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Abstract

In this review, metabolic abnormalities related to prevalence and long term complications of type 2 diabetes mellitus (DM) are
discussed. An overview of the most commonly used rodent models for induction of type 2 DM is given, highlighting the pathophysi-
ological conditions developed in different strains of mice and rat. These models are very much useful in mimicking metabolic com-

plication usually observed in humans type 2 DM.

This review summarizes the up-to-date information on type 2 DM rodent models and presents the details required for induction
and critical evaluation of drugs focusing on three categories a) spontaneous genetically modified obese rat/mice strains, b) drug-

induced models and c) dietary intervention induced models.
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Diabetes mellitus

Diabetes mellitus (DM) is a hyperglycemic condition developed due to impaired insulin secretion and variable degrees of peripheral
insulin resistance. The early symptoms are hyperglycemia along with polydipsia, polyphagia, polyuria, and blurred vision. The late com-
plications related to DM are vascular diseases, peripheral neuropathy, nephropathy, and predisposition to infection. Mortality related
to DM is predominantly due to heart disease. The two major categories of DM are type 1 and type 2, distinguished by a combination of
features. Type 1 DM patients typically have symptomatic hyperglycemia with diabetic ketoacidosis. Type 2 DM patients often have an as-
ymptomatic hyperosmolar hyperglycemic state. Categorization based on the age of onset (juvenile or adult) or type of treatment (insulin
or non-insulin dependent) is no longer accurate because of overlap in age groups and treatments between disease types. The typical sign
and symptoms of DM are confirmed by fasting plasma glucose (FPG) level after 8- to 12-h fasting, glycosylated Hb (HbA1C) concentration
in blood and sometimes oral glucose tolerance testing (OGTT) by plasma glucose level measurement 2h after ingestion of a concentrated
glucose solution. OGTT is more sensitive but less convenient and reproducible than FPG, so rarely used in routine practice except for di-

agnosing gestational diabetes and for research purposes [1].

Type 2 DM

The number of DM patients is projected to increase approximately up to 592 million by 2035, denoting a net increase of 55%. Type 2
DM is one of the most common non-communicable lifestyle disease affecting an average of 8.3% of the world adult population. Type 2 DM
is the predominant form that accounts for nearly 90% of all diabetes cases, which has doubled over the past three decades, that has made

this disease a global challenge [2]. Lifestyle transition, changes in dietary habits, aging population, and fast urbanization is causing insulin
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resistance and pancreatic (3-cell dysfunction consequently settling hyperglycemia. Clinical expression of Type 2 DM requires both genetic
and environmental factors. Inability to adequately compensate for insulin resistance is attributable to $-cell hyperplasia and hyperinsu-
linemia. Insulin resistance is associated with a cluster of metabolic abnormalities the most common of which is obesity along with glucose

intolerance, hypertension, dyslipidemia, procoagulant state, and macrovascular diseases.

Metabolic risk factors for type 2 diabetes include age = 45, abdominal obesity, sedentary lifestyle, history of impaired glucose regula-
tion, hypertension, atherogenic dyslipidemia, cardiovascular disease, and polycystic ovary syndrome. Insulin functions for normal glucose
uptake by muscle and/or restraint in glucose production by the liver and also effects ovarian androgen production and lipogenesis [3].
Type 2 diabetes is preceded by insulin resistance, hyperinsulinemia with unique dyslipidemia and obesity in 75 - 85% of the patients.
Dyslipidemia and the development of type 2 diabetes are highly correlated with insulin resistance and hyperinsulinemia in almost all
studies [4].

Pathogenesis of type 2 DM

Pathogenesis of type 2 DM is complex and incompletely understood. People with type 2 DM develops characteristic insulin resistance
along with beta-cell dysfunction, impaired insulin secretion, loss of normally pulsatile insulin secretion and increase in proinsulin secre-
tion signaling impaired insulin processing, and accumulation amyloid polypeptide in islets. Hyperglycemia develops when insulin secre-
tion can no longer compensate for insulin resistance and further deteriorates as high glucose levels desensitize beta cells slowly. In type
2 diabetes, the pancreas often continues to produce insulin even at higher-than-normal levels, especially in the early phase of disease still
body develops resistance to insulin effects and progressively insulin-producing ability of the pancreas decreases. An insulin resistance
following nuclear peroxisome proliferator-activated receptors (PPAR) deactivation (mainly obesity-related) is the key phase of metabolic
syndrome initiation. The two principal pathways of metabolic syndrome development are i) with preserved pancreatic beta cells func-
tion and insulin hypersecretion leading to macrovascular complications; ii) with massive damage of pancreatic beta cells, a progressive

decrease of insulin secretion and hyperglycemia leading to both microvascular and macrovascular complications [5].

The decreased sensitivity to insulin leads to increased insulin requirement in target organs, such as the liver, muscle, and adipose tis-
sues. Obesity is the major risk factor involved in the development of type 2 diabetes because obesity causes insulin resistance. Inability to
suppress lipolysis in adipose tissue in the obese people increases plasma free fatty acid levels that can impair insulin-stimulated glucose
transport and muscle glycogen synthase activity. Adipose tissue can function as an endocrine organ, releasing multiple adipocytokines
that can both favorably and adversely (tumor necrosis factor-alpha, IL-6, leptin, resistin) influence glucose metabolism. Certain disorders

and drugs can also affect the ways the body uses insulin and can lead to type 2 diabetes [6].

