamide model is based on the experiment conducted 
by Junod and colleagues in 1969 (43). In this combined model, 
approximately 60% loss of function is observed in pancreatic 
islets (44). The STZ-NA protocol's induction of hyperglycemia, 
reduction of insulin receptors in skeletal muscle, partial 
reversibility with metformin, development of a dyslipidemic 
profile, and especially histopathological changes in the liver 
indicate that it is a suitable model for T2DM (45). 
 In addition to the chemical and functional differences 
between alloxan and STZ, there are also differences in stability. 
Alloxan starts to degrade at approximately 1.5 minutes at 37°C 
and pH 7.4, whereas STZ can remain stable for up to about one 
hour at pH 7.4 and 37°C (38). Acidic environments extend the 
stability periods for both substances. 
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Dosages of STZ Application
 The dosages of STZ can vary depending on the species, 
gender, age, and the purpose of the experiments with animals. 
Additionally, both repeated low-dose applications and single 
high-dose models are used. It is anticipated that diabetes 
created with multiple low doses leads to beta cell dysfunction 
through an inflammatory process rather than beta cell 
destruction, which is considered to be closer to reality (44). 
In mice, STZ dosages typically range from 100 to 200 mg/kg 
through intraperitoneal injection for creating type 1 diabetes. 
Dosages ranging from 40 to 60 mg/kg are used in combination 
with different models for type 2 diabetes (46). For generating 
type 1 diabetes in rats through intraperitoneal injection, 
dosages typically range from 40 to 65 mg/kg, although lower 
dosages can be used to model insulin resistance or type 2 
diabetes. In a study conducted to determine the optimal dosage 
for inducing diabetes in rats with a single intraperitoneal dose, 
dosages of 30, 35, 40, and 50 mg/kg were compared. According 
to the results, it was reported that the likelihood of diabetes 
occurring was 0.764 with a dosage of 40 mg/kg, despite a low 
mortality rate (33). The development of diabetes begins in the 
days following STZ injection. In many protocols, the formation 
of a diabetes profile is accepted to occur with the increase in 
fasting blood glucose levels measured at 72 hours. Reference 
values for plasma glucose vary, but 200 mg/dL and above is 
commonly considered the lower limit. Hyperglycemia levels 
are often categorized as stage 1 for 200-450 mg/dL and stage 2 
for 451 and above (47).
Untoward effects due to the use of STZ
 Although it is widely used in rodent diabetes models, some 
researchers argue that it is not ideal for experimental diabetes 
models. Wszola et al. reported that since a single dose of STZ 
in small rodents caused more than 90% beta cell destruction 
in the pancreatic islets of Langerhans, it was not a suitable 
diabetes model for transplantation studies (48). 
 In the STZ diabetes model, different results are obtained 
depending on the age of the animal. WangFischer et al 
investigated age-related effects. In their study, it was observed 
that acute deaths within 1 week after STZ injection were 3% in 
rats aged 6-11 weeks, 83% in rats aged 12-17 weeks, and 91% 
in rats older than 18 weeks (49).
 Finally, although there are fewer deaths in the STZ-induced 
diabetes model compared to alloxan, the resulting diabetes 
is longer-lasting and irreversible. STZ also shows greater 
selectivity to beta cells than alloxan (17).
Genetic Models
 It is possible to create genetic diabetes models by 
modifying or silencing specific genes. Some common genetic 
type 1 diabetes models include: NOD Mouse Model (Non-
Obese Diabetic): This model have a tendency to develop a 
disease similar to autoimmune type 1 diabetes.
 Rat Insulin Promoter-LAK Mouse Model: This model involves 
the addition of a toxin gene (LAK) that halts insulin production.
db/db Mouse Model: This model includes mutations in the 
leptin receptor, leading to obesity and diabetes, 

