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Abstract

:

Diabetes is a complex disease characterized by hyperglycemia, together with polyuria, polydipsia, and polyphagia. While Type 1 diabetes mellitus (T1DM) results from genetic, environmental, or immune dysfunction factors leading to pancreatic β-cell destruction depriving the organism from endogenous insulin, Type 2 diabetes mellitus (T2DM) is characterized by peripheral insulin resistance. Depending on the type of diabetes mellitus and drug mechanism to study, the animal model should be carefully selected among the wide variety of the currently available ones. This review discusses the most common animal models currently employed to study T1DM and T2DM. Moreover, an overview on the administration routes that could be used is also discussed.
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1. Introduction


Diabetes mellitus (DM) is one of the current leading health problems worldwide. DM comprises a group of metabolic diseases characterized by hyperglycemia, as insulin production by pancreatic β-cells is either insufficient or even absent, and target cells do not respond to circulating insulin [1,2]. Associated with hyperglycemia, together with common symptoms, namely polyuria, polydipsia, and polyphagia [1], DM is a silently life-threatening condition that may culminate on hemodynamic and cardiovascular complications, metabolic complications, and altered genetic susceptibility [3]. Also, long-term developing diseases, as a consequence of hyperglycemia affecting the whole organism or being organ specific, as is the case of diabetic retinopathy, is in the natural course of the disease [4].



DM is classified into two main types: type 1 DM (T1DM), previously known an insulin dependent DM (IDDM), and type 2 DM (T2DM), previously known as non-insulin dependent DM (NIDDM) [5]. In addition, gestational DM is characterized by the development of DM by pregnant women with hyperglycemia during pregnancy with no previous history of the disease [3]. T1DM results from a complex disease process in which genetic, environmental factors, and/or immune dysfunction lead to an autoimmune response, resulting in pancreatic β-cell destruction, depriving the organism from endogenous insulin [6,7]. T2DM comprises about 85% of DM cases and is characterized by peripheral insulin resistance. Compensatory insulin hypersecretion from pancreatic β -cells precedes the decline in islet secretory function. Reduced insulin sensitivity affects mainly the skeletal muscle, liver, and adipose tissue, as these tissues have particular requirements for glucose uptake and metabolism [3,7].



In general, DM consequences affect various systems, organs, and tissues [4,8,9,10,11], being therefore difficult to predict in the exact consequences of the disease, as genetic, nutrition, environment, and other factors are different in each individual [10,11]. With these constraints, several animal models have been developed, aiming at assessing the causes and consequences of DM, in order to achieve effective and safe treatments. This review describes the animal models currently available to study DM and its complications. Additionally, since the administration routes are of crucial relevance in order to study their effectivity, a comprehensive overview about the different administration routes used for pre-clinical and clinical trials has been undertaken. In this sense, the key to successful drug development relies on the suitable selection of the animal model and the drug administration route.




2. Diabetes Mellitus Animal Models


The study of DM comprises the study of normal individuals, as only by knowing how a physiological organ/tissue responds to stimuli can we correlate to the altered response in compromised organ/tissues. The study of glucose regulated insulin secretion, as well as its modulation by oral antidiabetic-drugs, has been made with resource to albino mice (Charles Rivers breeding), using isolated islets of Langerhans [12,13] or isolated pancreatic β-cells [14,15]. Other sources of pancreatic β-cells from physiological donors have also been used, such as porcine, human, canine, among others [13,14,15].



Animal models may be developed by two principal mechanisms: disease induction (e.g., using specific drugs) or genetic manipulation. Both are of extreme relevance as they allow the study of specific disease-related mechanisms and are essential to understand the pathogenesis and progression of the diseases and extrapolate to humans.



Since T1DM and T2DM are metabolic disorders, representing complex integrating bodily systems, choosing the adequate animal model to use in specific in vivo experiments requires careful consideration [16]. To attain this objective, a careful analysis must be performed when choosing a DM animal model, regarding particular aspects of the disease and the specific knowledge that is aimed in each study [16]. In this context, T1DM animal models include spontaneously developing autoimmune diabetic animals, or animals that have been subjected to chemical ablation of pancreatic β-cells. On the other hand, T2DM animal models are more numerous, and may embrace obese and non-obese models, with variable insulin resistance and β-cell failure degrees [16]. In addition, transgenic and knock-out mouse models are also available, but their use in the research field is still controversial, as it will be herein focused [16].



The models most commonly used to study T1DM and T2DM are summarized in Table 1 and Table 2, respectively, together with their main advantages and disadvantages. In an idealistic perspective and aiming a reliable representation of the diversity observed among diabetic human patients, at least two or more animal models should be employed, taking into account the principles of the four Rs, i.e., replacement (preference for methods that avoid or replace animals use), reduction (use methods which minimize the number of animals per experiment), refinement (prefer methods regarding a minimal animal suffering and that promote their welfare), and responsibility [16].




3. Diabetes Mellitus Type 1 Animal Models


T1DM is mainly characterized by pancreatic β-cells autoimmune destruction, which contributes to insufficient insulin production, or even to the absence of insulin secretion [16]. In animal models of T1DM, this deficiency may be reproduced by several mechanisms, ranging from β-cells destruction either by chemical ablation using normal animal models to breeding animals (mostly rodents) that suffer from spontaneously developed autoimmune diabetes [16,38,39]. Some of the most commonly used models of T1DM are outlined in Table 1 and are mainly constituted by rodent models, but some higher animals, such as pigs, dogs, and primates, have also been used (Table 1).



3.1. Chemical Induction of Diabetes Mellitus Type 1


3.1.1. Streptozotocin (STZ)-Induced Models


Streptozotocin (STZ), chemically known as N-(methylnitrosocarbamoyl)-α-d-glucosamine, is a naturally occurring compound produced by Streptomycetes achromogenes with antibiotic properties that are selectively taken up by pancreatic β-cells, causing its destruction [16,40]. After its intraperitoneal or intravenous administration, STZ behaves as a glucose analogue and is transported mainly by the glucose transporter subtype 2 (GLUT-2) [41] into the pancreatic β-cell, where it induces toxicity, mainly by producing DNA alkylation [16]. Due to DNA strand breaks, over-activation of poly-ADP ribose polymerase (PARP) leads to NAD+ depletion, cellular ATP reduction, and consequently, insulin production is compromised, as well as the cell survival, since there is a massive loss of energy [42]. As STZ enters the cell via GLUT-2, this is also expressed in other cells behind those from the pancreas, as the toxic action of STZ is not specific to pancreatic β cells, occurring also in hepatocytes and kidney cells (Figure 1) [43]. These are probably the reasons underlying the high mortality rate associated with this model.



Depending on the severity of the intended model disease, STZ-induced DM models usually result from one of the following procedures: administration of a single high STZ dose, or as multiple low STZ doses [16]. In the high-dose STZ administration procedure, a single STZ dose is administered to mice (100–200 mg·kg−1) or rats (35–65 mg·kg−1) by intravenous or intra-peritoneal routes, producing massive pancreatic β-cell destruction with little or no insulin production [43]. Insulinemia must be recorded to ensure that the intended model is stable, since there is some evidence that pancreatic islets regeneration may occur after this single-dose treatment. On the other hand, multiple low-dose STZ administration implies that small doses (20 to 40 mg·kg−1·day−1) are to be administered over a period of time in order to promote insulitis [16,18]. During insulitis development, infiltration of macrophages in the pancreatic islet promote cytokine production-dependent T1DM development. Therefore, therapies which target cytokines and nitric oxide are highly probable to be successful in reducing diabetes development in this model.



Both STZ-induced diabetes models are cheaper and easier to perform than the remaining models and they can be used in most strains of rodents, or other animals, opening the field of diabetes research to an array of genotypic and phenotypic options that would otherwise be inaccessible [18,43].