Metabolic abnormality related type 2 diabetes model in experimental animals

Diabetic animal models play critical roles in the elucidation of the diabetes pathophysiology and the development of novel drugs for
treatment [7]. Mimicking the pathogenesis of metabolic abnormalities related to type 2 DM in animal models give researchers opportu-
nity to study the in vivo factors that influence the development of the disease and establishment of its late complications, and thus to gain
new information for the development of effective treatment strategy in humans. The genetically modified animal can develop diabetes
spontaneously, and in normal animals, it is induced by using drugs, dietary manipulations, surgical interventions, and other techniques to

and depict the clinical features related to type 2 DM.

The ability of the animal models are limited in depicting all the complications of the pathogenesis of a particular disease; still, the
experimental models are essential tools for understanding the molecular basis of pathogenesis and to explore the utility of under test
therapeutic agents in a multifactorial disease like DM [8]. Animal models of metabolic abnormality related to type 2 DM is mainly used for
studying the interaction between obesity and diabetes, the effects of diet and exercise, and for pharmacological testing of protein tyrosine

phosphatase inhibitors and glucagon-like peptide-1 analogs drugs [9]. Rodents are the most commonly used animals to mimic human
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type 2 DM, although other animals such as felines, swine and primates are also used. Along with the general advantages of using rodents
as disease models (e.g. small size, easily availability, economical, available in large numbers and as comes in category of small animals
easy to get permission from CPCSEA via the IAEC), the diabetic rodents category especially includes a variety of models that can mimic

human type 2 DM.

Spontaneous obesity-induced type 2 DM rodent model

Leptin, a 16 kDa protein expressed predominantly in adipose tissue that functions as a hormone in keeping the brain apprised about
the amount of body fat and activate the centers involved in regulating feed intake and energy expenditure. Deficiency of satiety factor
leptin significantly alters feeding behavior, metabolism, and endocrine function, resulting in hyperphagia, decreased energy expendi-
ture and obesity. Mutations in the leptin gene (ob/ob) or leptin receptors (db/db and fa/fa), finally leads to the emergence of diabetes
in rodents. The ob/ob genotype in the C57BL/6] mouse strain is characterized by hyperphagia and low energy expense. They develops
obesity, mild hyperglycemia due to compensatory hyperinsulinemia and insulin resistance approximately at the age of 4 weeks. The ob/
ob genotype expressed on the C57BL/KS mouse strain develops very severe and lethal diabetes [10]. The db/db mouse are hyperphagic
and became hyperinsulinemic, obese, insulin resistant, hyperglycaemic due to -cell failure by 4 weeks of age and does not live longer
than 8 - 10 months. The Zucker (fa/fa) fatty (obese) rat also develops the same pathophysiological characteristics and is mainly used as a

model of human obesity accompanied by hyperlipidemia and hypertension [11].

The Zucker diabetic fatty rat strain (ZDF) is developed from selective inbreeding of fa/fa rat with hyperglycemia which shows severe
diabetes (only males) 8 weeks after birth due to enhanced apoptosis of -cells. As in the fa/fa rat, these animals are unable to compen-
sate the insulin resistance and becomes insulinopenic at about 14 weeks of age [12]. Spontaneously Diabetic Torii (SDT) rat strain was
developed by introducing the fa allele of the Zucker fatty rat into the SDT rat genome intercrossing between fa-heterozygous littermates
[13]. SDT rats develop diabetes independent of obesity having normal body weights, blood glucose, insulin, and lipid level until 16 weeks
of age and after that, develops hyperglycemia associated with hypoinsulinemia, due to degeneration of pancreatic beta cells. The SDT
rats develop chronic hyperglycemia with profound complications in eyes, peripheral nerves, kidneys, and bone [14]. The Melanocortin
4 receptor-deficient mouse has a behavioral obesity syndrome characterized by hyperphagia, hyperglycemia, hyperinsulinemia, hypo-
metabolism, and increased lean mass and linear growth [15]. The central melanocortin system mediates many actions of the adipokine
leptin and plays a crucial role in the central regulation of energy homeostasis [16]. The KK (Kuo Kondo) mouse has a large body size and

is hyperphagic. They develop hyperinsulinemia and insulin resistance with mild hyperglycemia from the age of 2 months [17].

The most prevalent KK/Ay mouse strain carries the lethal yellow obese gene (Ay) and becomes severely obese, hyperglycaemic and
hyperinsulinemic at about the age of 8 weeks. Both the KK and KK/Ay mouse are regarded as suitable models for exploring the mecha-
nisms of obesity-induced type 2 DM for studying new antidiabetic drugs [18]. The New Zealand Obese (NZ0) mouse sharply gains weight
during the 2 first months of age and develops hepatic insulin resistance with progressive hyperleptinemia and simultaneously leptin
resistance [19]. The OLETF (Otsuka Long Evans Tokushima Fatty) rat and the NSY mouse develop mild obesity-induced diabetes at about
the age of 18 - 25 weeks. Animals are characterized by polyphagia, high levels of insulin, triglycerides, and cholesterol, hyperglycemia and
hypertension [20]. OLETF rat is used widely for testing antidiabetic and antihypertensive drugs. All most all males but only about 30% of
females of the NSY mouse develop diabetes. The NSY mouse is characterized by mild obesity with visceral fat accumulation, accompanied
by impaired insulin secretion and moderate insulin resistance [21]. However, a high-fat diet or sucrose administration quickens the devel-
opment of diabetes in OLETF rat and NSY mouse (Table 1).
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Animal strain

Genetic changes

Metabolic syndrome

Reference

ob/ob mice Monogenic, Leptin-deficient mouse Obesity, insulin resistance and Bates., et al. 2005
mild hyperglycaemia
db/db mice Monogenic, Leptin- receptor defi- Hyperinsulinemia obesity, insulin | Bates., et al. 2005

cient mouse

resistance and hyperglycaemia

Zucker (fa/fa) Fatty
rats

Monogenic, Leptin- receptor defi-
cient mouse

Obesity, insulin resistance, hyper-
lipidemia and hypertension

Durham and
Truett, 2006

Zucker Diabetic Fatty
(ZDF) rats

Monogenic, Leptin- receptor defi-
cient mouse

Obesity, insulin resistance, severe
hyperlipidemia, hypertension,
glucose intolerance and insulino-
penia

