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Background

Diabetic erectile dysfunction (DMED) is a common complication of diabetes. While research on DMED relies primarily on animal models, replicating the intricate etiology and multi-system interactions of human DMED in a single model remains a challenge.





Aim

This article provides a comprehensive overview of animal models used in DMED research and emphasizes the crucial role they play in understanding the pathogenesis and treatment of DMED.





Methods

A comprehensive medical literature was searched in PubMed and Medline, focusing on original studies and systematic reviews of original studies involving animal models of diabetic erectile dysfunction. Clinical studies, editorials, letters, reviews, and non-English articles were excluded.





Results

This article compiles various animal models currently used in the study of diabetes and diabetic erectile dysfunction (DMED), with a particular emphasis on the application of rodent models such as rats and mice. These animals demonstrate significant advantages in terms of economy, practicality, and reproducibility in DMED research and share similarities with humans in tissue morphology and functional characteristics.





Conclusion

This manuscript offers researchers multiple insights into selecting animal models for DMED, particularly considering their practicality, cost-effectiveness, and reproducibility. The integrated information serves as a valuable reference for researchers in choosing suitable models.
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Introduction

In recent years, the global prevalence of diabetes mellitus (DM) has witnessed exponential growth. According to statistics, in 2019, approximately 463 million people worldwide were affected by DM (1). By 2040, this number will increase to 640 million among people aged 20-79 (2). Erectile dysfunction (ED) is a frequent complication of type 1 diabetes (T1DM) and type 2 diabetes (T2DM). Epidemiological surveys indicate that ED affects diabetic patients at an incidence ranging from 19.5% to 75.2% (3). Numerous studies have demonstrated that the incidence of ED is approximately 3.5 times higher in DM patients compared to non-diabetic individuals (4) ED tends to manifest in DM patients approximately 10 years earlier than in the general population (5). Its pathogenesis involves intricate physiological changes encompassing factors like nerve, blood vessels, muscle, and gonadal axis dysfunction or decline. Currently, most research on DMED is carried out using animal models. Given the complexity of DMED, particularly the psychosomatic and multi-systemic interactions, animal models serve as indispensable tools in dissecting the underlying physiological mechanisms that are often challenging to study in human patients. This review aims to elucidate how animal models contribute not only to understanding the vascular and neural pathways involved in ED but also to exploring potential therapeutic interventions. The practice of employing modern, standardized animal models for diabetes dates back to the 17th century when Bruner first pioneered it. Later, in the 19th century, Claude Bernard made significant strides in the field through his experiments in vivo, which utilized animal models to explore the endocrine and exocrine functions of the pancreas. While there are various animal models available for diabetes research, none can completely simulate the complex pathogenesis and multi-system interactions found within the human body.

Thus, the development of a rational, practical, and scientifically grounded animal model for DMED is essential to gain a profound comprehension of its pathogenesis and resulting secondary effects. In previous work, we utilized streptozotocin (STZ) injection to establish the well-known rat model of DMED, aiming to investigate the effectiveness and underlying mechanisms of drug treatments, resulting in valuable advancements (6–8). This article is a component of our ongoing project on DMED animal models, offering a comprehensive compilation of diverse DM animal models extensively employed in contemporary research, serving as a valuable guide for the selection process.





Methods

The medical literature was searched in PubMed and Medline to identify peer-reviewed original studies and systematic reviews on animal models of diabetic erectile dysfunction. The following keywords were used in various combinations: “diabetes”, “erectile dysfunction”, “erectile function”, “sexual dysfunction”, “diabetic erectile dysfunction”, “animals”, “animal models”. Inclusion Criteria: Animal studies related to diabetic erectile dysfunction. Exclusion Criteria: Non-original research literature such as editorials, letters, conference abstracts, and commentaries; Studies solely involving human clinical research; Articles published in languages other than English.

A narrative review summarizes the animal models that can be used for experimental studies of DMED in previous studies, as well as the main advantages and disadvantages of these models, as shown in Table 1. The main literature is summarized in Figure 1.


Table 1 | Advantages and disadvantages of described diabetes mellitus erectile dysfunction animal model, and literature source.






Figure 1 | Summary of the key literature on the use of animal models in research on diabetic erectile dysfunction.






Evolution of animal models in diabetic erectile dysfunction research

Research examining the physiological and pathological mechanisms of erectile dysfunction has come a long way. In the early studies (1960-1990), researchers predominantly utilized larger animal models, such as dogs, rabbits, monkeys, cats, and others (9).

Dogs, as large experimental animals, share similar physiological characteristics with humans, particularly in the way they receive sexual stimuli, which is predominantly visual. They were initially employed in the investigation of sexual dysfunction; however, due to issues such as high cost and limited longitudinal repeatability, they gradually became less prevalent in conventional ED research. In the past, some studies utilized dogs as models to assess and verify the efficacy of PDE5 inhibitors, resulting in reliable experimental data (10, 11). Nonetheless, the utilization of dogs for constructing animal models of DMED and conducting research is exceedingly uncommon. Only a handful of researchers have employed these animals in experimental studies. The pertinent literature solely reports that DM can heighten arginase activity in the viscera of canines and might lead to erectile dysfunction in diabetic patients (12).

Rabbits are frequently utilized in research related to ED and DMED. The commonly used breed is New Zealand white rabbits. Due to their ease of care and the simplicity of accessing external genitalia, they are often used for physiological function experiments, such as post-injection observation of vasoactive drugs (13). Many studies have compared rabbit and rat models as the foundation for in vitro and in vivo investigations. A classic drug-induced DMED model in rabbits involves the injection of Alloxan (ALX), which pharmacologically destroys the β-cells of the islets, halts insulin secretion, and induces experimental alloxan diabetes in the animals. As a result, the integrity of corpus cavernosum vascular endothelial cells and smooth muscle cells is altered, leading to increased glycation products and oxidative stress, reduced NOS activity, and induced ED in the animals (14, 15).

Pigs are anatomically and physiologically more akin to humans than other animals, and miniature pigs are commonly used in diabetes models. Liu et al. (16) intravenously injected 5% Alloxan at 200 mg/kg in miniature pigs, resulting in symptoms such as hyperglycemia, glucosuria, and impaired glucose tolerance, indicating that intravenous Alloxan injection can establish a type I diabetes model in miniature pigs. Wu Yanjun et al. (17)employed a high-fat and high-sugar diet combined with low-dose STZ to create a T2DM model in Guangxi Bama miniature pigs. The pigs in this model exhibited apparent and stable characteristics, all manifesting symptoms like insulin resistance and impaired glucose tolerance.

When it comes to animal models for research, using monkeys as a representation of primates can lead to more accurate findings. However, due to the limited availability of primates and the high costs associated with their use, especially with the emphasis on animal protection and the 3R principle (reduction, refinement, and replacement), primates are not frequently used in research related to ED and DMED models.

In the past three decades, rodents have become the preferred choice for animal models in experiments, surpassing other species (9). There are several compelling reasons for this shift: firstly, rodents offer economic and logistical advantages over larger animals in terms of procurement, housing, maintenance, and disposal; secondly, extensive evidence supports that rodent models possess tissue morphology and functional characteristics similar to those of humans; thirdly, anatomically isolating cavernous nerves (CNs) and conducting follow-up studies are easier in rodent models; fourthly, rodent models can effectively measure quantitative changes in intracavernous pressure (ICP) following electrical stimulation around the corpus cavernosum and pelvic nerves; and finally, the relatively short lifespan of rodents enables longitudinal studies to assess disease states and the effects of therapeutic interventions over a compressed timeframe, allowing monitoring of the biological responses of the animals (18, 19).





Preparation methods, reliability, and know-how of diabetic erectile dysfunction animal models

Rodents have been widely used since the 1990s to study the physiology and pathology of erectile dysfunction, particularly in creating erectile dysfunction models related to metabolic diseases. This section will focus on the preparation methods of DMED models in rats and mice.