3.1.2. Alloxan-Induced Models


Alloxan (2,4,5,6(1H,3H)-pyrimidinetetrone, 2,4,5,6-tetraoxypyrimidine,5,6-dioxyuracil) is also used to chemically induce DM and two possible mechanisms have been proposed. One suggests that alloxan selectively inhibits glucose-induced insulin secretion through specific inhibition of glucokinase, the pancreatic beta cell glucose sensor [44], and it also induces reactive oxygen species (ROS) formation, creating a redox cycle generating superoxide radicals. Alloxan is reduced to dialuric acid and then re-oxidized back to alloxan, producing superoxide radicals that undergo dismutation (by superoxide dismutase) to form hydrogen peroxide; concomitantly, hydroxyl radicals may also be formed by side reactions. These highly reactive oxygen species may cause β-cell DNA fragmentation, leading to apoptosis [16,44,45]. Although alloxan is also taken up by the liver, hepatotoxicity induced by alloxan is minimal or null since the liver has more effective protection mechanisms against ROS than β-cells [45], and they also have several mechanisms for xenobiotic biotransformations and elimination. Alloxan also promotes the essential –SH groups oxidation, especially that of gluthatione (GSH), enzymes, and proteins, and also dysregulates intracellular calcium homeostasis, leading to supraphysiological calcium concentrations and, hence, cellular damage [16,44,45].



Alloxan administered doses range from 50 to 200 mg/kg (in mice) and 40 to 200 mg/kg (in rats), and they are dependent on the chosen strain and the route of administration (e.g., intraperitoneal and subcutaneous alloxan administration require doses up to three times of those administered by intravenous route) [16]. Alloxan induces DM models as a consequence of ROS mediated beta cell toxicity (Figure 2), allowing the investigation and understanding of ROS mediated mechanisms of beta cell death in both T1DM and T2DM [44].





3.2. Spontaneous or Autoimmune of Diabetes Mellitus Type 1


3.2.1. Non-Obese Diabetic Mice


The non-obese diabetic (NOD) mouse model originated in the inbreeding of the Cataract Shionogi (CTS) strain in the 1980s. The NOD mouse model is an autoimmune disease model where the T1DM develops spontaneously [21]. NOD mice exhibit polyuria, glycosuria, weight loss, and lymphocytic infiltration of the islets of Langerhans within the pancreas. It has been observed in NOD mice that innate immune cells infiltrate the pancreas of NOD mice at 3 weeks of age. In the same way, these cells types, such as dendritic cells, macrophages, and neutrophils, are also found in the human islet infiltrate [47]. The infiltration of innate immune cells into the islets attract adaptive CD4 and CD8 T cell subsets, which are required for DM development, into the islets from approximately 4 to 6 weeks of age [21,46].



Additionally, the relevance of this model relays in the fact that it was able to identify key genetic and environmental risk factors, such as effects of microorganisms including the gut microbiota, and how they may contribute to T1DM [21].




3.2.2. Biobreeding Rats


The biobreeding (BB) rat model was developed in the 1970s from outbred Wistar rats [21]. The incidence of diabetes is the same in male and female BB rats, although in humans it is reported to have a slight prevalence in males [23]. The BB rats develop T cell-specific lymphopenia and an impairment of Treg cell function. At 5 weeks, the BB rats develop insulitis, followed by hyperglycemia in around 70% of the animals [23]. Once hyperglycemia occurs, BB rats manifest polyuria, leading to a severe loss of body weight despite excessive drinking. Afterwards, these rats will develop ketoacidosis within several days [23]. According to Medina and colleagues, in this model there is a deterioration of beta cell function and mass as well as intra-islet blood flow that precedes insulitis and diabetes [24]. These underlying changes in islet function may be previously unrecognized factors of importance in type 1 diabetes development [24].




3.2.3. LEW.1AR1/-Iddm Rats


The LEW.1AR1-iddm rat is an animal model T1DM, which arose through a spontaneous mutation in the Dock8 gene within the major histocompatibility complex (MHC) congenic background strain LEW.1AR1 [48]. This Dock8 mutation provides a deepened insight into the impact of genes involved in diabetes development [48]. The mutation leads to a variable T-cell frequency in peripheral blood. The secondary lymphatic organs, such as lymph nodes and spleen, show 15% less T cell frequency, whereas the frequency of β-cells increased by 10% in the lymph nodes and by 5% in the spleen [49].



According to Arnd and colleagues, the Dock8 mutation is responsible for changed immune cell frequencies in different compartments, together with the RT1B/Du haplotype autoimmune diabetes [49].





3.3. Genetically Induced Diabetes Mellitus Type 1


AKITA Mice


One of the most widely used genetically induced diabetic mouse models is AKITA mice. These mice possess a mutation in Ins2, causing abnormal folding of insulin [48,49]. This model involves chronic stress on protein processing, involving the endoplasmic reticulum and unfolded protein response, triggering apoptosis and diabetes. The unfolded protein response tries to compensate and reduces the protein load of the endoplasmic reticulum, increasing its folding capacity [50]. This leads to toxicity in pancreatic β cells, decreasing their insulin secretion. Hyperglycemia is found in males, but it is attenuated in female mice [49]. In comparison with STZ induction, AKITA mice develop more robust alterations in albuminuria and kidney structure [49].





3.4. Virally Induced Diabetes Mellitus Type 1


Viruses have been observed as a factor that could be implicated in the pathogenesis of DM1 [51]. In this sense, different viruses are able to induce T1DM, such as Coxsakie virus, encephalomyocaridits virus, Kilham rat virus, lymphocytic choriomeningitis virus rubella, and mumps (see Table 1). These viruses stimulate autoreactive T cells that participate in islet destruction by triggering β-cell-specific autoimmunity that end up in destruction of the β-cells [51].




3.5. Non-Rodent Models of Diabetes Mellitus Type 1


3.5.1. Pancreatomy


Pancreatomy is a reliable but invasive method to induce hyperglycemia and has been used in pigs and primates [16]. However, this method leads to pancreatic exocrine deficiency in the animal [16]. Moreover, partial pancreatomy can be combined with STZ treatment [16].




3.5.2. Chemical Ablation of β-Cells in Large Animals


Chemical ablation of beta cells in large animals could be undertaken using STP or alloxan, as previously explained. However, it has the main drawback of interspecies variation requiring different dosages, which can cause variated effects [16].






4. Diabetes Mellitus Type 2 Animal Models


Briefly, T2DM is mainly characterized by hyperglycemia due to insulin resistance and pancreatic β-cell insufficient compensating, leading to metabolic impairments for several organs and tissues, namely, adipose and muscular tissues. To study the onset, progress, and effective treatments for T2DM complications, several animal models have been established in order to investigate the mechanisms and pathophysiology of T2DM. Thus, these animal models may include models of insulin resistance or β-cell failure, but also models that develop diseases related to hyperglycemia exposure. Animal models of T2DM can be divided into artificially induced diabetic models, spontaneously diabetic models, and transgenic/knock-out diabetic models. Independently of the T2DM animal model type, the majority of the animals are obese, with several degrees of obesity, modeling, hence the close association of obesity and T2DM development, similar to the metabolic syndrome [16,52].



In this respect, obese models can be monogenic or polygenic. Most monogenic models have a defect in the signaling of leptin, which is the key regulator of energy balance, body adiposity, and glucose homeostasis. Leptin signaling was shown to be compromised in metabolic diseases, such as obesity and diabetes mellitus, corroborating the relevant role of this hormone in the etiology and pathophysiological manifestations of those conditions [52]. Some monogenic animal models with compromised leptin signaling are described in Table 2.



Polygenic models of obesity provide a more reliable model of the human condition, and, therefore, efforts have been made to construct models in which several genes have been altered or even deleted. Thus, a great variety of these models have been employed to study obesity, glucose intolerance, and DM, since they also allow a great variety of genotypes to be assessed [16,53,54]. These models have been used to study the correlation between obesity and insulin resistance, to study the possible reversion of T2DM symptoms, to correlate obesity and glucose homeostasis, aiming, in general, a better understanding of T2DM and associated complications.



Some of the most commonly used models of T2DM are described in Table 1 and Table 2, as some models can be used to treat both types of DM. In particular, some additional considerations about KK mice (obese polygenic model) and high-fat feeding models will be mentioned next.



4.1. Obese Monogenic Models of Diabetes Mellitus Type 2


Genetic manipulation can also identify genes of interest in the development of diabetes. Monogenic models are useful in understanding the connection between how insulin resistance develops in an obese phenotype [55]. In this sense, the most common models are discussed below.