Akt-Insulin Resistance Mouse Model: Mutations are made 

in the Akt gene, disrupting insulin signaling, Lipodystrophy 
Mouse Models: These models involve a lack or dysfunction of 
adipose tissue (16). 
Different Experimental Animal Models
 Another category to consider is the use of various animal 
species. Different animal models offer various advantages 
and disadvantages, providing different opportunities. Among 
these models: Non-Human Primate Models: These models 
have the closest physiological resemblance to humans but are 
often challenging to use due to cost and ethical concerns. Dog 
and Pig Models: These species pose similar problems in terms 
of cost and long-life cycles.
 Non-Mammalian Models: Non-mammalian models may 
not be preferred due to their diverse physiological features, 
despite offering opportunities in terms of life cycle and cost. 
Rodent Models: Rodent models are the most commonly used 
models. Although pancreatic islet structures may not closely 
resemble those of humans, their cost-effectiveness, short life 
cycles, and demonstrated validity make them a top choice (50).
Each of these animal models has its unique advantages and 
limitations, and the choice of model depends on specific 
research goals, budget, and ethical considerations. The ultimate 
goal with these models and species is to induce and study 
tissue and organ damage such as diabetic cardiomyopathy, 
nephropathy, neuropathy, and retinopathy, with the aim of 
advancing our scientific knowledge on the subject (16).
 Effect of animal species and age on experimental success 
in different models In order to evaluate the validity and 
clinical implications of the data obtained in diabetes models, 
the age, sex, species and physiological characteristics of the 
animals used and the induction method of the model are of 
great importance. For example, while animal age affects the 
response to insulin secretion in streptozotocin application, 
alloxan sensitivity may also vary among species. In addition, 
environmental factors (e.g. diet, housing conditions and 
stress level) directly affect metabolic responses. Therefore, 
it is important for researchers to evaluate these variables 
comparatively when choosing a model. A comparative table 
summarizing some basic variables related to age and species 
in the most commonly used diabetes models is presented in 
Table.2.
 Understanding pathophysiology of diabetic complications 
for model selection Diabetes is a multisystem disorder that 
leads to serious organ damage in the long term. Chronic 
hyperglycemia triggers oxidative stress, inflammation and 
glycation processes at the cellular level, forming the basis for 
both microvascular (retinopathy, nephropathy, neuropathy) 
and macrovascular (coronary artery disease, peripheral 
artery disease) complications. Hyperglycemia increases 
the production of reactive oxygen species (ROS) within the 
cell, leading to mitochondrial dysfunction (51). This triggers 
cellular damage and apoptosis processes. At the same time, 
the formation of advanced glycation end products (AGEs) 
disrupts the function of protein and lipid structures; AGE-RAGE 
(receptor for advanced glycation end products) interaction 
activates proinflammatory signaling pathways (52). Protein 
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kinase C (PKC) activation contributes to processes such as 
endothelial dysfunction, increased vascular permeability, and 
angiogenesis (53). Activation of the polyol pathway causes 
osmotic stress within the cell, causing damage especially, to 
nerve and kidney cells (54). The hexosamine pathway also tries 
to process excess glucose through an alternative pathway, 
affecting transcription factors and increasing fibrosis and 
inflammation mechanisms (55). 
 In microvascular complications, these processes 
manifest themselves with pathologies specific to each 
organ systems. In retinopathy, thickening of the retinal 
capillaries, pericyte loss and neovascularization develop (56). 
Whereas in nephropathy, glomerular basement membrane 
thickening, mesangial expansion and podocyte damage are 
seen. In neuropathy, slowing of nerve conduction, axonal 
degeneration and microvascular perfusion disorders are 
prominent (57). Macrovascular complications are characterized 
by the acceleration of the atherosclerosis process (58). The 
combination of hyperglycemia, dyslipidemia, low-grade 
chronic inflammation and endothelial dysfunction results 
in deterioration of the arterial wall structure and accelerates 
plaque formation (59). Modeling these multifaceted 
pathophysiological processes is important to more accurately 
investigate complication-specific targets in experimental 
systems.
Experimental model selection according to complication
 Understanding the mechanisms underlying complications 
such as nephropathy, retinopathy, neuropathy, and 
cardiovascular dysfunction is critical for disease management 
and development of treatment strategies. However, not 
every experimental diabetes model can accurately reflect the 
development of every complication. For example, the most 
commonly used method for diabetic nephropathy models is the 
application of manipulations that increase renal stress, such as 
puromycin aminonucleoside (PAN) or unilateral nephrectomy, 
in addition to STZ-induced hyperglycemia (60). In diabetic 
retinopathy studies, retinal microvascular changes are observed 
as a result of long-term hyperglycemia induced by STZ, while 
this process can be accelerated by agents that increase 
oxidative stress. For diabetic neuropathy, chronic STZ models 

Model Animal Type Age (weeks) Administration Method  Age-Related Effects
STZ ( Type Rat, 4–6 wks ( juvenile): i .p./i.v. single Severe β-cell destruction in
1 DM) Mouse High sensitivity   dose (45–65 mg/kg) 4–6 wk animals, but mortality

8–12 wks (young may increase. 8–12 wk animals
adult): Stable provide a more
glucose response stable model.