Type 1 diabetic erectile dysfunction model

Most studies on DMED are conducted using animals with T1DM, and the preparation of T1DM models mainly includes induced and spontaneous methods, a brief description is shown in Figure 2.




Inducible animal models

STZ is the most commonly used inducer for this model. The nitrosourea structure of this drug can selectively damage the islet β cells, leading to islet remodeling and fibrosis. Key factors for the success of the model are the STZ injection dose and method. A large injection dose will completely damage the pancreas islets, resulting in absolute insulin deficiency and the formation of type 1 diabetes (73). The intraperitoneal injection is the usual method, which is cost-effective and easy to perform. However, accidental injection into the intestinal tract may lead to the death of the animal (20). Previous research reports have identified rats as the preferred model animals for STZ, as mice are not highly sensitive to STZ, leading to potentially significant differences within the group (21). Additionally, compared to mice, rats are more advantageous for electrophysiological assessments of erectile function, such as intracavernosal pressure monitoring. The STZ injection dose typically ranges from 40 to 75 mg/kg, with studies demonstrating that a single large-dose injection yields the best results. Small-dose injections are more likely to cause insulitis, while a dose of 75 mg/kg has been reported to effectively induce diabetes in rats with consistent outcomes (22). Therefore, experiments often use a dose of 60-75 mg/kg for intraperitoneal injections in rats.

Usually, 2-3 days after the STZ injection, blood glucose levels and urine glucose levels are measured using test strips for three consecutive days. After a week, the tests are repeated. If the rat’s blood sugar is ≥16.7mmol/L and urine sugar is ≥3+, accompanied by symptoms such as polydipsia and polyuria, it indicates the successful establishment of the diabetes model. Approximately six months into the experiment, the cavernous bodies of STZ-induced chronic diabetic rats experienced a significant decrease in both smooth muscle and endothelial cell density (23). A previous study also observed selective degeneration of nitrergic nerves in the corpus cavernosum of diabetic rats, which explains the significantly reduced neuronal nitric oxide synthase (nNOS) expression detected (24). Bivalacqua et al. (25)also found reduced endothelial nitric oxide synthase (eNOS) expression in the STZ model, and both the reduction of NO level and the erectile response could be improved by overexpressing the eNOS gene.

ALX is another commonly used model inducer (74). It is a cytotoxic substance that destroys islet β cells by producing superoxide free radicals, resulting in impaired insulin synthesis and reduced secretion. Its effect may be related to interference with endosomal zinc metabolism. The blood glucose response caused by ALX injection can be divided into three phases: initially, blood sugar rises and lasts for about 2 hours; then, hypoglycemia occurs for approximately 6 hours due to the release of residual insulin from the islet β cells; finally, persistent hyperglycemia begins after 12 hours. The key to the model’s success lies in the injection method and post-processing. Intravenous injection yields better results than intraperitoneal injection, and the speed of intravenous injection is generally considered faster (26). Studies have shown that both rats and mice can be used to create models with ALX, with a higher injection rate of 85-100mg/kg for mice and a concentration of 1%-3% for rats. The intravenous injection dose is 30-40mg/kg (27, 28). Male rats or mice are preferred, and they should fast without food and water for 12 hours before modeling to increase animal sensitivity to ALX. It should be noted that guinea pigs are resistant to ALX and cannot be used as the target of this product (29).

Based on the pharmacological effects of ALX, 6 hours after the injection of this product, it is recommended to use a 25% glucose solution for intragastric administration to significantly reduce animal mortality. Usually, 18 hours after drug injection, the blood sugar of rats will rise above 16.7mmol/L, accompanied by typical symptoms such as polydipsia and polyuria, allowing the type 1 diabetes model to form in about 2 weeks. Studies have found that in alloxan-induced DMED models, the reactivity of cavernous smooth muscle to prostaglandins is impaired (30), the expression and synthesis activity of eNOS protein are reduced (31), and vascular structural changes are promoted, which decrease blood supply and affect hemodynamics, leading to erectile dysfunction (32). This model can effectively simulate changes associated with diabetic complications. However, many studies have shown that after 1 month of ALX injection, blood glucose in some rats will return to normal levels, which may be due to the compensatory effect of rat islets (33). Therefore, ALX modeling is more suitable for short-term observation.






Spontaneous animal models




BioBreeding rats

BB rats are spontaneous, stable hereditary T1DM animals derived from Wistar rats (75). The pathogenesis is associated with pancreatitis induced by autoimmune destruction of islet β cells and insulin deficiency. Diabetes in these rats manifests suddenly at about 60-120 days of age (with reported earliest onset at 48 days), resulting in severe hyperglycemia (252-732mg/dl), hypoinsulinemia (0-1ng/ml), and ketosis (6-13mM). Due to their striking similarity to human juvenile diabetes, BB rats serve as an ideal animal model for spontaneous type 1 diabetes, effectively simulating the occurrence, development, and disease outcome of type 1 diabetes without the involvement of external factors. Studies have shown that BB rats exhibit diffuse neuropathy without significant vascular lesions, indicating the importance of neuropathic processes in DMED development (34). Additionally, it has been confirmed that BB rats exhibit reduced penile nNOS activity, decreased smooth muscle/collagen ratio and smooth muscle content, and increased apoptosis (35).





Non-obese diabetic mouse mice

NOD mice are inbred hybrids of cataract-susceptible substrain diabetic mice derived from JCL-ICR strain mice (76). The onset of diabetes in NOD mice is sudden, usually occurring at 100-200 days of age. Diabetes manifests as polydipsia, polyuria, weight loss, and significantly elevated blood sugar. Without insulin treatment, the animals cannot survive for a month and typically succumb to ketosis (36). The pathogenesis of diabetes in NOD mice may be associated with immune-mediated islet inflammation, making them a valuable model for spontaneous autoimmune-related type 1 diabetes (37). The incidence of diabetes in NOD mice is gender-dependent, with female mice experiencing a significantly higher incidence and earlier onset. While this makes them a suitable model for studying the pathogenesis of type 1 diabetes in women, they are not ideal for research on DMED.





LEW.1AR1-iddm/Ztm rats

The LEW.1AR1-iddm/Ztm rat is a spontaneous animal model of type 1 diabetes resulting from a mutation within the inbred strain LEW.1AR1 of major histocompatibility complex recombination (38). It exhibits an autosomal recessive inheritance of genetic susceptibility with an incidence rate of approximately 60% and no gender difference. The pathogenesis of diabetes in LEW.1AR1-iddm/Ztm rats primarily involves the immune system attacking insulin-producing β-cells, leading to decreased insulin secretion and hyperglycemia. However, symptoms of diabetes often appear after 3-4 months of age (39). Due to its limited genetic heterogeneity and late onset, LEW.1AR1-iddm rats are infrequently used to establish animal models of DM. However, there is scarce literature reporting on the establishment of DMED models using LEW.1AR1-iddm rats.






Type 2 diabetic erectile dysfunction models




Inducible animal models

ED secondary to T2DM is the most prevalent manifestation, accounting for approximately 90% of DMED patients. Thus, the preparation of T2DM ED models has become a critical research tool. Commonly used T2DM ED models are categorized into two types: induced and spontaneous, a brief description is shown in Figure 2.

Type 2 diabetes is characterized by decreased insulin secretion and insulin resistance. To induce a T2DM animal model closely resembling humans, researchers typically administer a small dose of STZ intraperitoneally to destroy a portion of islet β cells and simultaneously feed the animals with a high-fat diet, which reduces the sensitivity of peripheral tissues to insulin. STZ is commonly used at a dose of 25mg/Kg for intraperitoneal injection (40). Studies have reported that after feeding male Wistar rats with a high-fat diet for 4 weeks, STZ was intraperitoneally injected at 25 mg/Kg body weight once, and an oral glucose tolerance test was performed 2 weeks later. Rats with blood glucose levels greater than 7.0 and 11.0 mmol/L at 0 and 120 min were selected and fed with a high-fat diet for 4 weeks to establish an induced type 2 diabetes rat model (41). Another research administered a high-fat diet to male Sprague-Dawley (SD) rats for 4 weeks, followed by intraperitoneal injection of STZ at a dose of 27.5 mg/Kg body weight. After one week, fasting blood glucose levels > 11.1 mmol/L were used as a standard for modeling. The model rats exhibited polydipsia, polyphagia, and polyuria, along with increased blood sugar volatility (15-20 mmol/L), obesity, insulin resistance, and hyperlipidemia (42). Italiano, G (43). et al. studied the effect of diabetes on erectile function in a T2DM animal model induced by a small dose of SZT.