4.1.1. Lepob/ob Mice


The Lepob/ob mice were deficient in leptin, leading to an increased body weight and hyperinsulinaemia [55]. Hyperglycemia appears at 4 weeks of age and increases until around 4 months. Islet mass is increased, and insulin secretion is maintained in this model in addition to reduced metabolic rate, dysregulation of thermogenesis, hyperlipidemia, and infertility [55].




4.1.2. Leprdb/db Mice


These mice have an autosomal recessive mutation in the Ob-Rb leptin receptor [55]. These animals present hyperphagia, obesity, hyperinsulinemia, and hyperglycemia. Interestingly, the background mice possess a strong effect on the severity of the phenotype, e.g., on a C57Bl/KSJ, where the animals develop severe ketogenesis and have a short life span, whereas on C57BL/6 mice, these symptoms are considerably milder [55].




4.1.3. Zucker Diabetic Fatty (ZDF) Rats


The Zucker fatty rats were discovered from the simple autosomal recessive (fa) gene on chromosome after a cross of Merck M-strain and Sherman rats in 1961 as a model for human obesity and T2D [51]. These rats possess a hypothalamic defect in leptin receptor signaling, which is associated with type IV hyperlipidemia and hypertension. These rats develop proteinuria and glomerulosclerosis, ultimately leading to renal failure [51]. In some cases, abnormal glucose tolerance is also reported, due to the metabolic defects in the hepatic organ [51].





4.2. Obese Polygenic Models of Diabetes Mellitus Type 2


There are a variety of different polygenic models of obesity. These may more accurately reflect human disease, which is generally polygenic. However, one disadvantage of these models is that they have no wild-type control [56].



4.2.1. KK Mice Models


KK mice strain derives from wild-derived ddY mice, which are obese and hyperleptinemic. This model develops severe hyperinsulinemia and insulin resistance (in both muscle and adipose tissue). Total pancreatic insulin content is increased, leading to hypertrophic and degranulated pancreatic islets. This strain also develops diabetic nephropathy signs, increased glucose, and hemoglobin HbA1c levels, and impaired glucose tolerance [16,57]. As several breeding colonies of these mice have been maintained in several laboratories, there are now several substrains, such as T-KK (or Toronto-KK, KK/Upj), KK/HlLt, KK/Ta, and KK/San [57]. A substrain of the KK model, the KK-AY mice, was created by inserting a yellow obese AY gene (mice develop yellow coat instead of dark), an introgression of the AY mutation in an agouti gene. This strain develops maturity-obesity, more severe hyperinsulinemia, and more prominent pancreatic islets alterations, mainly due to the ectopic expression of the agouti protein which functions as a melanocortin receptor 4 (MCR4) antagonist in the hypothalamus, which has increased HbA1c and exhibits early stage nephropathy [16,57,58].




4.2.2. Otsuka Long-Evans Tokushima Fat (OLEFT) Rat


The Otsuka Long-Evans Tokushima Fat (OLEFT) rat was derived from a spontaneous obesity in an outbred colony of Long Evans rats in the 1990s [59]. These rats show a deficit in the cholecystokinin (CCK)-1 receptor gene, resulting in the absence of CCK-1 receptors in the gastrointestinal track and the brain. OLETF rats have increased expression of hypothalamic neuropeptide Y (NPY), thus contributing to the hyperphagia developed by these animals. The study of OLETF rats has roles of the NPY in energy balance and glucose homeostasis [59].




4.2.3. New Zealand Obese (NZO) Mice


New Zealand obese (NZO) mice is a model of obese mice due to hyperphagia and reduced expense of energy [32]. NZO mice develop insulin resistance, hypertension, and hypercholesterolemia. Hyperglycemia and hyperinsulinemia are also found at early ages, and they are associated with β-cell destruction [32]. Gender differences have been observed in this model, with males presenting increased rates of T2DM [32].




4.2.4. TallyHo/Jng Mice


TallyHo mice were developed by Jackson laboratory from the progeny of diabetic males [60]. Obesity and reduced insulin sensitivity may be key features for diabetes in Tally-Ho mice [60]. They develop hyperglycemia between 10 and 14 weeks of age. Also, they show hyperinsulinemia, hyperlipidemia, moderate obesity, and enlargement of the islets of Langerhans [60].



There are marketed gender differences, since females do not show DM, despite displaying moderate hyperinsulinemia, hyperlipidemia, and obesity [60].




4.2.5. NoncNZO10/LtJ Mice


NoncNZO10/LtJ mice were generated by combining New Zealand obese (NZO/HlLt) mice and non-obese non-diabetic (NON/ShiLtJ) mice at the Jackson laboratory [61]. NoncNZO10/LtJ mice are not hyperphagic and do not show hypercorticism, and no thermoregulatory defects [62]. At 8 weeks, male mice develop insulin resistance and increased hepatic glucose production that leads to obesity and T2DM at around 13 weeks of age [62]. These animals show early islet hypertrophy, followed by β-cell degradation and β-cell atrophy [62].





4.3. Induced Obesity Models of Diabetes Mellitus Type 2


4.3.1. High Fat Feeding Models


It is known that high fat feeding contributes to the development of obesity, hyperinsulinemia, and glucose homeostasis impairment, since there is insufficient compensatory action by pancreatic islets, resulting in impaired glucose tolerance and weight gain [63]. To create this model, the normal diet (consisting of about 26% protein, 63% carbohydrate, and 11% fat) given to C57BL/6J mice was replaced by a diet in which the number of calories from fat is substantially increased, contributing to around 58% of total calories daily consumed [63]. During the establishment of this model, a strict monitoring of the daily eaten food is essential, in order to ensure that mice are not eating less than usual [16]. This model developed several characteristics of human T2DM symptoms—hyperglycemia, hyper-insulinemia—followed by a decline in insulin secretion and weight gain [63]. Ultimately, some attention should be paid to the strain’s background when attempting to induce a model of T2DM, as it may determine the susceptibility of intended metabolic alterations induced by diet.




4.3.2. Dessert Gerbil


Diabetes in Dessert gerbil rats (Psammomys obesus) was discovered by chance observation in desert rodents collected by the US naval medical research unit in Egypt in the 1960s [64]. They are characterized by muscle insulin resistance and the incapacity of insulin to activate insulin signaling on a high energy diet. This leads to hyperglycemia and hyperinsulinemia, resulting in beta cell failure and increased proinsulin secretion [64]. On a high energy diet, the animals did not persist for more than a few months [65].




4.3.3. Nile Grass Rats


The Nile grass rat (NGR), Arvicanthis niloticus, is an herbivorous African murine rodent [66]. Fed a conventional lab diet, NGRs spontaneously develop obesity, hyperglycemia, and hypertension [66]. However, these rats do not develop diabetes in the wild, but it is induced under laboratory conditions [67]. The disease is manifested in various organs, such as lipid deposition in the liver, advanced glycation end product (AGE) deposits in the kidney, and beta-cell failure [67].



Since there are a wide range of animal models available in order to study DM, a careful choice of the animal models pretended for experimental use should be performed, attending to the exact purpose of the study. Thus, aiming at developing successfully experiments using the least possible number of animals, the choice of an animal model for DM study should respond to the initial investigational question. If T1DM is the target of the study, the required autoimmunity and the timing and predictability of onset (variable among strains) must be considered, as well as the islet cell destruction mechanisms. For T2DM, the mechanisms underlying hyperglycemia, in non-obese and in obese models, such as the associated pathologies (e.g., atherosclerosis, dyslipidemia) and other complications, namely diabetic nephropathy and neuropathy, must be taken into account. Furthermore, subjects’ gender, genetic phenotype, and environmental background are also relevant to the study.



In addition to the animal model, in order to obtain robust and reproducible results, a suitable drug administration should be performed. The route has to take into account the drug’s physicochemical parameters, sample volume, animal safety, and also be able to extrapolate results into the clinical practice. Administration of substances to the different diabetic animal models requires careful consideration and planning to optimize delivery of the agent to the animal, while minimizing potential adverse experiences from the procedure.






