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Abstract: Diabetic nephropathy is a severe complication of diabetes mellitus and a leading cause of end-stage renal disease
(ESRD) worldwide. Various rat models of diabetic nephropathy have been developed over the years, each with its strengths and
limitations. Understanding these models and their translational relevance is critical for developing effective therapeutic strategies
for this debilitating condition. In this review article, we provide a comparative analysis of various rat models of diabetic
nephropathy, highlighting their strengths and limitations, and discussing their translational relevance. We examine the key
pathological features of diabetic nephropathy recapitulated in these models, including mesangial expansion, glomerular
hypertrophy, proteinuria, and tubulointerstitial fibrosis. Among the different rat models of diabetic nephropathy, the
streptozotocin (STZ) model is the most commonly used model, but it has limitations in recapitulating the natural history of human
diabetic nephropathy. Other models include the Akita model and the Zucker diabetic fatty (ZDF) model, each with their own
strengths and limitations. Despite these limitations, rat models of diabetic nephropathy remain an essential tool for studying the
pathophysiology of this condition and for developing new therapeutic strategies. Recent advances in genetic engineering and stem
cell technologies have led to the development of more sophisticated rat models that closely mimic the pathophysiology of human
diabetic nephropathy. These models hold great promise for improving our understanding of diabetic nephropathy and for
developing new and effective therapies for patients with this condition.
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I. INTRODUCTION

Diabetic nephropathy is a serious complication of diabetes mellitus and a major contributor to end-stage renal disease (ESRD)
globally. Several rat models of diabetic nephropathy have been developed over the years, each with its own strengths and
limitations®.. These models have been essential for understanding the pathogenesis of diabetic nephropathy and for developing
therapeutic strategies. Therefore, understanding the strengths, limitations, and translational relevance of these rat models is
crucial.

In this review article, we aim to provide a comparative analysis of various rat models of diabetic nephropathy, highlighting their
strengths and limitations, and discussing their translational relevance®. We will also examine the key pathological features of
diabetic nephropathy that are recapitulated in these models, including mesangial expansion, glomerular hypertrophy, proteinuria,
and tubulointerstitial fibrosis.

Among the various rat models of diabetic nephropathy, the most commonly used model is the streptozotocin (STZ) model due to
its simplicity and reproducibility*. However, this model has certain limitations in terms of recapitulating the natural history of
human diabetic nephropathy. Other rat models of diabetic nephropathy include the Akita model and the Zucker diabetic fatty
(ZDF) model, each with its own strengths and limitations. The Akita model, for instance, is a genetic model that closely mimics
type 1 diabetes but may have limited translational relevance to human disease®. The ZDF model, on the other hand, recapitulates
several key features of human diabetic nephropathy, such as proteinuria and glomerular hypertrophy, but has limitations in terms
of recapitulating tubulointerstitial fibrosis®.

Despite these limitations, rat models of diabetic nephropathy remain an indispensable tool for studying the pathophysiology of
this condition and for developing new therapeutic strategies. Recent advances in genetic engineering and stem cell technologies
have led to the development of more sophisticated rat models that more closely mimic the pathophysiology of human diabetic
nephropathy. These models hold great promise for improving our understanding of diabetic nephropathy and for developing new
and effective therapies for patients with this condition.
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Overview of diabetic nephropathy

Diabetic nephropathy is a common complication of diabetes mellitus and is a leading cause of end-stage renal disease (ESRD)
worldwide?. It is characterized by proteinuria, glomerular hyperfiltration, mesangial expansion, tubulointerstitial fibrosis, and
podocyte injury®2. The pathogenesis of diabetic nephropathy is multifactorial, and hyperglycemia-induced oxidative stress,
advanced glycation end products (AGEs), and activation of the renin-angiotensin-aldosterone system (RAAS) are thought to play
crucial roles?.

Animal models have been instrumental in advancing our understanding of the pathophysiology of diabetic nephropathy and in the
development of new therapies8. The most commonly used animal model for diabetic nephropathy is the streptozotocin (STZ)-
induced diabetic rat modell3. STZ is a cytotoxic glucose analogue that selectively damages pancreatic B-cells, resulting in insulin
deficiency and hyperglycemial?7. STZ-induced diabetic rats exhibit many of the histological and functional changes seen in
human diabetic nephropathy, including glomerular hypertrophy, mesangial expansion, proteinuria, and tubulointerstitial fibrosis??.
Other animal models of diabetic nephropathy include the Akita mouse model and the Zucker diabetic fatty (ZDF) rat model14,
33. The Akita mouse model carries a spontancous mutation in the insulin 2 gene, resulting in B-cell apoptosis and
hyperglycemia38. The ZDF rat model is a genetic model of type 2 diabetes and obesity, which develops renal pathology similar to
that seen in human diabetic nephropathy?°.