After the model of T2DM is established, the presence of erectile dysfunction (ED) is typically assessed and verified through the following methods: Electrophysiological methods are used to measure penile erectile function, such as assessing the response of the corpus cavernosum and dorsal nerve of the penis. Additionally, behavioral characteristics can be observed by recording the frequency and quality of erections when in contact with a female rat. Furthermore, subcutaneous injection of apomorphine is also commonly used to detect the presence of ED in diabetic animal models. This method is based on the central action of apomorphine, which induces erections by stimulating dopamine receptors, thereby evaluating the erectile response of the animals. These methods can effectively assess the severity of ED in T2DM. Currently, the T2DM model induced by low-dose SZT in rats is one of the most commonly used animal models for studying DMED (44–46).





Spontaneous animal models

Spontaneous type 2 diabetes animal models are mostly inbred purebred mice with a predisposition to spontaneous diabetes, aiming to obtain offspring with stable genetic phenotypes after mating. These animals are fed under specific feeding conditions. Commonly used spontaneous type 2 diabetes model mice mainly include db/db mice, OLETF rats, ZDF rats, KK mice, and ob/ob mice.





Leptin receptor-deficient mice (db/db mice)

db/db mice are spontaneously diabetic mice derived from C57BL/KsJ strain, and they also exhibit autosomal recessive inheritance. At one month of age, these mice start to exhibit bulimia and weight gain, and subsequently develop hyperglycemia, hyperinsulinemia, and elevated glucagon levels. The mice generally die within 10 months, with most of them succumbing to ketosis (47). db/db mice are common animal models of T2DM, and they are frequently used to explore DMED-related mechanisms. For instance, Luttrell, IP (48) et al. investigated the effect of altered vascular reactivity and veno-occlusive disease on erectile function in db/db mice; Nunes, KP (49) et al. confirmed the beneficial effect of soluble guanylyl cyclase stimulator BAY 41-2272 on impaired penile erection in db/db-/- type II diabetic and obese mice.





Otsuka Long-Evans Tokushima fatty rats

OLETF rats are the offspring of Long-Evans and Tokushima fat rats and are used to study the pathogenesis and treatment of T2DM (50, 51). These rats initially exhibit hyperphagia and obesity, leading to hyperinsulinemia and hyperglycemia. At approximately 18-25 weeks of age, obvious symptoms of T2DM appear, accompanied by visceral fat accumulation and pronounced insulin resistance (52). Kataoka, T et al. used OLETF rats to study the effectiveness of androgen replacement therapy (ART) in improving erectile dysfunction in T2DM animal models and evaluated the levels of NO and inflammatory factors in the process, the results showed that ART suppressed inflammation in rats with T2DM and metabolic disorders and improved their vascular endothelial and erectile functions (53). However, OLETF rats have some drawbacks as a T2DM model, including high genetic heterogeneity, low incidence of DM, slow progression, and less obesity.





Goto-Kakisaki (GK/IRS-1) double knockout mice

GK/IRS-1 double knockout mice were generated by crossing diabetes susceptibility gene GK mice with insulin receptor substrate 1 (IRS-1) knockout mice. These mice were once considered one of the best animal models for studying genetic susceptibility to T2DM in non-obese individuals. Carneiro, FS confirmed that the erectile dysfunction in GK/IRS-1 double gene knockout mice is related to the decrease in eNOS phosphorylation level at Ser1177 (54). Additionally, Oger-Roussel, S (55) et al. confirmed the relationship between bladder dysfunction and erectile dysfunction through GK/IRS-1 double gene knockout mice and demonstrated that sildenafil can effectively improve erectile function. However, compared with human diseases, GK/IRS-1 double gene knockout mice have lower genetic heterogeneity and lack the complexity of human type 2 diabetes (56).





ZDF rats

ZDF rats are Zucker diabetic obese rats, which share most of the characteristics of obese Zucker rats, including obesity, insulin resistance, abnormal glucose tolerance test, hyperinsulinemia, hyperleptinemia, hyperlipidemia, etc. Offspring ZDF rats with stable inheritance were obtained through the inbreeding of some Zucker rats born with insulin resistance. Although the blood sugar was not significantly elevated, the serum triglyceride-free fatty acid level was high (57–59). Despite being a common animal model of DM, limited studies are using ZDF rats to investigate the mechanism of DMED.





KK (KK-Ay) mice

KK mice are a T2DM mouse model with mild obesity bred by Japanese researchers. After screening, they are crossed with C57BL/6J mice. The inbreeding process results in KK mice with obesity genes and yellow fat referred to as KK-A(y) mice. These mice exhibit symptoms of obesity and diabetes at approximately 5 weeks after birth, followed by degranulation and glycogen degeneration of islet cells, cell hypertrophy, cell vacuolization, and fatty changes (60). KK-A(y) mice are not typically the most common models for studying diabetic ED. However, some literature has reported that mogroside may help prevent erectile dysfunction and reproductive damage in KK mice by inhibiting the AGEs/RAGE/p38MAPK/NF-κB pathway (61).





Obese mouse (ob/ob) mice

ob/ob mice are a typical animal model of type 2 diabetes with obesity and hyperglycemia. This model belongs to autosomal recessive inheritance and is widely used both domestically and internationally. In these homozygous mice, spontaneous obesity, hyperglycemia, glycosuria, and hyperinsulinemia develop at an early stage (62). Without fasting, blood sugar levels are typically higher than 16.67mmol/L (63). Based on the aforementioned characteristics, ob/ob mice are highly suitable for studying obesity-related type 2 diabetes and its complications. However, it is regrettable that there have been no reports to date on the use of this mouse model for investigating the mechanisms of DMED.





Nagoya-Shibata-Yasuda mice

NSY mice are a moderately obese spontaneous model of T2DM established by selectively breeding non-diabetic JcI: ICR mice with glucose intolerance (64). These mice spontaneously develop diabetes in an age-related manner, with a cumulative incidence of T2DM reaching 98% in male mice and 31% in female mice at 48 weeks of age (65). However, the long time required for NSY mice to develop diabetes does not aid the study of DMED-related secondary consequences and their underlying mechanisms of action, resulting in limited literature reports using NSY mice.





Muscle-specific kinase receptor transgenic mice

MKR transgenic mice are an experimental model in which insulin receptor substrate-1 (IRS-1) is knocked out in muscle tissue. These mice are widely used to study diabetes and insulin signaling pathways. Insulin binds to IRS-1, promoting its phosphorylation, and activates various signal transduction molecules, such as Phosphoinositide 3-Kinase (PI3K), Protein Kinase B (Akt/PKB), and Mitogen-Activated Protein Kinase (MAPK), to mediate the biological effects of insulin. The lack of IRS-1 leads to abnormalities in the insulin signaling pathway in muscle tissue, resulting in reduced responsiveness of muscles to insulin, leading to symptoms such as hyperglycemia and insulin resistance, similar to diabetes (66). However, the phenotype of MKR transgenic mice differs from that of human T2DM patients, and there are issues with the high cost of feeding, leading to their gradual abandonment. Consequently, there are nearly no reports in the literature on the use of MKR transgenic mice to study DMED.