Pick., et al. 1998

Spontaneously Diabetic

Monogenic Leptin- receptor deficient

Hypoinsulinemia, chronic hyper-

Shinohara.,, et

Torii (SDT) rat mouse glycemia, complications in eyes, al. 2000; Ma-
peripheral nerves, kidneys and suyama., et al.
bone 2005
Melanocortin 4 re- Monogenic Melanocortin 4 receptor | Hyperphagia, hyperglycemia, hy- Huszar, et al.
deficient mouse perinsulinemia, hypometabolism, 1997

ceptor (MC4-R) null
mouse

and increased lean mass

KK (Kuo Kondo) mouse Polygenic Hyperinsulinaemia, insulin resis- | Reddi., et al. 1988
tance and mild hyperglycemia
KK/Ay mouse Polygenic Severe obesity, hyperglycaemia Ikeda, 1994
and hyperinsulinemia
New Zealand obese Polygenic Hepatic insulin resistance, hyper- | Thorburn,, et al.
(NZO) mouse leptinemia and leptin resistance 2000
OLETF (Otsuka Long Polygenic Mild obesity, hyperinsulinaemia, Kawano., et al.
Evans Tokushima high triglycerides, high cholester- 1992
Fatty) rat ol, hyperglycaemia and hyperten-
sion
NSY mouse Polygenic Mild obesity with visceral fat Ueda,, et al. 1995

accumulation, impaired insulin
secretion, moderate insulin resis-
tance and hyperglycaemia

130

Table 1: Genetic rodent model for spontaneous obesity induced type 2 DM.

Drug-induced type 2 DM rodent model
Streptozotocin and alloxan

Streptozotocin and alloxan are used conventionally to induce diabetes in experimental animals. The other diabetogenic agents are di-
thizone, monosodium glutamate, gold thioglucose. Streptozotocin is glucosamine-nitrosourea chemotherapeutic compound derived from
Streptomyces achromogenes clinically used in the treatment of pancreatic 3 cell carcinoma. Streptozotocin damages pancreatic f3 cells, re-
sulting in hypoinsulinemia and hyperglycemia. The selectivity of streptozotocin for 3 cells is associated with its preferential accumulation
in B cells via entry through the glucose transporter 2 receptor due to structural similarity with glucose. Streptozotocin function depends

on the dose. At typically single high dose (100 - 150 mg/kg) streptozotocin is cytotoxic to (3 cells by its alkylating property. At a low dose,
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multiple exposures streptozotocin elicits an immune and inflammatory reaction by releasing glutamic acid decarboxylase autoantigens

that cause destruction of 3 cells and induction of the hyperglycemic state [22].

Alloxan is chemically known as 5,5-dihydroxyl pyrimidine-2,4,6-trione which is a carcinogenic and cytotoxic glucose analog [23]. The
susceptibility of diabetogenic and toxic effects of alloxan can differ among animals of same species. Alloxan induced diabetes in 33.33%
of rats receiving either 150 mg/kg or 160 mg/kg of alloxan and 60% of rats receiving 170 mg/kg dose. Fasting blood sugar level often re-
turns to the non-diabetic range after few days of alloxan induced diabetes [24]. Rats show a high degree of resistance to alloxan suggesting
genetic differences in the constitutive ability in dissipating reactive oxygen species responsible for the diabetogenic effect of alloxan [25].
Stable diabetes for 35 days is produced in 20% of rats receiving 170 mg/kg of alloxan, so preferably streptozotocin is used for induction
of stable diabetes [26].

Type 2 DM are induced using low dose of streptozotocin (30 - 35 mg/kg, IP or IM in 0.1 M citrate buffer, pH 4.4) or alloxan (40 mg/
kg, IP) in Sprague-Dawley or Wistar rats (preferably of age 6 - 8 weeks, weighing between 180 and 220 gm) or albino mice (3 - 4 weeks
old weighing between 25 and 30 gm), following ingestion of high fat diet for 4 to 8 weeks. The animals with fasting plasma glucose level
greater than 250 mg/dl with symptoms of polyuria and polydipsia, 2 weeks post-STZ injection are considered diabetic [27,28]. Diet given
to rodents can have a large influence on sensitivity to streptozotocin. Low dose streptozotocin are been used to create type 2 diabetes
models combined with high-fat chow feeding in mice or rat [8]. The C57BL/6] mice only experience type 2 diabetes strictly when strepto-
zotocin is given with a high-fat diet [9]. Non-insulin dependent diabetes mellitus can also be induced by a single intraperitoneal injection
of streptozotocin (60 mg/kg) and nicotinamide (120 mg/kg) to rats. Nicotinamide exerts a protective effect on the cytotoxic action of
streptozotocin by scavenging free radicals allowing only minor damage to pancreatic beta cell mass thus producing type-2 diabetes. This

model is advantageous tool for investigation of insulinotropic agents in the treatment of type-2 diabetes [29].

Glucocorticoid

Corticosterone administration at therapeutic dose enhances food intake, weight gain, abdominal fat accumulation, severe fasting hy-
perglycemia, insulin resistance, impaired glucose tolerance, hypertension, and dyslipidemia. Glucocorticoids act on fat cells, liver, muscles,
and kidneys. Glucocorticoid stimulates the differentiation of pre-adipocytes, increases lipolysis and proteolysis thus enhancing blood
concentration of free fatty acids and amino acids. Glucocorticoids promote gluconeogenesis in the liver and causes hyperglycemia and
occurrence of hyperinsulinemia along with the elevation of blood pressure [30]. C57BL/6] mice treated with corticosterone 25 - 100 pg/
ml in drinking water (for 5 weeks) or 0.1 - 1.0 mg/kg, IP (for 5 days) displayed increased food intake, body weight gain, and central fat
deposit, dyslipidemia, glucose intolerance, and hypertension mimicking the human metabolic syndromes of type 2 DM. The effects of

corticosterone are reversed after drug removal [31,32].