In conclusion, diabetic nephropathy is a debilitating condition that is a major complication of diabetes mellitus. Animal models
have been instrumental in advancing our understanding of the pathophysiology of this condition and in the development of new
therapies. The STZ-induced diabetic rat model is the most commonly used model for diabetic nephropathy, but other models,
including the Akita mouse and ZDF rat models, have also been developed. Each of these models has its strengths and limitations,
and understanding these models and their translational relevance is crucial for the development of effective therapeutic strategies
for this condition.

The importance of animal models in studying diabetic nephropathy

Animal models are essential tools for investigating the pathogenesis of diabetic nephropathy and for evaluating potential
therapeutic interventions®®. Several animal models of diabetic nephropathy have been developed, including rats, mice, dogs, and
pigs. Among these, rats are widely used due to their low cost, small size, and ease of handling and breeding®®.

Animal models are important in studying diabetic nephropathy because they provide a system in which the effects of diabetes on
the kidneys can be studied in a controlled environment. Animal models also allow for the study of the temporal progression of the
disease, which is often difficult to observe in human patients. Furthermore, animal models provide an opportunity to evaluate the
efficacy and safety of potential therapeutic interventions before they are tested in human clinical trials®.

The rat models of diabetic nephropathy have been used extensively in preclinical studies to investigate the underlying
mechanisms of the disease and to evaluate the efficacy of potential therapeutic interventions10. These models have also been used
to study the role of various molecular pathways in the development of diabetic nephropathy, such as oxidative stress,
inflammation, and mitochondrial dysfunction??.

In particular, the streptozotocin-induced diabetic rat model is widely used due to its reproducibility and similarity to human
diabetic nephropathy in terms of pathogenesis and histopathology??. This model is characterized by hyperglycemia, proteinuria,
and glomerular hypertrophy, and it exhibits features of early and late stages of human diabetic nephropathy.

Another commonly used rat model is the Zucker diabetic fatty (ZDF) rat, which is a genetic model of type 2 diabetes that
develops insulin resistance and hyperglycemia?2. This model is useful for studying the effects of metabolic abnormalities on the
kidneys and for evaluating the efficacy of interventions aimed at improving metabolic control.

Despite the benefits of using animal models in studying diabetic nephropathy, it is important to acknowledge their limitations.
Animal models may not fully replicate the pathophysiology of human diabetic nephropathy, and findings from animal studies
may not always translate to human patients. Additionally, ethical considerations must be taken into account when using animals
in research?®.

Overall, animal models, particularly rat models, are important tools for investigating the pathogenesis of diabetic nephropathy and
for evaluating potential therapeutic interventions'®. Understanding the strengths and limitations of these models is crucial for the
development of effective treatments for this debilitating condition.

Overview of Various Rat Models:

Rat models have played a crucial role in understanding the pathophysiology and exploring potential treatments for diabetic
nephropathy. Several rat models have been developed to simulate the complex mechanisms involved in this condition. Here, we
provide an overview of commonly used rat models for studying diabetic nephropathy and their relevance in research.
Streptozotocin-Induced Diabetic Rats:

Streptozotocin (STZ) is a chemical agent that induces diabetes in experimental animals by destroying pancreatic beta cells. STZ-
induced diabetic rats closely mimic human diabetic nephropathy, exhibiting hyperglycemia, alouminuria, glomerular hypertrophy,
and renal fibrosis. This model allows researchers to study both early and late stages of diabetic nephropathy?®.

Akita Diabetic Rats :

Akita rats are a model of diabetic nephropathy derived from a spontaneous mutation in the Ins2 gene, leading to the development
of diabetes. This model closely mimics the genetic basis of human diabetes and exhibits progressive renal histological changes,
including glomerular basement membrane thickening, mesangial expansion, and tubulointerstitial fibrosis. Akita rats also develop
albuminuria and renal dysfunction, making them valuable for studying molecular mechanisms and therapeutic interventions’.
Zucker Diabetic Fatty Rats :