Gene editing mouse model in DMED

As research progresses, an increasing number of researchers have started editing specific genes to elucidate their roles in the onset and development of DMED. Most of these studies involved the knockout of particular genes in mice, and the functions of each gene are detailed in Figure 2.  Che et al. (67) demonstrated, using pigment epithelium-derived factor (PEDF) knockdown mice, that high levels of PEDF impair erectile function by inhibiting Hsp90β-mediated eNOS phosphorylation. They also proposed that PEDF might serve as a novel therapeutic target for diabetic erectile dysfunction. Parikh et al. (68) used Caveolin-1 (Cav-1) knockout mice to confirm that high expression of Cav-1 can effectively improve erectile dysfunction caused by DM. Alves-Lopes et al. (69) utilized NADPH oxidase 1 (NOX1) knockout mice to confirm that high glucose can downregulate Rho kinase in vascular smooth muscle cells, leading to increased NOX1-derived Reactive Oxygen Species (ROS) and NF-E2-related factor 2 (Nrf2) systems. This impairment of the internal pudendal artery (IPA) function in DM subsequently results in erectile dysfunction. Yin et al. (70) employed nerve injury factor (Ninjurin 1) knockout mice to inhibit the Ninj1 pathway in diabetes. This intervention successfully restored erectile function by promoting angiogenesis and nerve regeneration. Toque et al. (71) discovered that arginase (Arg-II) subtype-deficient mice exhibited improved relaxation function of cavernous smooth muscle in a STZ-induced diabetes model. On the other hand, Ferrini et al. (72) confirmed the anti-fibrotic, anti-oxidative, and smooth muscle protective effects of inducible nitric oxide synthase (iNOS) in the corpus cavernosum using the iNOS KO/STZ mouse model. Gene knockout or transgenesis can be employed to investigate the impact of nearly any specific molecular mechanism on DMED. 




Figure 2 | Evolution of DMED experimental models. T1DM, Type 1 Diabetes Mellitus; T2DM, Type 2 Diabetes Mellitus; STZ, streptozotocin; ALX, Alloxan; BB-DP rat, Biobreeding Diabetes Prone rat; NOD mouse, Non-Obese Diabetic mouse; ZDF rat, Zucker diabetic fatty rat; KK-Ay mouse, KK-Ay/TaJcl mouse; ob/ob mouse, leptin-obese; db/db mouse, Leprdb/Leprdb; NSY mouse, Nagoya-Shibata-Yasuda mouse; OLETF rat, Otsuka Long-Evans Tokushima Fatty; GK/IRS-1-KO mouse, Goto-Kakizaki/IRS-1 knockout; MKR transgenic mouse:Muscle-Specific Kinase Receptor transgenic mouse; Kcs, Kupffer cells.








Strengths and limitations




Strengths

The use of rodent models in DMED research offers significant advantages, including cost-effectiveness, physiological similarities to humans, and the ability to conduct longitudinal studies within a compressed timeframe. Advanced genetic techniques, such as clustered regularly interspaced short palindromic repeats associated protein 9 (CRISPR-Cas9), further enhance their utility by enabling the exploration of molecular mechanisms and targeted therapies.





Limitations

However, limitations must be acknowledged. Rodent models cannot fully replicate the complexities of human sexual behavior, as their erectile responses are primarily driven by olfactory cues and vaginal insertion, differing from human visual and auditory stimuli. Additionally, their short lifespan restricts long-term studies. Despite these limitations, rodent models remain invaluable for DMED research, and ethical adherence to the 3Rs principles (reduction, refinement, and replacement) ensures their responsible use.






Conclusion and future perspectives

In conclusion, while the prevalence of diabetes mellitus and its complications, including erectile dysfunction, continues to rise globally, animal models—particularly rodents—remain indispensable for understanding the pathogenesis and treatment of DMED. Their practicality, cost-effectiveness, and physiological similarities to humans make them a primary choice, despite their inability to fully replicate the psychosomatic complexity of human sexual behavior.

Future research should focus on refining these models to better integrate behavioral components and enhance their translational relevance. Additionally, advancements in genetic editing techniques, such as CRISPR-Cas9, and the integration of omics approaches (genomics, proteomics, metabolomics) will provide deeper insights into the molecular mechanisms of DMED. By prioritizing ethical research and leveraging innovative technologies, the field can move closer to developing targeted therapies and improving clinical outcomes for individuals affected by DMED.





Author contributions

XZ: Methodology, Writing – original draft, Writing – review & editing. YC: Methodology, Writing – original draft, Writing – review & editing. JQ: Methodology, Writing – review & editing. YS: Methodology, Writing – review & editing. CW: Methodology, Writing – review & editing. JW: Methodology, Writing – review & editing. QH: Methodology, Writing – review & editing. JM: Methodology, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work was supported by the Zhejiang Provincial Natural Science Foundation of China under Grant ZCLMS25H2706 (JM); the National Natural Science Foundation of China under Grant 81804092 (JM); Young Elite Scientists Sponsorship Program by CACM under Grant CACM-2022-QNRC2-A01 (JM); China Postdoctoral Science Foundation under Grant 2023M743146 (JM); 2023 National Postdoctoral Research Program under Grant GZC20232373 (JM); and Scientific Research Project Talent Program of Zhejiang Chinese Medical University under Grant 2023RCZXZK47 (JM).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

1. Cho, NH, Shaw, JE, Karuranga, S, Huang, Y, da Rocha Fernandes, JD, Ohlrogge, AW, et al. IDF Diabetes Atlas: Global estimates of diabetes prevalence for 2017 and projections for 2045. Diabetes Res Clin Pract. (2018) 138:271–81. doi: 10.1016/j.diabres.2018.02.023

2. Ogurtsova, K, Da, RFJ, Huang, Y, Linnenkamp, U, Guariguata, L, Cho, NH, et al. IDF Diabetes Atlas: Global estimates for the prevalence of diabetes for 2015 and 2040. Diabetes Res Clin Pract. (2017) 128:40–50. doi: 10.1016/j.diabres.2017.03.024

3. Mazzilli, R, Elia, J, Delfino, M, Benedetti, F, Scordovillo, G, Mazzilli, F, et al. Prevalence of Diabetes Mellitus (DM) in a population of men affected by Erectile Dysfunction (ED). Clin Ter. (2015) 166:e317–20. doi: 10.7417/T.2015.1885

4. Shamloul, R, and Ghanem, H. Erectile dysfunction. Lancet. (2013) 381:153–65. doi: 10.1016/S0140-6736(12)60520-0

5. Malavige, LS, and Levy, JC. Erectile dysfunction in diabetes mellitus. J Sex Med. (2009) 6:1232–47. doi: 10.1111/j.1743-6109.2008.01168.x

6. Ma, JX, Wang, B, Ding, CF, Li, HS, Jiang, XJ, Wang, CY, et al. Couplet medicines of leech and centipede granules improve erectile dysfunction via inactivation of the CaSR/PLC/PKC signaling in streptozotocin-induced diabetic rats. Biosci Rep. (2020) 40(2):BSR20193845. doi: 10.1042/BSR20193845

7. Ma, JX, Wang, B, Li, HS, Yu, J, Hu, HM, Ding, CF, et al. Uncovering the mechanisms of leech and centipede granules in the treatment of diabetes mellitus-induced erectile dysfunction utilising network pharmacology. J Ethnopharmacol. (2021) 265:113358. doi: 10.1016/j.jep.2020.113358

8. Wang, JS, Li, X, Chen, ZL, Feng, JL, Bao, BH, Deng, S, et al. Effect of leech-centipede medicine on improving erectile function in DIED rats via PKC signalling pathway-related molecules. J Ethnopharmacol. (2021) 267:113463. doi: 10.1016/j.jep.2020.113463

9. Chung, E, De Young, L, and Brock, GB. Investigative models in erectile dysfunction: a state-of-the-art review of current animal models. J Sex Med. (2011) 8:3291–305. doi: 10.1111/j.1743-6109.2011.02505.x