Diet-induced type 2 DM rodent model

The most commonly used rodent strains for diet-induced metabolic syndrome of type 2 DM to are Sprague-Dawley rats, Wistar rats,
and C57BL/6 ] mice. Rodents become obese and diabetic when its natural vegetarian diet is changed with laboratory chow, with high en-
ergy diet. The rats develop hyperphagia, obesity, hyperinsulinemia, glucose intolerance, increased hepatic glucose production, and muscle
insulin resistance. This hyperglycaemic condition of the animals is characterized by increased circulating proinsulin due to high demand
for insulin secretion followed by a progressive loss of 3-cell mass due to increased apoptosis [33]. MC4-R null mouse is profoundly sensi-

tive to high-fat feeding, which exacerbates signs of hyperphagia, obesity and hyperinsulinemia [34].

High-fat diet

Fats are the most calorigenic out of the three main macronutrients in the body. Lipid metabolism begins with lipolysis increasing plas-
ma free fatty acids concentration that are major substrates for hepatic VLDL-triglycerides production. Approximately 70 % of released

free fatty acids are re-esterified (lipogenesis) to form triglycerides [35]. A high level of VLDL cholesterol causes obesity, dyslipidemia, de-
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position of cholesterol in arteries and accumulation of triglycerides in the liver, in turn, inducing insulin resistance. Ghibaudi., et al. [36] assessed the chronic
effect of 10-45 % dietary fats on body adiposity and metabolism of rats. The findings demonstrated increased weight gain, fat mass, plasma glucose, choles-
terol, triglycerides, free fatty acids, leptin, and insulin levels. Male C57BL/6 ] mice fed with high-fat diet displayed elevation body weight, total cholesterol,
and leptin level [37,38]. Different types of high-fat diets are extensively used for the induction of obesity and type 2 DM, and the fat composition vary from
20 to 60% of total energy (Table 2). Plant-derived oils (corn, safflower or olive oil) or animal-derived fats (ghee and lard) are mostly used [39]. The high-fat
diet containing lard or soybean oil is very effective in promoting hyperglycemia, insulin resistance, dyslipidemia by increasing the free fatty acid level in the

blood of male Sprague-Dawley or Wistar rats and also in male and female C57BI/6 ] mice [40-42].

Composition
. Mineral,
. Egg Milk
Duration | Standard | Lard | Soybean Sacc- Corn Malto- | Cellulose | Saltand Reference
. . . yolk powder/ Sucrose . X .
diet oil oil . harose starch | dextrin | powder | Vitamin
powder | Casein .
mix
24 weeks -- 39.5% 5.5% -- 20% -- 17% 18% -- -- Ghibaudi,, et al.
2002
16 weeks - 32% 4% 19% - 10% 25% 5% - 5% Fraulob., et al.
2010
24 weeks - 10% - 14% - -- 57% -- 5% 5% Halade,, et al.
2010
24 weeks - 12% 12% 24% - - -- 41% -- -- -- Davidson,, et
al. 2011
13 weeks - 37.1% -- 20.5% - - -- 42.4% - -- -- Pirih, et al.
2012
4-12 - 33% 2% - 25.6% - 5% 16% 6% 6.6% 5.8% Fujita and
weeks Maki, 2015
8 weeks 60% 20% -- 10% -- 10% -- -- -- -- Yang, et al.
2018
4-8 61% 12% -- 2% 5% - 20% - -- - Zhuo,, et al.
weeks 2018

Table 2: Composition of high fat diet for induction of type 2 DM in rodents.

High-fructose diet

Fructose is an intermediary monosaccharide molecule formed during glucose metabolism. There Dietary fructose, known as fruit sugar is biologically
not needed. Fructose is often used as a taste enhancer to make more tempting in the artificially sweetened beverages and food. Intake of excessive fructose
rapidly causes induction of metabolic abnormality syndrome. Fructose is converted to fructose-1-phosphate by the enzyme phosphofructokinase following
uptake in the liver. It favors accumulation of triglycerides and cholesterol in the liver because of its lipogenic properties, subsequently leading to reduced
insulin sensitivity, insulin resistance and glucose intolerance [43]. Fructose behaves more like a fat rather than carbohydrate in both humans and animals.
Fructose feeding induces more intense body weight gain, adiposity, hypertriglyceridemia, hyperlipidemia, hypertension, glucose intolerance and decreased
insulin sensitivity in animal models compared to glucose or starch [44]. Fructose-induced metabolic syndrome can be created experimentally either by
feeding male Sprague-Dawley/Wistar/Albino rats with a high-fructose diet (20 - 66%) or by adding fructose (10 - 20%) to drinking water [45-51]. Sanchez-
Lozada,, et al. [52] reported that 10 % fructose in drinking water induced the same response as that of high dose of fructose (60 %) in diet [53].
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Composition
Fructose | Ground nut/ Lysine/ Milk Mineral,
Duration | Standard | ., . .. Sheep ysit Soya Corn | Wheat | Cellulose | saltand | Reference
. indrinking | sunflower Choline/ . powder/ | Fructose . .
diet . fat .. protein . starch | bran powder | Vitamin
water 0il/Ghee Methionine Casein .
mix
3 weeks - - 5% - 0.7% - 20% 61% - 9.6% - 3.7% Thiruna-
vukkarasu.,
etal 2004
4 weeks -- -- 10.3% -- 0.9% -- 20% 52% 15% -- -- 1.8%
10 weeks -- -- -- 6% 3% 20% 9.2% 66% -- -- 3% 2% Mansour., et
al. 2013
8 weeks 50.5% -- 1.5% -- 0.2% -- -- 20.4% -- 9.8% -- 2% Di Luccia,,
etal 2015
8 weeks -- 10% -- -- -- -- -- 60% 40% -- -- -- Sanchez-
Lozada, et
al. 2007
8 weeks - 10% - - - - - - - - - - Shahraki,
etal 2011
12 weeks -- 10% - - -- - -- -- - - -- - Mahmoud
and Elsha-
zly, 2014
8 weeks - 20% - - - - - - - - - - Mamikutty.,
etal 2014