5. Administration Routes


When preparing a pharmacokinetic experiment using laboratory animals, together with the preparation of the animal before drug administration (feeding versus fasting), the appropriate administration route, site of administration, and sample volume should be adequately set. The administration routes that require less manipulation techniques are recommended [68]. In animal experimentation, several routes for substance administration are currently available, namely enteral (through the digestive tract), either oral (into the mouth) or gavage (esophageal, gastric, nasogastric or orogastric), intravenous (into a blood vessel), epicutaneous (onto the skin), intradermal (into the skin), subcutaneous (under the skin), transdermal (across the skin), intramuscular (into a muscle), transcorneal (onto the eye), intraocular (into the eye), intracerebral (into the brain), epidural (into the dura mater surrounding space), intrathecal (into distal spinal cord surrounding space), intraperitoneal (into the peritoneal cavity), intraosseous (into the marrow cavity), intranasal (sprayed into the nose and then absorbed by the nasal mucous membranes or into the lungs), intratracheal (into the lungs by direct tracheal instillation), inhalation, and other less common techniques, such as those using other body natural orifices, surgical exposure, and others regarding species-specific anatomic features [68,69,70,71,72].



5.1. Enteral Administration


The enteral administration route comprises techniques in which the substance is delivered through the digestive tract, such as addition of drugs to drinking water, to the food, intragastric administration through oral gavage or rectal administration [68,73,74]. This route is very economical, practical, and considered as safe, depending on the compound being tested. However, it presents some limitations: (i) slower onset of action, (ii) potentially significant first-pass effect by intestine and liver, (iii) lack of systemic absorption from the digestive tract, (iv) poor efficacy, (v) poor compliance when voluntary administered, and (vi) the impossibility of using the procedure in unconscious subjects or in individuals with clinically relevant diarrhea or emesis. Special concerns must be taken when administering a large volume administration by orogastric or nasogastric gavage, since it may lead to stress by promoting gastric distension in species that cannot vomit (e.g., rodents); smaller volumes (~5 mL/kg) are preferable [68]. This administration route is mainly preferable for single administrations or short-period administrations, as longer administrations may lead to animal stress or discomfort. When animals avoid food or beverage because of a drug’s flavor or smell, administration may be done using oral gavage [73,74]. This route opens a window in order to aid the development of enteral nutrition formulas, such as the recent study published by Mesejo and colleagues which developed a high-protein diabetes-specific formula that reduces insulin needs and improves glycemic control [75]. Moreover, nutraceuticals can also be explored as a new strategy in order to treat diabetes.




5.2. Intravenous Administration


This route is quite efficient and advantageous, since drugs do not suffer the first-pass-effect by the liver, and bioavailability is 100% [68]. This route is convenient when: (i) a rapid drug effect is required, (ii) continuous administration (infusion) is intended, (iii) large volume dosage drug is needed; and (iv) other routes provides are not appropriate [68,73]. The choice of administration site depends greatly on the animal, such as the jugular vein in the neck (e.g., large animals, rats) and tail vein (e.g., mice, rats) [53]. Special attention should be paid to drugs pharmacokinetics, individual maximum tolerated dose, dosing intensity, and minimal variation in peak and blood concentrations required. The procedure requires aseptic preparation of the skin for percutaneous venous injection, ensuring that the substance is sterile and aseptically delivered [68,76]. A long-term intravenous administration should be closely monitored to avoid, specially, pulmonary edema [68,73,76]. On the clinical practice, this route is applied for emergencies, such as Diabetic ketoacidosis, hyperglycemic hyperosmolar state, and hypoglycemia, which are serious complications of diabetes mellitus [77].




5.3. Intraosseous Administration


Intraosseous administration is mainly used for crystalloid fluids delivery, as an alternative to the intravenous route in hypovolemic individuals (whose veins are inaccessible or collapsed) and also in human pediatric medicine [78]. The medullary cavity veins allow the substance to enter directly into the blood flow, although it is difficult to perform and is potentially invasive, and animals are usually anesthetized [68,78]. This route is rarely used for diabetes preclinical or clinical studies.




5.4. Dermal Administration


The administration of drugs using the skin rout may be divided into: (i) topical application, i.e., drugs are intended to treat local skin infections (e.g., genital mucosas [79]), burns, inflammation, and wounds, and drugs are absorbed across the epidermis through paracellular and transcellular mechanisms, but drug concentration in the blood is negligible; (ii) transdermal application, in which drugs are applied and absorbed through the skin or mucosal membranes instead of by oral or injectable routes, they are intended to treat areas of the body away from the site of application (e.g., hormone replacement therapy using patches); (iii) intradermal application (drug is deposit into the dermis using a needle, usually forming a bubble) and; (iv) subcutaneous administration (drug is injected in between the skin and muscle) are convenient routes to insulin administration (e.g., [80]). With drug delivery through the skin, in animal models, one must keep in mind the following important factors: surface area, substance concentration, lipid solubility, skin contiguity, skin thickness (at the application site), contact duration, skin hydration, surface occlusion, and overlying hair [48]. Reports obtained using this route focus on the improvement of wound healing of diabetic patients [81,82].




5.5. Muscle Administration


Intra-muscular administration comprises a parenteral route commonly used for large animals and humans, since they have a great muscle mass. The rich muscle vascular supply allows a homogeneous and rapid substance absorption, when compared to subcutaneous route, where smaller substance volumes are administered and a more complex technique is required [68]. Some considerations to keep in mind are: avoidance of irritating compounds or accidental nerve injection, which may lead to paresis, paralysis, localized muscle fiber destruction, and even necrosis [83,84]. New therapies are recently being explored using this route, such as the intramuscular administration of human placenta-derived mesenchymal stromal-like cells for patients who have a diabetic foot ulcer with peripheral arterial disease [85].




5.6. Epidural and Intrathecal Administration


When a prompt effect on cerebrospinal tissues or meninges is desired, testing substances may be administered either into the epidural or subarachnoid (also named intrathecal) spaces of the spinal cord, thus avoiding the usual absorption restrictions of the blood–brain barrier (BBB) [68]. It is commonly used to induce spinal anesthesia and to visualize vertebral bodies, for example, in contrast imaging studies. It requires an aseptic preparation of the skin and a sterile technique, beyond a perfect knowledge of species variability, epidural fat, substance lipophilicity, injectable leaks through intervertebral spaces, and meningocerebral ligament’s individual anatomy, which may interfere with the product administration and even cause some adverse effects [68,86].




5.7. Intraperitoneal Administration


Intraperitoneally applied drug forms are supposed to be located in the peritoneal cavity. Intraperitoneal injection is mostly performed in small species (e.g., rodents) to overcome the challenging intravenous, subcutaneous, and intramuscular access or difficulties, as well as to administer large volumes of substances, to give treatment to the peritoneum cavity, and to perform some surgical procedures [68,83]. Drug pharmacokinetics is similar to that observed after the oral route, due to prior absorption into the mesenteric vessels, subsequent drainage into the portal vein, and thus being subjected to hepatic metabolism before reaching systemic circulation. When performed in mammals, depending on the species, several procedures are adopted to avoid visceral damage by the needles [83] and by injected drugs [87]. The injected products should be sterile, isotonic, and nonirritating in order to avoid complications such as ileus, peritonitis, and adhesions. This is one of the most widely administration routes, especially in rodent models [88,89]. Limitations are the sensitivity of the tissue to irritating substances and lesser tolerance to solutions of non-physiological pH. This route is not applied for diabetes treatment (although it is applied for treatment of other pathologies) to larger mammals or humans, in which intravenous access is easily performed.




5.8. Intranasal, Intratracheal, and Inhalational Administration


In the less commonly used administration routes, intranasal, intratracheal, and inhalational routes, drugs are delivered through the respiratory system to access surrounding or system targets. Animals are usually sedated or anesthetized, in order to reduce struggling and sneezing, and small relative volumes are delivered to reduce the risk of suffocation and death [68]. Intranasal delivery may be applied either to local or systemic delivery of nonirritating substances, as nasal mucosa is rich in blood vessels, there is a rapid absorption of the product and a rapid systemic effect, since it has avoided the first-pass effect by the liver [68]. Intranasal administration is becoming a common method to deliver therapeutic drugs to the central nervous system (CNS), as it is non-invasive and allows large molecules that do not cross the BBB to access the CNS, with reduced systemic exposure and unwanted systemic side effects [90]. In turn, intrapulmonary delivery may be performed by (1) intratracheal instillation, an easier but not so effective technique which involves small volumes injected directly into the trachea, or (2) inhalation, a highly complex technique that typically uses vapors or aerosols of nebulized particles in solutions which are deposited by gravitational sedimentation, inertial impaction, or diffusion in small airways; the ones deposited in large airways are then incorporated into the mucus and expelled by the mucocilliary clearance. It is thus important to evaluate solvent and propellant effects, since evaporation may lead to particle size changes [68,89]. Among these, intranasal has shown increased relevance, due to the direct brain connection and to the development of new pharmaceutical formulations able to enhance penetration through the nasal mucosa [90,91].