10. Sui, Z, Guan, J, Macielag, MJ, Jiang, W, Zhang, S, Qiu, Y, et al. Pyrimidinylpyrroloquinolones as highly potent and selective PDE5 inhibitors for treatment of erectile dysfunction. J Med Chem. (2002) 45:4094–6. doi: 10.1021/jm025545d

11. Arnold, NJ, Arnold, R, Beer, D, Bhalay, G, Collingwood, SP, Craig, S, et al. Potent and selective xanthine-based inhibitors of phosphodiesterase 5. Bioorg Med Chem Lett. (2007) 17:2376–9. doi: 10.1016/j.bmcl.2006.11.019

12. Jelodar, G, Razmi, N, and Gholampour, V. Arginase alteration in the reproductive system of alloxan-diabetic dogs. J Reprod Dev. (2007) 53:317–21. doi: 10.1262/jrd.18049

13. Sullivan, ME, Mumtaz, FH, Dashwood, MR, Thompson, CS, Naseem, KM, Bruckdorfer, KR, et al. Enhanced relaxation of diabetic rabbit cavernosal smooth muscle in response to nitric oxide: potential relevance to erectile dysfunction. Int J Impot Res. (2002) 14:523–32. doi: 10.1038/sj.ijir.3900935

14. Kang, KK, Choi, SM, Ahn, GJ, Kwon, JW, and Kim, WB. The effect of DA-8159 on corpus cavernosal smooth muscle relaxation and penile erection in diabetic rabbits. Urol Res. (2004) 32:107–11. doi: 10.1007/s00240-003-0387-1

15. Shukla, N, Hotston, M, Persad, R, Angelini, GD, and Jeremy, JY. The administration of folic acid improves erectile function and reduces intracavernosal oxidative stress in the diabetic rabbit. BJU Int. (2009) 103:98–103. doi: 10.1111/j.1464-410X.2008.07911.x

16. Liu Junxu, LFFX. A method probing into foundation of the type I diabetic models of minipigs. Exp Anim Sci Manage. (1998) 02):10–3.

17. Wu Yanjun, XPYX. Combination of high fat/high carbohydrates diet and low-dose streptozotocin-(STZ) induced a model for type 2 diabetes in guangxi bama mini-pig. Genomics Appl Biol. (2017) 36:2393–8. doi: 10.13417/j.gab.036.002393

18. Quinlan, DM, Nelson, RJ, Partin, AW, Mostwin, JL, and Walsh, PC. The rat as a model for the study of penile erection. J Urol. (1989) 141:656–61. doi: 10.1016/S0022-5347(17)40926-8

19. Martinez-Pineiro, L, Brock, G, Trigo-Rocha, F, Hsu, GL, Lue, TF, Tanagho, EA, et al. Rat model for the study of penile erection: pharmacologic and electrical-stimulation parameters. Eur Urol. (1994) 25:62–70.

20. Kapoor, MS, Khan, SA, Gupta, SK, and Choudhary Bodakhe, SH. Animal models of erectile dysfunction. J Pharmacol Toxicol Methods. (2015) 76:43–54. doi: 10.1016/j.vascn.2015.07.013

21. Chow, B, and Allen, TJ. Mouse models for studying diabetic nephropathy. Curr Protoc Mouse Biol. (2015) 5:85–94. doi: 10.1002/9780470942390.2015.5.issue-2

22. Engin, S, Barut, EN, Kaya Yaşar, Y, Işık, S, Kerimoğlu, G, Burnett, AL, et al. Niclosamide attenuates erectile dysfunction and corporal fibrosis via reversal of Smad signaling in diabetic rat model. J SEX Med. (2024) 21 :1111–9. doi: 10.1093/jsxmed/qdae129

23. Burchardt, T, Burchardt, M, Karden, J, Shabsigh, A, de la Taille, A, Ng, PY, et al. Reduction of endothelial and smooth muscle density in the corpora cavernosa of the streptozotocin induced diabetic rat. J Urol. (2000) 164:1807–11. doi: 10.1016/S0022-5347(05)67111-X

24. Cellek, S, Rodrigo, J, Lobos, E, Fernández, P, Serrano, J, Moncada, S, et al. Selective nitrergic neurodegeneration in diabetes mellitus - a nitric oxide-dependent phenomenon. Br J Pharmacol. (1999) 128:1804–12. doi: 10.1038/sj.bjp.0702981

25. Bivalacqua, TJ, Usta, MF, Champion, HC, Adams, D, Namara, DB, Abdel-Mageed, AB, et al. Gene transfer of endothelial nitric oxide synthase partially restores nitric oxide synthesis and erectile function in streptozotocin diabetic rats. J Urol. (2003) 169:1911–7. doi: 10.1097/01.ju.0000051881.14239.4a

26. Liu Xinyuan, YYZD. Study on the Mouse Diabetes Model Induced by Alloxan via Study on the Mouse Diabetes Model Induced by Alloxan via Different Administration Routes. Baotou Med Coll J. (2015) 31:6–7.

27. Zhu, JY, Xiang, XW, Zhang, JH, and Jiang, ZE. Influence factors of different doses of Alloxan on diabetic mice model. Jilin Med J. (2019) 40:447–9. doi: 10.3969/j.issn.1004-0412.2019.03.002

28. Liang, PY, Yin, LJ, Hua, QSD, and Wu, Q. Study on the diabetic rats model establishment by the alloxan multiple administration. J Qinghai Med Coll. (2015) 36:276–9. doi: 10.13452/j.cnki.jqmc.2015.04.013

29. Brito-Casillas, Y, Melian, C, and Wagner, AM. Study of the pathogenesis and treatment of diabetes mellitus through animal models. Endocrinol Nutr. (2016) 63:345–53. doi: 10.1016/j.endonu.2016.03.011

30. Ayan, S, Yildirim, S, Uçar, C, Sarioglu, Y, Gültekin, Y, Bütüner, C, et al. Corporal reactivity to adenosine and prostaglandin E1 in alloxan-induced diabetic rabbit corpus cavernosum, and the effect of insulin therapy. BJU Int. (1999) 83 :108–12. doi: 10.1046/j.1464-410x.1999.00892.x

31. Akingba, AG, and Burnett, AL. Endothelial nitric oxide synthase protein expression, localization, and activity in the penis of the alloxan-induced diabetic rat. Mol UROL. (2001) 5 :189–97. doi: 10.1089/10915360152745885

32. Pereira, VA, Abidu-Figueiredo, M, Pereira-Sampaio, MA, Chagas, MA, Costa, WS, Sampaio, FJ, et al. Sinusoidal constriction and vascular hypertrophy in the diabetes-induced rabbit penis. Int Braz J UROL. (2013) 39 :424–31. doi: 10.1590/S1677-5538

33. Szkudelski, T. The mechanism of alloxan and streptozotocin action in B cells of the rat pancreas. Physiol Res. (2001) 50:537–46. doi: 10.33549/physiolres

34. McVary, KT, Rathnau, CH, and McKenna, KE. Sexual dysfunction in the diabetic BB/WOR rat: a role of central neuropathy. Am J Physiol. (1997) 272:R259–67. doi: 10.1152/ajpregu.1997.272.1.R259

35. Murray, FT, Johnson, RD, Sciadini, M, Katovich, MJ, Rountree, J, Jewett, H, et al. Erectile and copulatory dysfunction in chronically diabetic BB/WOR rats. Am J Physiol. (1992) 263:E151–7. doi: 10.1152/ajpendo.1992.263.1.E151

36. Hanafusa, T, Miyagawa, J, Nakajima, H, Tomitaa, K, Kuwajimaa, M, Matsuzawaa, Y, et al. The NOD mouse. Diabetes Res Clin Pract. (1994) 24 Suppl:S307–11. doi: 10.1016/0168-8227(94)90267-4

37. Bassin, EJ, Piganelli, JD, and Little, SR. Auto-antigen and immunomodulatory agent-based approaches for antigen-specific tolerance in NOD mice. Curr Diabetes Rep. (2021) 21:9. doi: 10.1007/s11892-021-01376-6

38. Lenzen, S, Tiedge, M, Elsner, M, Lortz, S, Weiss, H, Jörns, A, et al. The LEW.1AR1/Ztm-iddm rat: a new model of spontaneous insulin-dependent diabetes mellitus. Diabetologia. (2001) 44:1189–96. doi: 10.1007/s001250100625

39. Weiss, H, Bleich, A, Hedrich, HJ, Kölsch, B, Elsner, M, Jörns, A, et al. Genetic analysis of the LEW.1AR1-iddm rat: an animal model for spontaneous diabetes mellitus. Mamm Genome. (2005) 16:432–41. doi: 10.1007/s00335-004-3022-8

40. Xiang, X, Wang, Z, Zhu, Y, Bian, L, and Yang, Y. Dosage of streptozocin in inducing rat model of type 2 diabetes mellitus. Wei Sheng Yan Jiu. (2010) 39:138–42.