Alloxan ( Type Rabbit, 6–8 wks:  i .v. or i.p. injection Juvenile animals have lower
1 DM) Rat Maximum oxidative antioxidant defense, increasing

stress response sensitivity to alloxan.
HFD + STZ Mouse, HFD started at  Diet + low-dose STZ Starting HFD at 4 wks facilitates
( Type 2 DM) Rat 4 wks; STZ at insulin resistance development; 

8–12 wks low-dose STZ in adults causes
(30–35 mg/kg) partial β-cell damage.

Table 2.  Effect of animal species and age on model success in the most commonly used experimental diabetes 
models.

or db/db mice with leptin receptor mutation are preferred in 
terms of slowing of peripheral nerve conduction, nerve fiber 
loss and development of thermal/mechanical hyperalgesia 
(61). Cardiovascular complications are studied through models 
that reveal both metabolic syndrome and cardiac dysfunction 
as a result of STZ administration combined with a high-fat 
diet (62). Each complication model shows variable sensitivity 
depending on the duration of hyperglycemia, age and species 
of the animal, and meticulous standardization of protocols is of 
great importance for translational validity. Therefore, suitable 
models for each complication are discussed separately below.
Studying Diabetes-Induced Complications in Animal Models
Kidney Damage Models
 Diabetes affects various tissues, including the kidneys, due 
to the microvascular damage it causes. In an effort to prevent 
this damage, different natural substances are being tested in 
many research studies. One of these substances is quercetin. 
The effects of quercetin usage in animal models studying 
kidney damage have been evaluated in a meta-analysis. As 
inflammation and oxidative stress are known to increase 
under diabetes, quercetin's anti-inflammatory and antioxidant 
properties can be predicted as protective (63).
 In addition to the approach of trying to prevent damage 
by providing natural or synthetic substances directly, there 
is a research approach that targets molecular pathways. 
Sirtuin-1 (SIRT-1) can be given as an example in this context. 
Overexpression of SIRT-1 has been reported in structures such 
as podocytes and renal tubular cells in animals with diabetes. 
The protective effects of SIRT-1 in diabetic nephropathy 
are among the research topics in the molecular field (64). 
Wenshen Jianpi Recipe (WSJPR), widely used in traditional 
Chinese medicine, is considered and used as beneficial for 
diabetic nephropathy. Cao and colleagues used this recipe in 
a diabetes model induced by STZ (60 mg/kg i.p.) in rats. WSJPR 
given at different doses for 8 weeks reduced urinary total 
protein, albumin, and urea nitrogen and led to improvements 
in glomerular hypertrophy and mesangial expansion. 
Additionally, the expression of nephrin and podocin mRNA was 
increased. The researchers suggested that WSJPR is beneficial 
in diabetes-induced kidney damage and could be considered 



as an approach for the treatment of diabetic nephropathy (65). 
 Another study, based on traditional Chinese medicine, 
tested the Jiedu Tonlguo Baoshen formula (JTBF) for its 
protective effects against proteinuria and kidney damage 
induced by diabetes. In a rat diabetes model induced by a 
high-fat diet + STZ, blood and urine samples were provided 
with an automatic analysis device. JTBF was found to reduce 
24-hour urinary protein excretion and increase the expression
of podocin, nephrin, and WT-1 in podocytes. This suggests that 
podocyte damage was reduced with JTBF. Additionally, it was
found that this formula changed the expression of proteins
related to autophagy in podocytes and affected signaling
pathways through proteins such as Akt and mTOR (66).
Retinopathy

One of the most significant complications of diabetes 
is diabetic retinopathy (DR). DR is one of the leading causes 
of non-trauma-related blindness worldwide. This condition 
can affect patients on a scale ranging from a decline in visual 
quality to total blindness, impacting millions of people. While 
rodents are most commonly used in modeling this pathological 
condition, other organisms like dogs and zebrafish can also 
be preferred. Each model has its advantages, and for directly 
modeling the pathophysiological development in humans, 
one model alone may not suffice (67). Animal models are 
crucial for understanding the pathogenesis of DR, providing 
insights into both proliferative and non-proliferative DR. 
Different DR models have been developed to examine these 
aspects. In animal models, these conditions can be induced 
by selecting genetically suitable animals or performing 
appropriate applications to trigger the disease (68). 

In a study conducted on Wistar albino rats, animals that 
developed diabetes after a 55 mg/kg i.p. STZ application were 
subjected to experiments. Electroretinography, as well as 
Evans blue and dextran fluorescence retinal angiography, were 
performed at 1, 3, 6, and 9 months after this administration. 
Significant changes were observed in electroangiography in 
the diabetic groups. Furthermore, the observation of conditions 
such as vascularization, ischemic changes, increased vascular 
permeability, and vitreous neovascularization in diabetic rats 
suggests that this model may be a good one for modeling 
the pathology of diabetic retinopathy in humans and testing 
treatment options (69).