6. Conclusions


Diabetes mellitus is a metabolic disorder characterized by several disturbances in carbohydrate, protein, and fat metabolism and, apart from the need to discover new and more effective anti-diabetic drugs, animal models cannot be avoided in pre-clinical research. Several animal models are available according to the type of diabetes and also with the aim of therapy to assess. In this sense, animal models should be carefully chosen in order to fully reproduce the mechanisms and pharmacokinetics of the proposed therapies. Moreover, drug administration is of extreme relevance, both in the preclinical and clinical stages. Especially during preclinical studies, administration route advantages and drawbacks should be taken into account and the route should be adequate in order to reproduce human pathology and suitable treatment for further clinical trials.







Author Contributions


R.V., S.B.S., E.S.-L., and A.L.M. have contributed to the writing and editing of the manuscript; P.S., S.J. and A.S. have structured and revised the manuscript; A.M.S., A.F., M.L.G., and E.B.S. have supervised, structured and contributed with the manuscript edition.




Funding


The authors acknowledge the financial support received from Portuguese Science and Technology Foundation (FCT/MCT) and from European Funds (PRODER/COMPETE) under the project reference M-ERA-NET/0004/2015-PAIRED, co-financed by FEDER, under the Partnership Agreement PT2020. The authors also acknowledge the support of the Institute of Nanoscience and Nanotechnology under the project ART (2018).




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Beverley, B.; Eschwège, E. The diagnosis and classification of diabetes and impaired glucose tolerance. In Textbook of Diabetes; Pickup, J.C., Williams, G., Eds.; John Wiley & Sons: Hoboken, NJ, USA, 2003; pp. 2.1–2.11. [Google Scholar]

	



WHO. World Health Organization: Definition, Diagnosis and Classification of Diabetes Mellitus and its Complications. Part 1: Diagnosis and Classification of Diabetes Mellitus; Report No. WHO/NCD/NCS/99.2; WHO: Geneva, Switzerland, 1999. [Google Scholar]

	



Forbes, J.M.; Cooper, M.E. Mechanisms of Diabetic Complications. Physiol. Rev. 2013, 93, 137–188. [Google Scholar] [PubMed]

	



Fangueiro, J.F.; Silva, A.M.; Garcia, M.L.; Souto, E.B. Current nanotechnology approaches for the treatment and management of diabetic retinopathy. Eur. J. Pharm. Biopharm. 2015, 95, 307–322. [Google Scholar] [CrossRef] [PubMed]

	



Souto, S.B.; Souto, E.B.; Braga, D.C.; Medina, J.L. Prevention and current onset delay approaches of type 2 diabetes mellitus (T2DM). Eur. J. Clin. Pharmacol. 2011, 67, 653–661. [Google Scholar] [CrossRef] [PubMed]

	



Davies, J.L.; Kawaguchi, Y.; Bennett, S.T.; Copeman, J.B.; Cordell, H.J.; Pritchard, L.E.; Reed, P.W.; Gough, S.C.L.; Jenkins, S.C.; Palmer, S.M.; et al. A genome-wide search for human type 1 diabetes susceptibility genes. Nature 1994, 371, 130–136. [Google Scholar] [CrossRef]

	



Wagner, D.H.J. Overlooked Mechanisms in Type 1 Diabetes Etiology: How Unique Costimulatory Molecules Contribute to Diabetogenesis. Front. Endocrinol. 2017, 8, 208. [Google Scholar]

	



Fangueiro, J.F.; Andreani, T.; Egea, M.A.; Garcia, M.L.; Souto, S.B.; Silva, A.M.; Souto, E.B. Design of cationic lipid nanoparticles for ocular delivery: Development, characterization and cytotoxicity. Int. J. Pharm. 2014, 461, 64–73. [Google Scholar] [PubMed]

	



Severino, P.; Andreani, T.; Chaud, M.; Benites, C.; Pinho, S.; Souto, E. Essential Oils as Active Ingredients of Lipid Nanocarriers for Chemotherapeutic Use. Curr. Pharm. Biotechnol. 2015, 16, 365–370. [Google Scholar]

	



Souto, S.B.; Baptista, P.V.; Braga, D.C.; Carvalho, D. Ovarian Leydig cell tumor in a post-menopausal patient with severe hyperandrogenism. Arq. Bras. Endocrinol. Metabol. 2014, 58, 68–75. [Google Scholar] [CrossRef] [PubMed]

	



Souto, S.B.; Fernandes, H.; Matos, M.J.; Braga, D.C.; Pereira, J.; Carvalho, D. Importance of (99)mTc-sestaMIBI thyroid scan in a case of amiodarone-induced thyrotoxicosis. Arq. Bras. Endocrinol. Metabol. 2011, 55, 486–489. [Google Scholar]

	



Silva, A.M.; Rosario, L.M.; Santos, R.M. Background Ca2+ influx mediated by a dihydropyridine- and voltage-insensitive channel in pancreatic beta-cells. Modulation by Ni2+, diphenylamine-2-carboxylate, and glucose metabolism. J. Biol. Chem. 1994, 269, 17095–17103. [Google Scholar]

	



Barbosa, R.M.; Silva, A.M.; Tome, A.R.; Stamford, J.A.; Santos, R.M.; Rosario, L.M. Control of pulsatile 5-HT/insulin secretion from single mouse pancreatic islets by intracellular calcium dynamics. J. Physiol. 1998, 510, 135–143. [Google Scholar] [PubMed]

	



Silva, A.M.; Liu-Gentry, J.; Dickey, A.S.; Barnett, D.W.; Misler, S. alpha-Latrotoxin increases spontaneous and depolarization-evoked exocytosis from pancreatic islet beta-cells. J. Physiol. 2005, 565, 783–799. [Google Scholar] [CrossRef] [PubMed]

	



Silva, A.M.; Rodrigues, R.J.; Tome, A.R.; Cunha, R.A.; Misler, S.; Rosario, L.M. Electrophysiological and immunocytochemical evidence for P2X purinergic receptors in pancreatic beta cells. Pancreas 2008, 36, 279–283. [Google Scholar] [CrossRef] [PubMed]

	



King, A.J. The use of animal models in diabetes research. Br. J. Pharmacol. 2012, 166, 877–894. [Google Scholar] [CrossRef] [PubMed]

	



Wu, J.; Yan, L.-J. Streptozotocin-induced type 1 diabetes in rodents as a model for studying mitochondrial mechanisms of diabetic β cell glucotoxicity. Diabetes Metab. Syndr. Obes. Targets Ther. 2015, 8, 181–188. [Google Scholar]

	



Furman, B.L. Streptozotocin-Induced Diabetic Models in Mice and Rats. Curr. Protoc. Pharmacol. 2015, 70, 5. [Google Scholar] [PubMed]

	



Rohilla, A.; Ali, S. Alloxan Induced Diabetes: Mechanisms and Effects. Int. J. Res. Pharm. Biomed. Sci. 2012, 3, 819–823. [Google Scholar]

	



Etuk, E.U. Animals models for studying diabetes mellitus Department of Pharmacology. Agric. Biol. J. North Am. 2010, 1, 130–134. [Google Scholar]

	



Pearson, J.A.; Wong, F.S.; Wen, L. The importance of the Non Obese Diabetic (NOD) mouse model in autoimmune diabetes. J. Autoimmun. 2016, 66, 76–88. [Google Scholar] [CrossRef] [PubMed]

	



Atkinson, M.A.; Leiter, E.H. The NOD mouse model of type 1 diabetes: As good as it gets? Nat. Med. 1999, 5, 601–604. [Google Scholar] [CrossRef]

	