Zucker diabetic fatty (ZDF) rats are widely used as a model for type 2 diabetes and its complications, including diabetic
nephropathy. These rats carry a spontaneous mutation in the leptin receptor gene, resulting in obesity, insulin resistance, and
hyperglycemia. ZDF rats develop renal lesions characterized by glomerular hypertrophy, mesangial expansion, extracellular
matrix accumulation, and proteinuria. This model provides insights into the complex interplay between obesity, insulin resistance,
and renal pathology in diabetic nephropathy®2,
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OLETF Rats :

OLETF (Otsuka Long-Evans Tokushima Fatty) rats represent a genetic model of type 2 diabetes that closely resembles human
obesity-related diabetes. These rats carry a mutation in the cholecystokinin-1 receptor gene, leading to hyperphagia, obesity, and
diabetes. OLETF rats develop features of diabetic nephropathy, including glomerular abnormalities and renal fibrosis. This model
allows researchers to study the mechanisms underlying obesity-related diabetic nephropathy*2.

BB Rats :

BB rats (BioBreeding rats) are an autoimmune model of type 1 diabetes. Although primarily used for studying type 1 diabetes,
BB rats have also been employed to investigate diabetic nephropathy. They develop hyperglycemia, albuminuria, and glomerular
lesions resembling those seen in human diabetic nephropathy. The BB rat model helps researchers explore the interplay between
autoimmune processes and kidney damage in diabetic nephropathy?.

Comparative Analysis of Rat Models for Diabetic Nephropathy
Strengths and limitations of each model:
Streptozotocin-Induced Diabetic Rats :

Strengths:

Induces hyperglycemia and closely mimics human diabetic nephropathy.

Allows for the study of both early and late stages of the disease.

Exhibits characteristic features such as albuminuria, glomerular hypertrophy, and renal fibrosis.
Limitations:

Requires exogenous administration of streptozotocin, which may cause systemic toxicity.

Does not replicate the genetic basis of diabetes and lacks certain metabolic aspects of the diseases.
Akita Diabetic Rats :

Strengths:

Genetic model closely resembling human diabetes.

Exhibits progressive renal histological changes, including glomerular basement membrane thickening and tubulointerstitial
fibrosis.

Develops albuminuria and renal dysfunction.

Limitations:

Limited availability due to the specific genetic mutation.

Does not fully capture the multifactorial nature of diabetic nephropathy?2.

Zucker Diabetic Fatty Rats :

Strengths:

Represents a model of type 2 diabetes with obesity and insulin resistance.

Develops glomerular hypertrophy, mesangial expansion, and proteinuria.

Allows investigation of the relationship between obesity, insulin resistance, and renal pathology.
Limitations:

The genetic mutation in the leptin receptor gene does not precisely mirror the human condition.
Requires careful consideration of obesity-related confounding factors®.

OLETF Rats :

Strengths:

Genetic model closely resembling human obesity-related diabetes.

Exhibits glomerular abnormalities and renal fibrosis.

Enables study of the mechanisms underlying obesity-related diabetic nephropathy.
Limitations:

Limited availability and specific genetic mutation.

Does not replicate all aspects of human obesity-related diabetes®?.

BB Rats :

Strengths:

Represents an autoimmune model of type 1 diabetes.

Exhibits hyperglycemia, albuminuria, and glomerular lesions.

Provides insights into the interplay between autoimmune processes and kidney damage.
Limitations:

Primarily used for studying type 1 diabetes, with limited focus on diabetic nephropathy.
May not fully replicate the pathogenesis of type 2 diabetes-related nephropathy?.
Considerations for Model Selection:

Research goals and objectives

Relevance to human diabetic nephropathy

Availability and feasibility of the model

Suitability for specific interventions or treatments

Ethical considerations and regulatory requirements
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Comparison of Model Characteristics:

Metabolic Profile:
STZ-induced diabetic rats: Insulin deficiency, hyperglycemia.

Akita diabetic rats: Genetic defect in the Ins2 gene, hyperglycemia.

Zucker diabetic fatty rats: Obesity, insulin resistance, hyperglycemia.

OLETF rats: Obesity, hyperglycemia.

BB rats: Autoimmune-mediated destruction of beta cells, hyperglycemia.

Kidney Function:

Each model exhibits features of renal dysfunction, such as albuminuria and glomerular lesions, albeit to varying degrees.

Histopathology:

STZ-induced diabetic rats: Glomerular hypertrophy, renal fibrosis.

Akita diabetic rats: Glomerular basement membrane thickening, tubulointerstitial fibrosis.

Zucker diabetic fatty rats: Glomerular hypertrophy, mesangial expansion, extracellular matrix accumulation.
OLETF rats: Glomerular abnormalities, renal fibrosis.