Table 3: Composition of high fructose diet for induction of type 2 DM in rodents.

High-sucrose diet

Sucrose is a disaccharide table sugar consisting of one fructose and one glucose molecule making food more palatable. Fructose is again the main active ingredient contrib-
uting to the development of metabolic abnormality after sucrose consumption as it is cleaved into glucose and fructose by the enzyme sucrase. High sucrose supplementation
is widely used for the induction of insulin resistance in rats [54]. Male Sprague-Dawley and Wistar rats treated with 30 and 32 % sucrose in drinking water respectively for 21
and 10 weeks exhibited hyperglycemia, hyperinsulinemia, hypertriglyceridemia, hypercholesterolemia, hypertension and increased body weight [54,55]. High-sucrose diet (77
%) feeding for 6 weeks evoked a similar response in male Sprague-Dawley rats [56]. Simultaneous fructose and sucrose supplementation invoked distinct responses in two
different animal models, i.e. Sprague-Dawley and spontaneously hypertensive rats. Fructose enrichment diet in Sprague-Dawley rats caused hyperinsulinemia, hypertriglyc-
eridemia, hypercholesterolemia, hypertension, and insulin resistance whereas sucrose enriched dist in spontaneously hypertensive rats only caused hypertension and insulin
resistance [57]. Fructose treatment appeared to be superior compared to sucrose in inducing type 2 DM related metabolic abnormalities as sucrose contains 50% fructose and

50% glucose.

Conclusions

The advantage of using rodent models to study metabolic abnormalities associated with type 2 DM is its ability to develop the pathology in a relatively shorter period and
easy monitoring of biochemical, histological, and morphological changes. As the incidence rate of diabetes is increasing at an alarming rate, the scientist needs to carry out
preclinical screening new synthetic, and phyto derived molecules. To best estimate, the clinical response of an under trial drug is to screen in a model that best depict the condi-
tions in humans. This review provides an overview of the most commonly used rodent model that represent type 2 DM. Scientists can also conduct studies applying combination
or modification of existing established methods in order to further develop the rodent model of type 2 DM with desired metabolic changes. Apart from the pathophysiological

similarity with human type 2 DM the rodent models are excellent as they are reproducible, convenient and affordable.

Bibliography
1. “IDF Diabetes Atlas”. International Diabetes Federation (6% edition) Brussels, Belgium (2013).

2. Nolan C], et al. “Type 2 diabetes across generations: from pathophysiology to prevention and management”. Lancet 378.9786 (2011): 169-181.

Citation: Bigoniya Papiya. “Metabolic Abnormality Mimicking Type 2 Diabetes Model in Experimental Animals”. EC Diabetes and
Metabolic Research 3.4 (2019): 127-137.


http://www.idf.org/diabetesatlas
https://www.ncbi.nlm.nih.gov/pubmed/21705072

Metabolic Abnormality Mimicking Type 2 Diabetes Model in Experimental Animals

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

134

Walker M., et al. “The assessment of insulin action in vivo”. Alberti KGMM, Zimmet P, DeFronzo RA. Editors. “International textbook
of diabetes mellitus” Wiley & Sons (Volume 2) Chichester (1997): 595-610.

UK Prospective Diabetes Study Group. “Intensive blood glucose control with sulphonylureas or insulin compared with conven-
tional treatment and risk of complications in patients with type 2 diabetes”. Lancet 352.9131 (1998): 837-853.

Astrup A and Finer N. “Redefining type 2 diabetes: ‘Diabesity’ or ‘Obesity Dependent Diabetes Mellitus'?” Obesity Reviews 1.2
(2000): 57-59.

Cavaghan MK, et al. “Interactions between insulin resistance and insulin secretion in the development of glucose intolerance”.
Journal of Clinical Investigation 106.3 (2000): 329-333.

Fukuda S., et al. “Pharmacological profiles of a novel protein tyrosine phosphatase 1B inhibitor, JTT-551". Diabetes, Obesity and
Metabolism 12.4 (2010): 299-306.

Chen D and Wang MW. “Development and application of rodent models for type 2 diabetes”. Diabetes, Obesity and Metabolism 7.4
(2005): 307-317.

Srinivasan K and Ramarao P. “Animal models in type 2 diabetes research: An overview”. Indian Journal Medical Research 125.3
(2007): 451-472.

Bates SH., et al. “Roles for leptin receptor/stat3-dependent and -independent signals in the regulation of glucose homeostasis”.
Cell Metabolism 1.3 (2005): 169-178.

Durham HA and Truett GE. “Development of insulin resistance and hyperphagia in Zucker fatty rats”. American Journal of Physiol-
ogy-Regulatory, Integrative and Comparative Physiology 290.3 (2006): R652-658.

Pick A, et al. “Role of apoptosis in failure of beta-cell mass compensation for insulin resistance and beta-cell defects in the male
zucker diabetic fatty rat”. Diabetes 47.3 (1998): 358-364.