Kleinert, M.; Clemmensen, C.; Hofmann, S.M.; Moore, M.C.; Renner, S.; Woods, S.C.; Huypens, P.; Beckers, J.; De Angelis, M.H.; Schürmann, A.; et al. Animal models of obesity and diabetes mellitus. Nat. Rev. Endocrinol. 2018, 14, 140–162. [Google Scholar] [CrossRef] [PubMed]

	



Medina, A.; Parween, S.; Ullsten, S.; Vishnu, N.; Siu, Y.T.; Quach, M. Early deficits in insulin secretion, beta cell mass and islet blood perfusion precede onset of autoimmune type 1 diabetes in BioBreeding rats. Diabetologia 2018, 61, 896–905. [Google Scholar] [CrossRef] [PubMed]

	



Srinivasan, K.; Ramarao, P. Animal models in type 2 diabetes research: An overview K. Indian J. Med. Res. 2012, 136, 451–472. [Google Scholar]

	



O’Brien, P.D.; Sakowski, S.A.; Feldman, E.L. Mouse Models of Diabetic Neuropathy. ILAR J. 2014, 54, 259–272. [Google Scholar] [CrossRef] [PubMed]

	



Guberski, D.L. Diabetes-Prone and Diabetes-Resistant BB Rats: Animal Models of Spontaneous and Virally Induced Diabetes Mellitus, Lymphocytic Thyroiditis, and Collagen-Induced Arthritis. ILAR J. 2013, 35, 29–37. [Google Scholar] [CrossRef]

	



Rossetti, L.; Shulman, G.I.; Zawalich, W.; DeFronzo, R.A. Effect of chronic hyperglycemia on in vivo insulin secretion in partially pancreatectomized rats. J. Clin. Investig. 1987, 80, 1037–1044. [Google Scholar] [CrossRef]

	



Bracke, A.; Domanska, G.; Bracke, K.; Harzsch, S.; Brandt, J.V.D.; Broeker, B.; Halbach, O.V.B.U. Obesity alters mobility and adult neurogenesis, but not hippocampal dependent learning in ob/ob mice. In bioRxiv; Cold Spring Harbor Laboratory: Cold Spring Harbor, NY, USA, 2019; p. 537720. [Google Scholar]

	



Guimbal, S.; Couffinhal, T.; Hollier, P.; Chapouly, C.; Caradu, C.; Gadeau, A.; Renault, M. Leptin receptor deficient female mice as a mouse model of heart failure with preserve ejection fraction. Arch. Cardiovasc. Dis. Suppl. 2019, 11, 226–227. [Google Scholar] [CrossRef]

	



Peterson, R.G.; Shaw, W.N.; Neel, M.-A.; Little, L.A.; Eichberg, J. Zucker Diabetic Fatty Rat as a Model for Non-insulin-dependent Diabetes Mellitus. ILAR J. 1990, 32, 16–19. [Google Scholar] [CrossRef]

	



John, C.; Grune, J.; Ott, C.; Nowotny, K.; Deubel, S.; Kühne, A.; Schubert, C.; Kintscher, U.; Regitz-Zagrosek, V.; Grune, T. Sex Differences in Cardiac Mitochondria in the New Zealand Obese Mouse. Front. Endocrinol. 2018, 9, 1–9. [Google Scholar] [CrossRef]

	



Pomp, D. Genetic Dissection of Obesity in Polygenic Animal Models. Behav. Genet. 1997, 27, 285–306. [Google Scholar] [CrossRef]

	



Rees, D.A.; Alcolado, J.C. Animal models of diabetes mellitus. Diabet. Med. 2005, 22, 359–370. [Google Scholar] [CrossRef] [PubMed]

	



Roland, B.; Jürgen, S.; Cornelius, B.L. High-fat Diets: Modeling the Metabolic Disorders of Human Obesity in Rodents. Obesity 2012, 15, 798–808. [Google Scholar]

	



Reuter, T.Y. Diet-induced models for obesity and type 2 diabetes. Drug Discov. Today Dis. Model. 2007, 4, 3–8. [Google Scholar] [CrossRef]

	



Wall, R.; Shani, M. Are animal models as good as we think? Theriogenology 2008, 69, 2–9. [Google Scholar] [PubMed]

	



Von Herrath, M.; Nepom, G.T. Animal models of human type 1 diabetes. Nat. Immunol. 2009, 10, 129–132. [Google Scholar] [CrossRef] [PubMed]

	



Graham, M.L.; Schuurman, H.-J. Validity of animal models of type 1 diabetes, and strategies to enhance their utility in translational research. Eur. J. Pharmacol. 2015, 759, 221–230. [Google Scholar]

	



Wu, K.K.; Huan, Y. Streptozotocin-Induced Diabetic Models in Mice and Rats. Current Protocols in Pharmacology; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2001. [Google Scholar]

	



Schnedl, W.J.; Ferber, S.; Johnson, J.H.; Newgard, C.B. STZ transport and cytotoxicity. Specific enhancement in GLUT2-expressing cells. Diabetes 1994, 43, 1326–1333. [Google Scholar] [CrossRef] [PubMed]

	



Pieper, A.A.; Brat, D.J.; Krug, D.K.; Watkins, C.C.; Gupta, A.; Blackshaw, S.; Verma, A.; Wang, Z.-Q.; Snyder, S.H. Poly(ADP-ribose) polymerase-deficient mice are protected from streptozotocin-induced diabetes. Proc. Natl. Acad. Sci. USA 1999, 96, 3059–3064. [Google Scholar] [CrossRef]

	



Deeds, M.C.; Anderson, J.M.; Armstrong, A.S.; Gastineau, D.A.; Hiddinga, H.J.; Jahangir, A.; Eberhardt, N.L.; Kudva, Y.C. Single Dose Streptozotocin Induced Diabetes: Considerations for Study Design in Islet Transplantation Models. Lab. Anim. 2011, 45, 131–140. [Google Scholar] [CrossRef]

	



Lenzen, S. The mechanisms of alloxan- and streptozotocin-induced diabetes. Diabetologia 2008, 51, 216–226. [Google Scholar] [CrossRef]

	



Szkudelski, T. The mechanism of alloxan and streptozotocin action in B cells of the rat pancreas. Physiol. Res. 2001, 50, 537–546. [Google Scholar] [PubMed]

	



Ighodaro, O.M.; Adeosun, A.M.; Akinloye, O.A. Alloxan-induced diabetes, a common model for evaluating the glycemic-control potential of therapeutic compounds and plants extracts in experimental studies. Medicina 2017, 53, 365–374. [Google Scholar] [CrossRef] [PubMed]

	



Willcox, A.; Richardson, S.J.; Bone, A.J.; Foulis, A.K.; Morgan, N.G. Analysis of islet inflammation in human type 1 diabetes. Clin. Exp. Immunol. 2009, 155, 173–181. [Google Scholar] [CrossRef] [PubMed]

	



Azushima, K.; Gurley, S.B.; Coffman, T.M. Modelling diabetic nephropathy in mice. Nat. Rev. Nephrol. 2017, 14, 48–56. [Google Scholar] [CrossRef]

	



Arndt, T.; Jörns, A.; Wedekind, D. Changes in immune cell frequencies in primary and secondary lymphatic organs of LEW.1AR1-iddm rats, a model of human type 1 diabetes compared to other MHC congenic LEW inbred strains. Immunol. Res. 2018, 66, 462–470. [Google Scholar]

	



Todd, J.A. Intolerable secretion and diabetes in tolerant transgenic mice, revisited. Nat. Genet. 2016, 48, 476–477. [Google Scholar] [CrossRef]

	



Dhuria, R.S.; Singh, G.; Kaur, A.; Kaur, R.; Kaur, T. Current status and patent prospective of animal models in diabetic research. Adv. Biomed. Res. 2015, 4, 117. [Google Scholar]

	



Ramos-Lobo, A.M.; Donato, J. The role of leptin in health and disease. Temperature 2017, 4, 258–291. [Google Scholar] [CrossRef]

	



Wang, Y.-W.; Sun, G.-D.; Sun, J.; Liu, S.-J.; Wang, J.; Xu, X.-H.; Miao, L.-N. Spontaneous Type 2 Diabetic Rodent Models. J. Diabetes Res. 2013, 2013, 1–8. [Google Scholar] [CrossRef]

	