In another study related to DR, the effect of melatonin on 
VEGF, IL-6, TNF-alpha, and parameters related to apoptosis in 
rats was investigated. In a diabetes model triggered by STZ (60 
mg/kg i.p.), melatonin was administered at a dose of 10 mg/kg 
for 20 days. The results showed that melatonin administration 
reduced the expression of VEGF, cytokines, and apoptosis. The 
authors evaluated this result as an indication that melatonin 
has the potential to improve adverse conditions related to DR 
(70).
Neuropathy

One of the significant long-term complications that 
diabetes can cause is neuropathy. This condition is the subject 
of various research studies that suggest that it can be attributed 
to not only the effects of elevated glucose but also different 

pathways involving insulin receptors on peripheral nerves and 
dyslipidemia (71). While different animal models successfully 
model various aspects of neuropathy observed in humans, 
they may not be sufficient in other aspects. For example, 
diabetes in cats is good for modeling advanced diabetic 
neuropathy in humans, but rodent models do not provide 
reliable results to reflect functional impairments observed in 
early stages in humans. However, it's worth noting that the use 
of STZ in inducing diabetes itself can be problematic as it has 
direct neurotoxic effects (72).
Depression
 Similar to diabetes, depression is a disease that 
significantly affects the quality of life and should be taken 
into consideration. The increased prevalence of depression 
in individuals with diabetes necessitates the elucidation of 
the mechanisms linking these two conditions. In a model 
induced by STZ and accompanied by a high-fat diet, after 12 
weeks, depression-like behaviors were observed in diabetic 
animals, as evidenced by their performance in a challenging 
swimming test. Researchers attributed these observations to 
the increased levels of cytokines such as IL-6 and TNF-alpha. 
The increase in these pro-inflammatory molecules, which is 
associated with the underlying inflammation in many diseases, 
appears to be linked to induced diabetes. In this model, 
researchers found that daily agmatine administration (10-20 
mg/kg) reduced depression-like behaviors and inflammation 
markers examined in brain tissue (73).  
Anxiety
 Anxiety, like depression, is a topic frequently researched 
in experimental animals. Increases in anxiety-like behaviors, 
evaluated in setups such as the light-dark box, open field test, 
and elevated plus maze test, are used to assess whether animals 
develop anxiety following a pathology or administration. In STZ 
induced diabetes in rats, anxiety-like behaviors were increased 
in the elevated plus maze test, while melatonin reduced these 
behaviors (74).
 Mice with diabetes induced by a single dose of STZ were 
treated with fluoxetine, a serotonin reuptake inhibitor. It was 
observed that anxiety-like behaviors decreased in different 
behavioral tests (elevated plus maze, open field, dark and light 
transition, Y maze). Additionally, it was noted that fluoxetine 
reduced the increased astrocyte activation associated with 
STZ. One possible reason for this effect is suggested to be the 
reduction of myelin basic protein loss in oligodendrocytes due 
to diabetes with fluoxetine (75).
Memory and Learning
 Memory problems and Alzheimer's disease, which are 
among the most important health issues related to aging, 
significantly impact the quality of life and pose significant 
financial challenges in terms of caregiving. The higher 
prevalence of Alzheimer's disease in individuals with diabetes 
suggests that diabetes increases susceptibility to Alzheimer's 
disease in older individuals. There is growing evidence of 
similarities in the pathophysiology of both diseases in terms 
of cognitive impairment. Cognitive impairments triggered 
by diabetes also constitute a significant topic in behavioral 
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studies involving animals (76).
 Accumulation of amyloid-beta (Aβ) and cerebrovascular 
inflammation, which are important changes in Alzheimer's 
disease, have been studied in an Alzheimer's mouse model. 
Researchers crossed transgenic Alzheimer's mice (APP23) with 
two different diabetic mice strains (ob/ob and NSY mice). The 
changes in metabolism and brain pathology provided insights 
into the role of vascular changes and insulin signaling function 
in the cognitive impairments observed in Alzheimer's disease 
(77).
 The relationship between the brain and the gut is a research 
topic that has attracted increasing attention in recent years. 
In another study related to Alzheimer's disease, Akkermansia 
muciniphila (Akk) from the gut microbiota was administered 
via gavage to APP/PS1 mice for six months. The results showed 
that this intervention reduced diabetes-related parameters 
such as fasting blood sugar, improved intestinal barrier 
function, enhanced cognitive function as demonstrated in 
Y-maze tests, and reduced brain AB 40-42 levels. This approach 
represents an original way to address diabetes through
microbiota intervention, beyond the direct application of a
chemical substance, active ingredient, or extract (78).
Oxidative Stress