41. Cheng, HB, Si, XC, Shang, WB, and Bian, MH. High-fructose diet inducing experimental insulin resistance syndrome in making rat models. J Nanjing Univ Traditional Chin Med. (2006) 01):31–4. doi: 10.3969/j.issn.1000-5005.2006.01.011

42. Ti, Y, Xie, GL, Wang, ZH, Bi, XL, Ding, WY, Wang, J, et al. TRB3 gene silencing alleviates diabetic cardiomyopathy in a type 2 diabetic rat model. Diabetes. (2011) 60:2963–74. doi: 10.2337/db11-0549

43. Italiano, G. Penile innervation in streptozotocin (STZ)-diabetic rat: Functional and structural investigations. J Autonomic Nervous System. (1993) 43:87. doi: 10.1016/0165-1838(93)90238-P

44. Bivalacqua, TJ, Champion, HC, Usta, MF, Cellek, S, Chitaley, K, Webb, RC, et al. RhoA/rho-kinase suppresses endothelial nitric oxide synthase in the penis: A mechanism for diabetes-associated erectile dysfunction. Proc Natl Acad Sci - PNAS. (2004) 101:9121–6. doi: 10.1073/pnas.0400520101

45. Anita, L, Yin, GN, Hong, SS, Kang, JH, Gho, YS, Suh, JK, et al. Pericyte-derived extracellular vesicle-mimetic nanovesicles ameliorate erectile dysfunction via lipocalin 2 in diabetic mice. Int J Biol Sci. (2022) 18:3653–67. doi: 10.7150/ijbs.72243

46. Jin, HR, Kim, WJ, Song, JS, Piao, S, Choi, MJ, Tumurbaatar, M, et al. Intracavernous delivery of a designed angiopoietin-1 variant rescues erectile function by enhancing endothelial regeneration in the streptozotocin-induced diabetic mouse. Diabetes. (2011) 60:969–80. doi: 10.2337/db10-0354

47. Wu, J, Wang, HM, Li, J, and Men, XL. The research applications of db/db mouse. Sheng Li Ke Xue Jin Zhan. (2013) 44:12–8. doi: 10.3969/j.issn.0559-7765.2013.01.003

48. Luttrell, IP, Starcher, B, Parks, W, and Chitaley, K. Impaired veno-occlusion and associated decreases in cavernosal elastin and collagen in a type II diabetic mouse model of erectile dysfunction. J Urol. (2008) 179:234. doi: 10.1016/S0022-5347(08)60674-6

49. Nunes, KP, Teixeira, CE, Priviero, FB, Toque, HA, and Webb, RC. Beneficial effect of the soluble guanylyl cyclase stimulator BAY 41-2272 on impaired penile erection in db/db-/- type II diabetic and obese mice. J Pharmacol Exp Ther. (2015) 353(2):330–9. doi: 10.1124/jpet.114.220970

50. Kawano, K, Hirashima, T, Mori, S, and Natori, T. OLETF (Otsuka Long-Evans Tokushima Fatty) rat: a new NIDDM rat strain. Diabetes Res Clin Pract. (1994) 24 Suppl:S317–20. doi: 10.1016/0168-8227(94)90269-0

51. Kawano, K, Hirashima, T, Mori, S, Saitoh, Y, Kurosumi, M, Natori, T, et al. Spontaneous long-term hyperglycemic rat with diabetic complications. Otsuka Long-Evans Tokushima Fatty (OLETF) strain. . Diabetes. (1992) 41:1422–8. doi: 10.2337/diab.41.11.1422

52. Sato, T, Asahi, Y, Toide, K, and Nakayama, N. Insulin resistance in skeletal muscle of the male Otsuka Long-Evans Tokushima Fatty rat, a new model of NIDDM. Diabetologia. (1995) 38:1033–41. doi: 10.1007/BF00402172

53. Kataoka, T, Hotta, Y, Maeda, Y, and Kimura, K. Assessment of androgen replacement therapy for erectile function in rats with type 2 diabetes mellitus by examining nitric oxide-related and inflammatory factors. . J Sexual Med. (2014) 11:920–9. doi: 10.1111/jsm.12447

54. Carneiro, FS, Giachini, FR, Carneiro, ZN, Lima, VV, Ergul, A, Webb, RC, et al. Erectile dysfunction in young non-obese type II diabetic Goto-Kakizaki rats is associated with decreased eNOS phosphorylation at Ser1177. J Sex Med. (2010) 7:3620–34. doi: 10.1111/j.1743-6109.2010.02000.x

55. Oger-Roussel, S, Behr-Roussel, D, Caisey, S, Kergoat, M, Charon, C, Audet, A, et al. Bladder and erectile dysfunctions in the Type 2 diabetic Goto-Kakizaki rat. American journal of physiology. Regulatory, integrative and comparative physiology. (2014) 306(2):R108–17. doi: 10.1152/ajpregu.00033.20

56. Galli, J, Li, LS, Glaser, A, Östenson, C-G, Jiao, H, Fakhrai-Rad, H, et al. Genetic analysis of non-insulin dependent diabetes mellitus in the GK rat. Nat Genet. (1996) 12:31–7. doi: 10.1038/ng0196-31

57. Augstein, P, and Salzsieder, E. Morphology of pancreatic islets: a time course of pre-diabetes in Zucker fatty rats. Methods Mol Biol. (2009) 560:159–89. doi: 10.1007/978-1-59745-448-3_12

58. Jones, HB, Nugent, D, and Jenkins, R. Variation in characteristics of islets of Langerhans in insulin-resistant, diabetic and non-diabetic-rat strains. Int J Exp Pathol. (2010) 91:288–301. doi: 10.1111/j.1365-2613.2010.00713.x

59. Wider, J, Undyala, V, Whittaker, P, Woods, J, Chen, X, Przyklenk, K, et al. Remote ischemic preconditioning fails to reduce infarct size in the Zucker fatty rat model of type-2 diabetes: role of defective humoral communication. Basic Res Cardiol. (2018) 113:16. doi: 10.1007/s00395-018-0674-1

60. Iizuka, Y, Kim, H, Nakasatomi, M, Matsumoto, A, and Shimizu, J. Phenotypic and genotypic changes in obesity and type 2 diabetes of male KK mice with aging. Exp Anim. (2022) 71:71–81. doi: 10.1538/expanim.21-0109

61. Chen, Y, Jiao, N, Jiang, M, Liu, L, Zhu, Y, Wu, H, et al. Loganin alleviates testicular damage and germ cell apoptosis induced by AGEs upon diabetes mellitus by suppressing the RAGE/p38MAPK/NF-κB pathway. J of Cell Mol Med. (2020) 24:6083–95. doi: 10.1111/jcmm.v24.11

62. Lindstrom, P. beta-cell function in obese-hyperglycemic mice [ob/ob Mice. Adv Exp Med Biol. (2010) 654:463–77. doi: 10.1111/jcmm.15198

63. Suriano, F, Vieira-Silva, S, Falony, G, Roumain, M, Paquot, A, Pelicaen, R, et al. Novel insights into the genetically obese (ob/ob) and diabetic (db/db) mice: two sides of the same coin. Microbiome. (2021) 9:147. doi: 10.1186/s40168-021-01097-8