Kulkarni, S.; Sharda, S.; Watve, M. Bi-stability in type 2 diabetes mellitus multi-organ signalling network. PLoS ONE 2017, 12, e0181536. [Google Scholar] [CrossRef]

	



Guilbaud, A.; Howsam, M.; Niquet-Léridon, C.; Delguste, F.; Boulanger, E.; Tessier, F.J. The LepR db/db mice model for studying glycation in the context of diabetes. Diabetes Metab. Res. Rev. 2019, 35, e3103. [Google Scholar] [CrossRef] [PubMed]

	



King, A.; Bowe, J. Animal models for diabetes: Understanding the pathogenesis and finding new treatments. Biochem. Pharmacol. 2016, 99, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Clee, S.M.; Attie, A.D. The Genetic Landscape of Type 2 Diabetes in Mice. Endocr. Rev. 2007, 28, 48–83. [Google Scholar] [CrossRef] [PubMed]

	



Tomino, Y. Lessons From the KK-Ay Mouse, a Spontaneous Animal Model for the Treatment of Human Type 2 Diabetic Nephropathy. Nephro-Urology Mon. 2012, 4, 524–529. [Google Scholar] [CrossRef] [PubMed]

	



Bi, S.; Moran, T.H. Obesity in the Otsuka Long Evans Tokushima Fatty Rat: Mechanisms and Discoveries. Front. Nutr. 2016, 3, 1–5. [Google Scholar]

	



Kim, J.H.; Stewart, T.P.; Soltani-Bejnood, M.; Wang, L.; Fortuna, J.M. Phenotypic characterization of polygenic type 2 diabetes in TALLYHO/JngJ mice. J. Endocrinol. 2006, 191, 437–446. [Google Scholar] [CrossRef] [PubMed]

	



Leiter, E.H.; Reifsnyder, P.C. Section I: Genetic Factors in Type 2 Diabetes—In Search of New Links. Diabetes. 2004, 53, 4–11. [Google Scholar] [CrossRef]

	



Hirata, T.; Yoshitomi, T.; Inoue, M.; Iigo, Y.; Matsumoto, K.; Kubota, K.; Shinagawa, A. Pathological and gene expression analysis of a polygenic diabetes model, NONcNZO10/LtJ mice. Gene 2017, 629, 52–58. [Google Scholar] [CrossRef]

	



Winzell, M.S.; Ahrén, B. The high-fat diet-fed mouse: A model for studying mechanisms and treatment of impaired glucose tolerance and type 2 diabetes. Diabetes 2004, 53, S215–S219. [Google Scholar] [CrossRef]

	



Shafrir, E.; Ziv, E.; Kalman, R. Nutritionally induced diabetes in desert rodents as models of type 2 diabetes: Acomys cahirinus (spiny mice) and Psammomys obesus (desert gerbil). ILAR J. 2006, 47, 212–224. [Google Scholar] [CrossRef]

	



Shafrir, E.; Ziv, E.; Mosthaf, L. Nutritionally Induced Insulin Resistance and Receptor Defect Leading to beta-Cell Failure in Animal Models. Ann. N. Y. Acad. Sci. 1999, 892, 223–246. [Google Scholar] [CrossRef] [PubMed]

	



Noda, K.; Melhorn, M.I.; Zandi, S.; Frimmel, S.; Tayyari, F.; Hisatomi, T.; Almulki, L.; Pronczuk, A.; Hayes, K.C.; Hafezi-Moghadam, A. An animal model of spontaneous metabolic syndrome: Nile grass rat. FASEB J. 2010, 24, 2443–2453. [Google Scholar] [CrossRef] [PubMed]

	



Brown, L.; Panchal, S.K. Rodent models for metabolic syndrome research. J. Biomed. Biotechnol. 2011, 2011, 351982. [Google Scholar]

	



Turner, P.V.; Brabb, T.; Pekow, C.; Vasbinder, M.A. Administration of Substances to Laboratory Animals: Routes of Administration and Factors to Consider. J. Am. Assoc. Lab. Anim. Sci. 2011, 50, 600–613. [Google Scholar]

	



Sánchez-López, E.; Egea, M.; Cano, A.; Espina, M.; Calpena, A.; Ettcheto, M.; Camins, A.; Souto, E.; Silva, A.; García, M.; et al. PEGylated PLGA nanospheres optimized by design of experiments for ocular administration of dexibuprofen—In vitro, ex vivo and in vivo characterization. Colloids Surfaces B Biointerfaces 2016, 145, 241–250. [Google Scholar] [CrossRef]

	



Fangueiro, J.F.; Calpena, A.C.; Clares, B.; Andreani, T.; Egea, M.A.; Veiga, F.J.; Garcia, M.L.; Silva, A.M.; Souto, E.B. Biopharmaceutical evaluation of epigallocatechin gallate-loaded cationic lipid nanoparticles (EGCG-LNs): In vivo, in vitro and ex vivo studies. Int. J. Pharm. 2016, 502, 161–169. [Google Scholar] [CrossRef]

	



Faustino-Rocha, A.I.; Gama, A.; Oliveira, P.A.; Vanderperren, K.; Saunders, J.H.; Pires, M.J.; Ferreira, R.; Ginja, M. Modulation of mammary tumor vascularization by mast cells: Ultrasonographic and histopathological approaches. Life Sci. 2017, 176, 35–41. [Google Scholar] [CrossRef]

	



Nogueira, A.; Vala, H.; Vasconcelos-Nóbrega, C.; Faustino-Rocha, A.I.; Pires, C.A.; Colaço, A.; Oliveira, P.A.; Pires, M.J. Long-term treatment with chaethomellic acid A reduces glomerulosclerosis and arteriolosclerosis in a rat model of chronic kidney disease. Biomed. Pharmacother. 2017, 96, 489–496. [Google Scholar] [CrossRef]

	



Nebendahl, K. Chapter 24—Routes of Administration A2—Krinke, Georg J. The Laboratory Rat; Academic Press: London, UK, 2000; pp. 463–483. [Google Scholar]

	



Lax, E.R.; Militzer, K.; Trauschel, A. A simple method for oral administration of drugs in solid form to fully conscious rats. Lab. Anim. 1983, 17, 50–54. [Google Scholar] [CrossRef]

	



Mesejo, A.; Montejo-González, J.C.; Vaquerizo-Alonso, C.; Lobo-Tamer, G.; Zabarte-Martinez, M.; Herrero-Meseguer, J.I.; Acosta-Escribano, J.; Blesa-Malpica, A.; Martinez-Lozano, F. Diabetes-specific enteral nutrition formula in hyperglycemic, mechanically ventilated, critically ill patients: A prospective, open-label, blind-randomized, multicenter study. Crit. Care 2015, 19, 75. [Google Scholar] [CrossRef]

	



Diehl, K.-H.; Hull, R.; Morton, D.; Pfister, R.; Rabemampianina, Y.; Smith, D.; Vidal, J.-M.; Van De Vorstenbosch, C. A good practice guide to the administration of substances and removal of blood, including routes and volumes. J. Appl. Toxicol. 2001, 21, 15–23. [Google Scholar] [PubMed]

	



Umpierrez, G.; Korytkowski, M. Diabetic emergencies — ketoacidosis, hyperglycaemic hyperosmolar state and hypoglycaemia. Nat. Rev. Endocrinol. 2016, 12, 222–232. [Google Scholar] [CrossRef] [PubMed]

	



Elliott, A.; Dubé, P.-A.; Cossette-Côté, A.; Patakfalvi, L.; Villeneuve, E.; Morris, M. Intraosseous administration of antidotes—A systematic review. Clin. Toxicol. 2017, 55, 1025–1054. [Google Scholar] [CrossRef] [PubMed]

	



Andreani, T.; Macedo, A.S.; Ferreira, S.F.; Silva, A.M.; Rosmaninho, A.; Souto, E.B. Topical Targeting Therapies for Sexually Transmitted Diseases. Curr. Nanosci. 2012, 8, 486–490. [Google Scholar]

	