Masuyama T, et al. “A novel model of obesity-related diabetes: introgression of the Leprfa allele of the Zucker fatty rat into non-
obese Spontaneously Diabetic Torii (SDT) rats”. Experimental Animals 54.1 (2005): 13-20.

Shinohara M., et al. “A new spontaneously diabetic non-obese Torii rat strain with severe ocular complications”. International Jour-
nal of Diabetes Research 1.2 (2000): 89-100.

Huszar D., et al. “Targeted disruption of the melanocortin-4 receptor results in obesity in mice”. Cell 88.1 (1997): 131-141.
Cone RD. “Anatomy and regulation of the central melanocortin system”. Nature Neuroscience 8.5 (2005): 571-578.

Reddi AS and Camerini-Davalos RA. “Hereditary diabetes in the kk mouse: An overview”. Advances in Experimental Medicine and
Biology 246 (1988): 7-15.

Ikeda H. “KK mouse”. Diabetes Research and Clinical Practice 24 (1994): S313-S316.

Thorburn AW, et al. “Differential and genetically separable associations of leptin with obesity-related traits”. International Journal
of Obesity and Related Metabolic Disorder 24.6 (2000): 742-750.

Kawano K, et al. “Spontaneous long-term hyperglycemic rat with diabetic complications. Otsuka Long-Evans Tokushima Fatty
(oletf) strain”. Diabetes 41.11 (1992): 1422-1428.

Citation: Bigoniya Papiya. “Metabolic Abnormality Mimicking Type 2 Diabetes Model in Experimental Animals”. EC Diabetes and
Metabolic Research 3.4 (2019): 127-137.


https://www.ncbi.nlm.nih.gov/pubmed/9742976
https://www.ncbi.nlm.nih.gov/pubmed/9742976
https://www.ncbi.nlm.nih.gov/pubmed/12119987
https://www.ncbi.nlm.nih.gov/pubmed/12119987
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC314336/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC314336/
https://www.ncbi.nlm.nih.gov/pubmed/20380650
https://www.ncbi.nlm.nih.gov/pubmed/20380650
https://www.ncbi.nlm.nih.gov/pubmed/15955116
https://www.ncbi.nlm.nih.gov/pubmed/15955116
https://www.ncbi.nlm.nih.gov/pubmed/17496368
https://www.ncbi.nlm.nih.gov/pubmed/17496368
https://www.ncbi.nlm.nih.gov/pubmed/16054060
https://www.ncbi.nlm.nih.gov/pubmed/16054060
https://www.ncbi.nlm.nih.gov/pubmed/16223850
https://www.ncbi.nlm.nih.gov/pubmed/16223850
https://www.ncbi.nlm.nih.gov/pubmed/9519740
https://www.ncbi.nlm.nih.gov/pubmed/9519740
https://www.ncbi.nlm.nih.gov/pubmed/15725677
https://www.ncbi.nlm.nih.gov/pubmed/15725677
https://www.ncbi.nlm.nih.gov/pubmed/11469401
https://www.ncbi.nlm.nih.gov/pubmed/11469401
https://www.ncbi.nlm.nih.gov/pubmed/9019399
https://www.ncbi.nlm.nih.gov/pubmed/15856065
https://www.ncbi.nlm.nih.gov/pubmed/3074669
https://www.ncbi.nlm.nih.gov/pubmed/3074669
https://www.ncbi.nlm.nih.gov/pubmed/7859626
https://www.ncbi.nlm.nih.gov/pubmed/10878681
https://www.ncbi.nlm.nih.gov/pubmed/10878681
https://www.ncbi.nlm.nih.gov/pubmed/1397718
https://www.ncbi.nlm.nih.gov/pubmed/1397718

Metabolic Abnormality Mimicking Type 2 Diabetes Model in Experimental Animals

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

135

Ueda H., et al. “The NSY mouse: A new animal model of spontaneous NIDDM with moderate obesity”. Diabetologia 38.5 (1995):
503-508.

Cheta D. “Animal models of type I (insulin-dependent) diabetes mellitus”. Journal of Pediatric Endocrinology and Metabolism 11.1
(1998): 11-19.

Lenzen S. “The mechanisms of alloxan- and streptozotocin-induced diabetes”. Diabetologia 51.2 (2008): 216-226.
Misra M and Aiman U. “Alloxan: An unpredictable drug for diabetes induction”? Indian Journal of Pharmacology 44.4 (2012): 538-539.

Mathews CE and Leiter EH. “Constitutive differences in antioxidant defense status distinguish alloxan-resistant and alloxan-suscep-
tible mice”. Free Radical Biology and Medicine 27.3-4 (1999): 449-455.

Ighodaro OM.,, et al. “Alloxan-induced diabetes, a common model for evaluating the glycemic-control potential of therapeutic com-
pounds and plants extracts in experimental studies”. Medicina 53.6 (2017): 365-374.

Yang R,, et al. “Treatment of type 2 diabetes mellitus via reversing insulin resistance and regulating lipid homeostasis in vitro and
in vivo using Cajanonic acid A”. International Journal Molecular Medicine 42.5 (2018): 2329-2342.

Zhuo ]., et al. “Evaluation of type 2 diabetic mellitus animal models via interactions between insulin and mitogen-activated pro-
tein kinase signaling pathways induced by a high fat and sugar diet and Streptozotocin”. Molecular Medicine Reports 17.4 (2018):
5132-5142.

Pellegrino M, et al. “Development of a new model of type Il diabetes in adult rats administered with streptozotocin and nicotin-
amide”. Diabetes 47.2 (1998): 224-230.