64. Shibata, M, and Yasuda, B. New experimental congenital diabetic mice (N.S.Y. mice). Tohoku J Exp Med. (1980) 130:139–42. doi: 10.1620/tjem.130.139

65. Ueda, H, Ikegami, H, Yamato, E, Fu, J, Fukuda, M, Shen, G, et al. The NSY mouse: a new animal model of spontaneous NIDDM with moderate obesity. Diabetologia. (1995) 38:503–8. doi: 10.1007/BF00400717

66. Wojtaszewski, JF, Higaki, Y, Hirshman, MF, Michael, MD, Dufresne, SD, Kahn, CR, et al. Exercise modulates postreceptor insulin signaling and glucose transport in muscle-specific insulin receptor knockout mice. J Clin Invest. (1999) 104:1257–64. doi: 10.1172/JCI7961

67. Che, D, Fang, Z, Yan, L, Du, J, Li, F, Xie, J, et al. Elevated pigment epithelium-derived factor induces diabetic erectile dysfunction via interruption of the Akt/Hsp90beta/eNOS complex. Diabetologia. (2020) 63:1857–71. doi: 10.1007/s00125-020-05147-y

68. Parikh, J, Zemljic-Harpf, A, Fu, J, Giamouridis, D, Hsieh, TC, Kassan, A, et al. Altered penile caveolin expression in diabetes: potential role in erectile dysfunction. J Sex Med. (2017) 14:1177–86. doi: 10.1016/j.jsxm.2017.08.006

69. Alves-Lopes, R, Neves, KB, Montezano, AC, Harvey, A, Carneiro, FS, Touyz, RM, et al. Internal pudental artery dysfunction in diabetes mellitus is mediated by NOX1-derived ROS-, nrf2-, and rho kinase-dependent mechanisms. Hypertension. (2016) 68:1056–64. doi: 10.1161/HYPERTENSIONAHA.116.07518

70. Yin, GN, Choi, MJ, Kim, WJ, Kwon, MH, Song, KM, Park, JM, et al. Inhibition of Ninjurin 1 restores erectile function through dual angiogenic and neurotrophic effects in the diabetic mouse. Proc Natl Acad Sci U.S.A. (2014) 111:E2731–40. doi: 10.1073/pnas.1403471111

71. Toque, HA, Tostes, RC, Yao, L, Xu, Z, and Webb,. Arginase II deletion increases corpora cavernosa relaxation in diabetic mice. J Sex Med. (2011) 8:722–33. doi: 10.1111/j.1743-6109.2010.02098.x

72. Ferrini, MG, Rivera, S, Moon, J, Vernet, D, Rajfer, J, and Gonzalez-Cadavid, NF. The genetic inactivation of inducible nitric oxide synthase (iNOS) intensifies fibrosis and oxidative stress in the penile corpora cavernosa in type 1 diabetes. J Sex Med. (2010) 7:3033–44. doi: 10.1111/j.1743-6109.2010.01884.x

73. Gvazava, IG, Kosykh, AV, Rogovaya, OS, Popova, OP, Sobyanin, KA, Khrushchev, AK, et al. A Simplified Streptozotocin-Induced Diabetes Model in Nude Mice. Acta naturae. (2020) 12(4):98–104. doi: 10.32607/actanaturae.11202

74. Srinivasan, K, and Ramarao, P. Animal models in type 2 diabetes research: an overview[J]. Ind J Med Res. (2007) 125(3):451–72.

75. Rees, DA, and Alcolado, JC. Animal models of diabetes mellitus. Diabetic Medicine. (2005) 22(4):359–70. doi: 10.1111/j.1464-5491.2005.01499.x

76. Anderson, MS, Thamotharan, M, Kao, D, Devaskar, SU, Qiao, L, Friedman, JE, et al. Effects of acute hyperinsulinemia on insulin signal transduction and glucose transporters in ovine fetal skeletal muscle. Am J Physiol Regulat Integ Comp Physiol. (2005) 288(2):R473–81. doi: 10.1152/ajpregu.00405.2004




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Zhang, Chen, Qian, Si, Wang, Wang, He and Ma. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo-16-1512360-g001.jpg
TIMELINE: Experimental Animal Models Used in DMED Research

Toque HA, etal. JSEX MED

T2DM

Arginase II deletion increases

corpora cavernosa relaxation in
’ diabetic mice

2011
Chitaley K, et al. J SEX MED

Strain differences in susceptibility to in
— ==+ vivo erectile dysfunction following 6 weeks
of induced hyperglycemia in the mouse

2008

Jelodar G, t al. J REPROD DEVELOP

o Arginase alteration in the reproductive
S 9 system of alloxan-diabetic dogs

Comuzzie Anthony G, et al. OBES RES
The baboon is a nonhuman primate

model for the study of the genetics
of obesi DA 1 40
% Ve l’ g

2003

ot

Jelodar, Gholamali J REPROD DEVELOP
Arginase alteration in the reproductive system
of alloxan-diabetic dogs <

2007
Luttrell I P, et al. J UROLOGY

2007 Impaired veno - occlusion and associated
Kang KK, et al. UROL RES decreases in cavernosal elastin and
[ The effect of DA-8159 on corpus

cavernosal smooth muscle relaxation
- and penile erection in diabetic rabbits

collagen in a type ii diabetic mouse
model of erectile dysfunction :

2008

Vignozzi, Linda, etal. JSEX MED

Farnesoid X receptor activation improves

erectile function in animal models of metabolic ¢
syndrome and diabetes.

2011

2004
Birrell AM, etal. DIABETOLOGIA

Functional and structural abnormalities in
the nerves of type I diabetic baboons:

aminoguanidine treatment does not
Ve b improve nerve function

2000

Oger-Roussel, etal. AMJPHYSIOL-REG |

Bladder and erectile dysfunctions in the Type
2 diabetic Goto-Kakizaki rat i

Junxu Liu, etal. Lab. Anim. Sci.

A method probing into
foundation of the type I diabetic
models of minipigs

2014

1998
Zou X, etal. Cell Death Dis

Preparation of a new type 2 diabetic

miniature pig model via the
CRISPR/Cas9 system

2019

T1DM





OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Images/fendo.2025.1512360_cover.jpg
a frontiers ‘ Frontiers in Endocrinology

Animal models in the study of
diabetic erectile dysfunction:
mechanisms and applications





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Animal models in the study of diabetic erectile dysfunction: mechanisms and applications

      

        		

          Background

        



        		

          Aim

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Methods

        

          		

            Evolution of animal models in diabetic erectile dysfunction research

          



          		

            Preparation methods, reliability, and know-how of diabetic erectile dysfunction animal models

          



          		

            Type 1 diabetic erectile dysfunction model

          

            		

              Inducible animal models

            



          



          



          		

            Spontaneous animal models

          

            		

              BioBreeding rats

            



            		

              Non-obese diabetic mouse mice

            



            		

              LEW.1AR1-iddm/Ztm rats

            



          



          



          		

            Type 2 diabetic erectile dysfunction models

          

            		

              Inducible animal models

            



            		

              Spontaneous animal models

            



            		

              Leptin receptor-deficient mice (db/db mice)

            



            		

              Otsuka Long-Evans Tokushima fatty rats

            



            		

              Goto-Kakisaki (GK/IRS-1) double knockout mice

            



            		

              ZDF rats

            



            		

              KK (KK-Ay) mice

            



            		

              Obese mouse (ob/ob) mice

            



            		

              Nagoya-Shibata-Yasuda mice

            



            		

              Muscle-specific kinase receptor transgenic mice

            



          



          



          		

            Gene editing mouse model in DMED

          



        



        



        		

          Strengths and limitations

        

          		

            Strengths

          



          		

            Limitations

          



        



        



        		

          Conclusion and future perspectives

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          References

        



      



      



    



  