Rini, C.J.; McVey, E.; Sutter, D.; Keith, S.; Kurth, H.-J.; Nosek, L.; Kapitza, C.; Rebrin, K.; Hirsch, L.; Pettis, R.J. Intradermal insulin infusion achieves faster insulin action than subcutaneous infusion for 3-day wear. Drug Deliv. Transl. Res. 2015, 5, 332–345. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, Y.; Ji, S.; Wu, H.; Tian, S.; Zhang, Y.; Wang, L.; Fang, H.; Luo, P.; Wang, X.; Hu, X.; et al. Topical administration of cryopreserved living micronized amnion accelerates wound healing in diabetic mice by modulating local microenvironment. Biomaterials 2017, 113, 56–67. [Google Scholar] [PubMed]

	



Demyanenko, I.A.; Zakharova, V.V.; Ilyinskaya, O.P.; Vasilieva, T.V.; Fedorov, A.V.; Manskikh, V.N.; Zinovkin, R.A.; Pletjushkina, O.Y.; Chernyak, B.V.; Skulachev, V.P.; et al. Mitochondria-Targeted Antioxidant SkQ1 Improves Dermal Wound Healing in Genetically Diabetic Mice. Oxidative Med. Cell. Longev. 2017, 2017, 1–10. [Google Scholar] [CrossRef]

	



Shimizu, S. Routes of Administration. In The Laboratory Mouse; Elsevier: Amsterdam, The Netherlands, 2004; pp. 527–541. [Google Scholar]

	



Turner, P.V.; Pekow, C.; Vasbinder, M.A.; Brabb, T. Administration of Substances to Laboratory Animals: Equipment Considerations, Vehicle Selection, and Solute Preparation. J. Am. Assoc. Lab. Anim. Sci. 2011, 50, 614–627. [Google Scholar]

	



Wu, S.C.; Pollak, R.; Frykberg, R.G.; Karnoub, M.; Fischkoff, S.A.; Chitkara, D.; Zhou, W.; Jankovic, V. Safety and efficacy of intramuscular human placenta-derived mesenchymal stromal-like cells (cenplacel [PDA-002]) in patients who have a diabetic foot ulcer with peripheral arterial disease. Int. Wound J. 2017, 14, 823–829. [Google Scholar] [CrossRef]

	



De Barros, G.A.M.; Marques, M.E.A.; Ganem, E.M. The effects of intrathecal administration of betamethasone over the dogs’ spinal cord and meninges. Acta Cir. Bras. 2007, 22, 361–365. [Google Scholar] [CrossRef]

	



Pentel, P.R.; Jentzen, J.; Sievert, J. Myocardial necrosis due to intraperitoneal administration of phenylpropanolamine in rats. Fundam. Appl. Toxicol. 1987, 9, 167–172. [Google Scholar] [PubMed]

	



Palleria, C.; Leo, A.; Andreozzi, F.; Citraro, R.; Iannone, M.; Spiga, R.; Sesti, G.; Constanti, A.; De Sarro, G.; Arturi, F.; et al. Liraglutide prevents cognitive decline in a rat model of streptozotocin-induced diabetes independently from its peripheral metabolic effects. Behav. Brain Res. 2017, 321, 157–169. [Google Scholar] [CrossRef] [PubMed]

	



Yang, C.Y.; Wang, J.; Zhao, Y.; Shen, L.; Jiang, X.; Xie, Z.G. Anti-diabetic effects of Panax notoginseng saponins and its major anti-hyperglycemic components. J. Ethnopharmacol. 2010, 130, 231–236. [Google Scholar] [PubMed]

	



Hanson, L.R.; Fine, J.M.; Svitak, A.L.; Faltesek, K.A. Intranasal Administration of CNS Therapeutics to Awake Mice. J. Vis. Exp. 2013, 74, e4440. [Google Scholar] [CrossRef] [PubMed]

	



Illum, L. Nasal drug delivery: New developments and strategies. Drug Discov. Today 2002, 7, 1184–1189. [Google Scholar] [CrossRef]








[image: Jcm 08 01332 g001 550] 





Figure 1. Streptozocin diabetes induction model (based on [17]). (A) Single-dose Streptozocin, (B) Multiple-low dose streptozocin, (C) Streptozocin mechanism on the β-cells nucleus and side effects in other organs with glucose transporter subtype 2 (GLUT-2) receptors. Streptozotocin (STZ) behaves as a glucose analogue and is transported into the pancreatic β-cell by GLUT-2. It produced DNA alkylation and over-activation of poly-ADP ribose polymerase (PARP) causing NAD+ depletion, cellular ATP reduction, and compromising insulin. 
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Figure 2. Alloxan induced diabetes mechanism (based on [46]). Alloxan is reduced to dialuric acid and re-oxidized to alloxan producing alloxan radicals and reactive oxygen species (ROS) which undergo dismutation (by superoxide dismutase, SOD) to form hydrogen peroxide (H2O2). Hydroxyl radicals (*OH) may also be formed by side reactions. These *OH cause β-cell DNA fragmentation, leading to apoptosis. 
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Table 1. Animal models most commonly used to study type 1 diabetes mellitus.
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Induction Mechanism

	
Model

	
Main Features

	
Possible Uses

	
Advantages

	
Disadvantages

	
Ref.






	
Chemical induction

	
High single-dose streptozotocin (STZ) *

	
Simple model of hyperglycemia

	
Testing drugs (new insulin formulations) or therapies (transplantation)

	

	
A more stable model






	

	
Mortality is relatively more frequent






	
[17,18]




	

	
Comparatively cheaper, easier to develop and maintain









	
Multiple low dose streptozotocin (STZ) *

	
Model of induced insulitis

	
Treatments that may prevent β-cell death

	

	
Used for longer experimental studies






	

	
May produce toxic effects on other tissues









	

	
May be applied to higher animals






	

	
STZ is relatively unstable and solution should ideally be made immediately prior to injection









	
Alloxan *

	
Simple model of hyperglycemia

	
Transplantation models

	

	
Selective loss of pancreatic β-cells leaving α and δ cells intact






	

	
Hyperglycemia develops primarily by direct cytotoxic action on the β-cells and insulin deficiency rather than consequence of insulin resistance






	
[19,20]




	

	
Animals live longer without insulin treatment (since there is a residual insulin secretion)






	

	
Less stable and reversible because of the spontaneous regeneration of β-cells









	

	
Relatively less ketosis and resulting mortality






	

	
May produce toxic effects on other tissues









	

	
Comparatively cheaper, easier to develop and to maintain






	

	
High variability of results on development of hyperglycemia









	
Spontaneous autoimmune

	
Non-obese diabetic (NOD) mice(Spontaneous autoimmune model of choice)

	
β-cell destruction due to an autoimmune process

	
Understanding genetics of T1DM

	

	
Hyperlipidemia can be also studied, as lipid content increase






	

	
Polyphagia and polyuria occurrence






	
[16,21,22]




	
Biobreeding (BB) rats

	
Understanding mechanism of T1DM

	

	
Hyperglycemia persists for several days






	

	
A diabetes and obesity symptom overlaps






	
[23,24]




	
LEW.1AR1/-iidm rats

	
Treatments that may prevent β-cell death and/or manipulate autoimmune process




	

	
Not identical to those in human disease









	
Genetically induced

	
AKITA mice *

	
β-cell destruction due to ER stress. Insulin dependent.

	
New formulations of insulin

Transplantation models

Treatments to prevent ER stress

	

	
The lack of β-cell mass makes it an alternative to STZ-treated mice in transplantation studies






	

	
[25,26]




	
Virally-induced

	
Coxsackie B virus

	
β-cell destruction induced by viral infection of b-cells

	
Establish potential role of viruses in the development of T1DM

	

	
Stable and irreversible diabetes can be induced






	

	
Comparatively costlier to develop






	
[27]




	
Encephalomyocarditis virus




	
Kilham rat virus




	
LCMV under insulin promoter




	

	
Technical expert is required to handle of virus









	
Non-rodent models

	
Pancreatectomy

	
Hyperglycemia induction in pigs, dogs and primates

	
Treatments that may prevent β-cell death

Transplantation models

	

	
Reasonably accurate model of auto transplantation of islets in humans






	

	
Very invasive surgery






	
[28]




	

	
In large animal models, spontaneous diabetes is relatively rare and unpredictable in onset









	
Chemical ablation of β-cells in large animals

	

	
Some models combine a partial pancre-atectomy with STZ treatment, thus reducing the dose of STZ






	

	
Interspecies variation in the β-cell