Oxidative stress is an important component in the 
pathogenesis of many diseases, is also important in diabetes. 
The effects of exercise or changes in diet towards healthier 
directions on reducing oxidative stress have been investigated 
in various studies. In a study that examined the effects of 
swimming exercise in C57BL/6 mice in which type 2 diabetes 
was induced, it was shown that diabetes increased oxidative 
stress in mice by elevating MDA and GSSG levels and that 
swimming exercise had a protective effect against this stress 
(79).

The nicotinamide-STZ model, which is a less common 
method of inducing diabetes, it was reported that crocin, one 
of the active ingredients of the saffron plant (Crocus sativus), 
restored the disrupted liver oxidant-antioxidant balance 
related to diabetes in rats and restored Total Antioxidant 
Capacity. Crocin also exhibited a similar protective effect in the 
kidneys (80).

Inflammation is often observed alongside oxidative stress, 
and it is also among the components of diabetes. In response 
to diabetes, proinflammatory cytokines such as IL-1B and IL-16 
increase in tissues. One of these tissues is the brain tissue. Irisin 
molecules have been observed to reduce neuroinflammation 
in the mentioned mice and improve cognitive function based 
on behavioral test results (81).
Coagulation Disorders

In a study conducted to determine the potential protective 
effects of melatonin on hemostatic parameters in rats with 
diabetes induced by streptozotocin (40 mg/kg), 32 adult male 
healthy Wistar Albino rats were divided into four groups. After 
achieving the desired blood sugar levels for diabetes, melatonin 
(50 mg/kg i.p.) was administered for 8 weeks. Diabetic rats 
showed significantly increased platelet counts and fibrinogen 
levels. The administration of melatonin to diabetic rats partially 

improved these values, as well as PT and INR levels, indicating 
an improvement in the procoagulant state caused by diabetes 
(82).
 Another study examining complications related to 
diabetes-induced coagulation used a leaf aqueous extract of 
Terminalia catappa (400 and 800 mg/kg - 28 days) in rats where 
diabetes was induced with STZ and a high-fat diet. The results 
suggested that the plant extract increased coagulation and 
bleeding time in diabetic rats and, due to its anticoagulant 
properties, it could be beneficial in reducing hematological 
problems related to diabetes (83).
Diabetic Foot Ulcer Model
 Diabetes, when combined with neuropathic conditions, can 
lead to tissue damage ranging from ulcers to tissue necrosis. 
Innovative approaches such as 3D skin models, angiogenesis 
models, and skin bioprinting are being explored in research on 
this topic. However, traditional animal models are still being 
used (84).
 Different parameters of this topic, from the development 
of tissue damage to the healing process, are also tested in 
animal studies. While rodents are more commonly used in 
these studies, larger animals like pigs can also be subjects of 
research. Although pigs have some model advantages in terms 
of nutrition and physiology, parameters such as cost, skin 
structure, and the long duration required for healing often lead 
to the preference for rats. Zucker Diabetic Sprague-Dawley rats 
are recommended models for investigating diabetic ulcers 
(85).

CONCLUSION
 This review summarizes the pathophysiology of Diabetes 
Mellitus (DM), treatment strategies, and the link between 
experimental DM models and diabetic complications. 
Choosing appropriate animal models is essential for studying 
complications, as Type 1 DM results from autoimmune beta cell 
destruction, while Type 2 DM involves insulin resistance and 
beta cell dysfunction. Models must align with human disease 
features, though species differences limit full replication. 
Rodents are widely used due to cost and accessibility, while 
rabbits and primates serve specific roles. Diabetes can be 
induced by genetic manipulation, surgery, diets, or chemicals 
like STZ and Alloxan. NOD mice and chemically induced models 
are common for Type 1 DM; ob/ob mice and high-fat diets are 
used for Type 2 DM.
 This review emphasizes complications such as 
nephropathy, retinopathy, neuropathy, and cognitive deficits. 
Natural compounds have shown benefits in reducing kidney 
damage, oxidative stress, and inflammation. Psychological 
and cognitive impairments are also addressed, with some 
treatments improving memory and anxiety. Antioxidants 
and anti-inflammatory agents appear effective in mitigating 
complications.
 In conclusion, selecting the right animal model is critical 
for understanding DM and developing targeted, effective 
treatments to enhance patient outcomes.
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