Fransson L., et al. “B-cell adaptation in a mouse model of glucocorticoid-induced metabolic syndrome”. Journal of Endocrinology
219.3 (2013): 231-241.

Fransson L., et al. “Liraglutide counteracts obesity and glucose intolerance in a mouse model of glucocorticoid-induced metabolic
syndrome”. Diabetology and Metabolic Syndrome 6.1 (2014): 3.

Rafacho A, et al. “Functional alterations in endocrine pancreas of rats with different degrees of dexamethasone-induced insulin
resistance”. Pancreas 36.3 (2008): 284-293.

Kahn BB and Flier JS. “Obesity and insulin resistance”. Journal of Clinical Investigation 106.4 (2000): 473-481.

Sutton GM,, et al. “Diet-genotype interactions in the development of the obese, insulin-resistant phenotype of C57BL/6] mice lack-
ing melanocortin-3 or -4 receptors”. Endocrinology 147.5 (2006): 2183-2196.

Wolfe RR,, et al. “Role of triglyceride-fatty acid cycle in controlling fat metabolism in humans during and after exercise”. American
Journal of Physiology 258.2 (1990): E382-389.

Ghibaudi L., et al. “Fat intake affects adiposity, comorbidity factors, and energy metabolism of Sprague-Dawley rats”. Obesity Re-
search 10.9 (2002): 956-963.

Fraulob ]JC., et al. “A mouse model of metabolic syndrome: insulin resistance, fatty liver and non-alcoholic fatty pancreas disease
(NAFPD) in C57BL/6 mice fed a high fat diet”. Journal of Clinical Biochemistry and Nutrition 46.3 (2010): 212-223.

Fujita Y and Maki K. “High-fat diet-induced obesity triggers alveolar bone loss and spontaneous periodontal disease in growing
mice”. BMC Obesity 3 (2015): 1.

Citation: Bigoniya Papiya. “Metabolic Abnormality Mimicking Type 2 Diabetes Model in Experimental Animals”. EC Diabetes and
Metabolic Research 3.4 (2019): 127-137.


https://www.ncbi.nlm.nih.gov/pubmed/7489831
https://www.ncbi.nlm.nih.gov/pubmed/7489831
https://www.ncbi.nlm.nih.gov/pubmed/9642624
https://www.ncbi.nlm.nih.gov/pubmed/9642624
https://www.ncbi.nlm.nih.gov/pubmed/18087688
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3469968/
https://www.ncbi.nlm.nih.gov/pubmed/10468221
https://www.ncbi.nlm.nih.gov/pubmed/10468221
https://www.ncbi.nlm.nih.gov/pubmed/29548636
https://www.ncbi.nlm.nih.gov/pubmed/29548636
https://www.ncbi.nlm.nih.gov/pubmed/30226559
https://www.ncbi.nlm.nih.gov/pubmed/30226559
https://www.ncbi.nlm.nih.gov/pubmed/29393432
https://www.ncbi.nlm.nih.gov/pubmed/29393432
https://www.ncbi.nlm.nih.gov/pubmed/29393432
https://www.ncbi.nlm.nih.gov/pubmed/9519717
https://www.ncbi.nlm.nih.gov/pubmed/9519717
https://www.ncbi.nlm.nih.gov/pubmed/24048967
https://www.ncbi.nlm.nih.gov/pubmed/24048967
https://www.ncbi.nlm.nih.gov/pubmed/24423471
https://www.ncbi.nlm.nih.gov/pubmed/24423471
https://www.ncbi.nlm.nih.gov/pubmed/18362843
https://www.ncbi.nlm.nih.gov/pubmed/18362843
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC380258/
https://www.ncbi.nlm.nih.gov/pubmed/16469808
https://www.ncbi.nlm.nih.gov/pubmed/16469808
https://www.ncbi.nlm.nih.gov/pubmed/2106269
https://www.ncbi.nlm.nih.gov/pubmed/2106269
https://www.ncbi.nlm.nih.gov/pubmed/12226145
https://www.ncbi.nlm.nih.gov/pubmed/12226145
https://www.ncbi.nlm.nih.gov/pubmed/20490316
https://www.ncbi.nlm.nih.gov/pubmed/20490316
https://www.ncbi.nlm.nih.gov/pubmed/26793316
https://www.ncbi.nlm.nih.gov/pubmed/26793316

Metabolic Abnormality Mimicking Type 2 Diabetes Model in Experimental Animals

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

136

Buettner R, et al. “High-fat diets: modeling the metabolic disorders of human obesity in rodents”. Obesity (Silver Spring) 15.4
(2007): 798-808.

Halade GV, et al. “High fat diet-induced animal model of age-associated obesity and osteoporosis”. Journal of Nutrition and Bio-
chemistry 21.12 (2010): 1162-1169.

Davidson EP, et al. “Effect of treatment of Sprague Dawley rats with AVE7688, enalapril, or candoxatril on diet-induced obesity”.
Journal of Obesity 9 (2011): 686952.

Pirih F, et al. “Adverse effects of hyperlipidemia on bone regeneration and strength”. Journal of Bone Mineral Research 27.2 (2012):
309-318.

Basciano H., et al. “Fructose, insulin resistance, and metabolic dyslipidemia”. Nutrition and Metabolism (London) 2.1 (2005): 5.

Schulze MB,, et al. “Sugar-sweetened beverages, weight gain, and incidence of type 2 diabetes in young and middle-aged women”.
The Journal of the American Medical Association 292.8 (2004): 927-934.

Mansour SM., et al. “Beneficial effects of co-enzyme Q 10 and rosiglitazone in fructose-induced metabolic syndrome in rats”. Bul-
letin of Faculty of Pharmacy, Cairo University 51.1 (2013): 13-21.