OEBPS/Images/fendo-16-1512360-g002.jpg
Evolution of DMED experimental models

Timeline
N D))
< Y \/
1960-1990 TS
g
1990-present
induced " ALXintravenous injection mice:85-100mg/kg
« C> rat:30-40mg/kg
blood glucose levels
T1DM ED models
25% glucose
gavage
BB rats
spontaneous NOD mice
LEW.1AR1-iddm rats
BB rats | NOD mice | LEW.1AR1-iddm rats
age of occurrence:60-120 days age of occurrence:100-200 days age of occurrence:3-4 months
characters:severe hyperglycemia characters:polydipsia characters:autosomal recessive inheritance
hypoinsulinemia polyuria no gender difference
ketosis weight loss an incidence rate of approximately 60%
induced » . ¢ STZ intraperitoneal injection once (25mg/kg)
male rat OGTT *
¢ a high-fat diet ¢ a high-fat diet ¢
_—
0 4 6 10 week

T2DM ED models
ZDF (Zucker Diabetes Fat) rats
KK (KK-Ay) mice
ob/ob (obese mouse) mice
spontaneous db/db (diabetes mouse) mice
NSY (Nagoya-Shibata-Yasuda) mice

OLETF (Otsuka Long-Evans Tokushima Fatty) rats
GK/IRS-1 (Goto-Kakisaki) double knockout mice

MKR(Muscle-specific Kinase Receptor) transgenic mice
Gene editing mouse model in DMED —» to explore the role of specific genes in DMED

IPA damage

Erectile

dysfunction

i — CAV-1 KO @ S —|. _>,‘ — Penile erection

Smooth muscle dilation

"0\

@hyd rolyze a".-‘ )\
Arg-11 KO -

Diabetes
iNOS KO - — @ I:

Erectile
dysfunction

o }t.:‘}
Oxidative " Fibrosis of
stress = cavernosal tissue






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table1.jpg
Literature
source

Advantages of specific model

Disadvantages of specific model

Induced DMED models

High-dose STZ

ALX

Low-dose STZ

TIDM

TIDM

T2DM

Spontaneous DMED models

BB-DP rat

NOD mouse

ZDF rat

KK-Ay mouse

ob/ob and db/
db mouse

NSY mouse

OLETF rat

GK/IRS-1-
KO mouse

MKR
transgenic mouse

TIDM

T1IDM

T2DM

T2DM

T2DM

T2DM

T2DM

T2DM

T2DM

Gvazava, I G
et al, 2020 (73)

Srinivasan K and
Ramarao P,
2007 (74)

Xiang X
et al, 2010 (40)

Rees DA and
Alcolado JC,
2005 (75)

Anderson MS
et al., 2005 (76)

Srinivasan K and
Ramarao P, 2007
(74)/ Augstein P
etal., 2009 (57)

Tizuka Y et al,,
2022 (60)

Srinivasan K and
Ramarao P, 2007
(74)/Lindstrom P
etal., 2010 (62)

Shibata M
et al, 1980 (64)

Kawano K
etal,1991 (51)

Galli J et al.,
1996 (56)

Wojtaszewski JF
et al., 2001 (66)

Gene editing mouse model in DMED

PEDF KO mouse

NOX1
KO mouse

CAV-1
KO mouse

Ninjl KO mouse

Arg-1T KO mouse

iNOS KO mouse

Not mentioned

Not mentioned

T2DMED

Not mentioned

T1DMED

T1DMED

Che D, et al;
2020 (67)

Alves-Lopes
et al., 2016 (69)

Parikh et al.,
2017 (68)

Yin et al.,
2014 (70)

Toque et al,,
2010 (71)

Ferrini et al,,
2010 (72)

High-dose STZ destroys pancreatic B-cells, and the
method is simple with high reproducibility

ALX selectively destroys pancreatic B-cells, and the
method is simple and easy to perform. It has lower
toxicity compared to STZ

low toxicity and is more in line with the
characteristics of human diabetes than the high-dose
STZ model

Spontaneous T1DM features, stable genetic
predisposition, and high reproducibility

Metabolic features similar to human TIDM and
does not require insulin (easy to maintain)

Mechanisms close to human T2DM: Metabolic
syndrome, hyperlipidemia, and hypertension; it has
high stability and reproducibility

High genetic stability and exhibits significant
metabolic features of T2DM

The phenotype of metabolic syndrome, similar to
the human condition Pancreas also shows
similar patterns

Cost-effective, with a phenotype of metabolic
syndrome similar to the human condition

Genetically stable, with a development process
similar to human diabetes

Obvious metabolic abnormalities, which develop
into T2DM under dietary conditions

Cost-effective, easy to operate, with impaired insulin
signaling pathway

Demonstrated the direct binding of PEDF(pigment
epithelium-derived factor); with Hsp90B on the
membrane, and that Hsp90B-Ab blocks the effect
of PEDF

Use the mechanism that dysregulation in NOX1-
derived ROS and Nrf2-antioxidant system
contributes to oxidative stress

The use of KO mice and novel hemodynamic
techniques are the strengths.

Through Ninj1-KO mice have found a pathway that
therapeutic endothelial and neural regeneration may
cure diabetic ED.

Using KO mice to find the connection with Arg-1I
and nitrergic nerve relaxation responses in CC
(corpus cavernosum).

Using KO mice to show the inactivation of the
iNOS gene exacerbates corporal fibrosis in diabetes.

STZ is toxic to organs, and animal models differ
from the mechanism of diabetes in humans

Constructing an animal model requires a longer
time. ALX can only destroy pancreatic B-cells, also
by species Absent of autoimmune processes

Diabetes is reversible, but the stability of the model
is low, and the dose selection and experimental
conditions need to be more strictly controlled

The cost is high, the operation is complex, and there
is a high mortality rate in animals

marked sexual dimorphism (only 60% of males
develop DM)

There are gender differences, and the cost is higher.
There is a higher mortality rate due to ketoacidosis

Results from a monogenic mutation, are expensive
and require insulin injections.

Dependent on a monogenic mutation in leptin or its
receptor. Loss of human heterogeneity. Expensive.
Limited insulin required

The modeling process is time-consuming and the
disease incidence varies among individuals.

Low incidence, slow development of DM, mild
obesity, and high genetic variability

Low genetic heterogeneity, lacking the complexity of
human type 2 diabetes, and expensive

Genetically homogeneous, with a long modeling
time, and not suitable for large-scale use

The search for the PEDF receptor i still not
very advanced.

Have not determined which signal is responsible for
NOXI activation in IPA VSMCs stimulated with
HG (high-sugar) or whether NOXI is the primary
point or is activated by a preceding signal-induced

Lacking of direct evaluation of penile hemodynamics
in T2DM mice.

It did not explain how Ninjl regulates the
expression of Angl and Ang2 or how the Angl-
Tie2 signaling pathway is involved in the regulation
of neurotrophic factor expression mediated by
Ninjl-neutralizing antibody or by Ninjl siRNA.

Further studies are needed to determine whether
other phosphorylation sites of eNOS are involved in
the penis

Has not been further studied other than for its
immunohistochemical detection in some patients
with diabetes

DMED, diabetes mellitus erectile dysfunction; TIDM, Type 1 Diabetes Mellitus; T2DM, Type 2 Diabetes Mellitus; STZ, streptozotocin; ALX, Alloxan; BB-DP rat, Biobreeding Diabetes Prone raNOD
mouse, Non-Obese Diabetic mouse; ZDF rat, Zucker diabetic fatty rat; KK-Ay mouse, KK-Ay/TaJclmouse; ob/ob mouse, leptin-obese; db/db mouse, Leprdb/Leprdb; NSY mouse, Nagoya-Shibata-
Yasuda mouse; OLETF rat, Otsuka Long-Evans Tokushima Fatty; GK/IRS-1-KO mouse, Goto-Kakizaki/IRS-1 knockout; MKR transgenic mouse, Muscle-Specific Kinase Receptor transgenic mouse