BB rats: Glomerular lesions resembling human diabetic nephropathy.

Translational Relevance of Rat Models for Diabetic Nephropathy
Challenges in Translating Findings from Rat Models to Human Diabetic Nephropathy:

Species Differences:

Rats and humans have inherent physiological and genetic differences, making direct translation of findings challenging.
Variations in kidney structure, metabolism, immune response, and disease progression necessitate cautious interpretation of
results obtained from rat models®3,

Complexity of Human Disease :

Diabetic nephropathy in humans is a complex multifactorial condition influenced by genetic, environmental, and lifestyle factors.
Rat models often simplify the disease by focusing on specific aspects, which may not fully represent the heterogeneity and
diverse pathogenic mechanisms observed in human patients®®.

Lack of Predictive Biomarkers :

Identification of reliable biomarkers to predict disease progression and treatment response in diabetic nephropathy remains a
challenge. Rat models may not accurately reflect the dynamic changes and specific biomarkers observed in human patients,
hindering translation of findings to clinical applications®2.

Strategies for Improving Translational Relevance:

Use of Humanized Models:

Introducing human components into rat models, such as human cells, tissues, or genetically modified rats expressing human
genes, can enhance translational relevance. Humanized models better capture the complexity and specific molecular pathways
relevant to human diabetic nephropathy3..

Incorporation of Patient-Derived Cells :

Utilizing patient-derived cells, such as induced pluripotent stem cells (iPSCs), can create personalized models that closely mimic
individual patient characteristics. These models provide a platform to study patient-specific mechanisms and test personalized
therapeutic approaches®2.

Longitudinal Studies and Follow-up :

Long-term follow-up studies in rat models can better replicate the chronic nature of diabetic nephropathy in humans.
Comprehensive monitoring of disease progression, renal function, and therapeutic interventions over an extended period enhances
translational relevance and understanding of long-term outcomes?.

Integration of Omics Technologies :

Omics technologies, including genomics, transcriptomics, proteomics, and metabolomics, enable a comprehensive analysis of
molecular signatures in both rat models and human patients. Integrating omics data can identify conserved pathways and potential
therapeutic targets, bridging the gap between preclinical and clinical research?,

Conclusion:

In conclusion, the use of various rat models of diabetic nephropathy provides valuable insights into the pathogenesis, progression,
and potential therapeutic interventions for this complex disease. Each model possesses distinct strengths and limitations that
should be carefully considered when designing experimental studies.

Streptozotocin-induced diabetic rat models offer several advantages, including the induction of hyperglycemia and
histopathological changes resembling human diabetic nephropathy. However, limitations such as rapid progression of kidney
injury and non-physiological insulin deficiency should be taken into account. Streptozotocin-induced models are particularly
useful for mechanistic studies and early intervention trials.

Spontaneous diabetic rat models, such as the Goto-Kakizaki and Otsuka Long-Evans Tokushima Fatty rats, closely mimic human
type 2 diabetes and exhibit gradual development of renal complications. These models allow for long-term investigations of
disease progression and are valuable for studying the effects of genetic factors on diabetic nephropathy. However, their
translational relevance may be limited due to differences in disease course and genetic background compared to humans.

Renal ischemia-reperfusion models provide an alternative approach to study diabetic nephropathy in the presence of acute renal
injury. These models mimic the renal complications observed in diabetic patients undergoing surgical procedures. They offer a
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controlled setting to evaluate the impact of ischemic events on pre-existing diabetic kidney disease. However, the relevance of
these models to chronic diabetic nephropathy remains a subject of debate.

Translational relevance is a critical consideration when selecting an appropriate rat model for diabetic nephropathy research.
While no single model perfectly replicates the complexity of human disease, each model contributes unique insights into specific
aspects of diabetic nephropathy. Therefore, combining multiple rat models and integrating findings with clinical observations is
essential to bridge the gap between preclinical research and clinical practice.

Future research should focus on refining existing rat models to better reflect the heterogeneity and chronicity of human diabetic
nephropathy. Incorporating emerging technologies, such as genetic manipulation and advanced imaging techniques, may enhance
the translational relevance and provide new avenues for therapeutic development.

In summary, a comparative analysis of various rat models of diabetic nephropathy highlights the strengths and limitations of each
model, emphasizing their unique contributions to our understanding of the disease. By carefully considering these factors,
researchers can design more robust and clinically relevant studies that facilitate the development of effective treatments for
diabetic nephropathy in humans.
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