Di Luccia B,, et al. “Rescue of fructose-induced metabolic syndrome by antibiotics or faecal transplantation in a rat model of obe-
sity”. PLoS One 10.8 (2015): e0134893.

Bigoniya P, et al. “Preventive effect of sesame seed cake on hyperglycemia and obesity against high fructose-diet induced Type 2
diabetes in rats”. Food Chemistry 133.4 (2012): 1355-1361.

Singh S., et al. “Hypoglycemic profile of ggmnemic acid and glycyrrhizic acid on high fructose diet related obesity induced diabe-
tes”. International Journal of Medicine and Pharmaceutical Sciences 6.3 (2016): 61-84.

Sanchez-Lozada LG., et al. “Fructose-induced metabolic syndrome is associated with glomerular hypertension and renal microvas-
cular damage in rats”. American Journal of Physiology and Renal Physiology 292.1 (2007): F423-F429.

Thirunavukkarasu V., et al. “Lipoic acid attenuates hypertension and improves insulin sensitivity, kallikrein activity and nitrite
levels in high fructose-fed rats”. Journal of Comparative Physiology B 174.8 (2004): 587-592.

Shahraki MR, et al. “Prevention of high fructose-induced metabolic syndrome in male Wistar rats by aqueous extract of Tamarin-
dus indica seed”. Acta Medica Iranica 49.5 (2011): 277-283.

Mahmoud AA abd Elshazly SM. “Ursodeoxycholic acid ameliorates fructose-induced metabolic syndrome in rats”. PLoS One 9.9
(2014): €106993.

Mamikutty N., et al. “The establishment of metabolic syndrome model by induction of fructose drinking water in male Wistar rats”.
BioMedical Research International 2014 (2014): 263897.

Aguilera AA, et al. “Effects of fish oil on hypertension, plasma lipids, and tumor necrosis factor-alpha in rats with sucrose-induced
metabolic syndrome”. Journal of Nutrition Biochemistry 15.6 (2004): 350-357.

Vasanji Z., et al. “Alterations in cardiac contractile performance and sarcoplasmic reticulum function in sucrose-fed rats is associ-
ated with insulin resistance”. American Journal of Physiology Cell Physiology 291.4 (2006): C772-C780.

Citation: Bigoniya Papiya. “Metabolic Abnormality Mimicking Type 2 Diabetes Model in Experimental Animals”. EC Diabetes and
Metabolic Research 3.4 (2019): 127-137.


https://www.ncbi.nlm.nih.gov/pubmed/17426312
https://www.ncbi.nlm.nih.gov/pubmed/17426312
https://www.ncbi.nlm.nih.gov/pubmed/20149618
https://www.ncbi.nlm.nih.gov/pubmed/20149618
https://www.ncbi.nlm.nih.gov/pubmed/20847891
https://www.ncbi.nlm.nih.gov/pubmed/20847891
https://www.ncbi.nlm.nih.gov/pubmed/21987408
https://www.ncbi.nlm.nih.gov/pubmed/21987408
https://www.ncbi.nlm.nih.gov/pubmed/15723702
https://www.ncbi.nlm.nih.gov/pubmed/15328324
https://www.ncbi.nlm.nih.gov/pubmed/15328324
https://www.sciencedirect.com/science/article/pii/S1110093112000373
https://www.sciencedirect.com/science/article/pii/S1110093112000373
https://www.ncbi.nlm.nih.gov/pubmed/26244577
https://www.ncbi.nlm.nih.gov/pubmed/26244577
https://www.sciencedirect.com/science/article/pii/S0308814612001902
https://www.sciencedirect.com/science/article/pii/S0308814612001902
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=2838679
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=2838679
https://www.ncbi.nlm.nih.gov/pubmed/16940562
https://www.ncbi.nlm.nih.gov/pubmed/16940562
https://www.ncbi.nlm.nih.gov/pubmed/15565449
https://www.ncbi.nlm.nih.gov/pubmed/15565449
https://www.ncbi.nlm.nih.gov/pubmed/21713743
https://www.ncbi.nlm.nih.gov/pubmed/21713743
https://www.ncbi.nlm.nih.gov/pubmed/25202970
https://www.ncbi.nlm.nih.gov/pubmed/25202970
https://www.hindawi.com/journals/bmri/2014/263897/
https://www.hindawi.com/journals/bmri/2014/263897/
https://www.ncbi.nlm.nih.gov/pubmed/15157941
https://www.ncbi.nlm.nih.gov/pubmed/15157941
https://www.ncbi.nlm.nih.gov/pubmed/16973823
https://www.ncbi.nlm.nih.gov/pubmed/16973823

Metabolic Abnormality Mimicking Type 2 Diabetes Model in Experimental Animals

137

56. Pang X, et al. “Antihypertensive effect of total flavones extracted from seed residues of Hippophae rhamnoides L. in sucrose-fed
rats”. Journal of Ethnopharmacology 117.2 (2008): 325-331.

57. Oron-Herman M,, et al. “Metabolic syndrome: comparison of the two commonly used animal models”. American Journal of Hyper-
tension 21.9 (2008): 1018-1022.

Volume 3 Issue 4 August 2019
©All rights reserved by Bigoniya Papiya.

Citation: Bigoniya Papiya. “Metabolic Abnormality Mimicking Type 2 Diabetes Model in Experimental Animals”. EC Diabetes and
Metabolic Research 3.4 (2019): 127-137.


https://www.ncbi.nlm.nih.gov/pubmed/18374529
https://www.ncbi.nlm.nih.gov/pubmed/18374529
https://www.ncbi.nlm.nih.gov/pubmed/18566592
https://www.ncbi.nlm.nih.gov/pubmed/18566592

	_GoBack
	_GoBack
	_GoBack
	_GoBack

