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ABSTRACT

Worldwide, the prevalence of type 2 diabetes mellitus (T2DM) continues to rise at an alarmingly high rate,
constituting one of the leading causes of mortality and morbidity. Research is central to the investigation, creation,
and design of new therapeutic approaches for T2DM. For this purpose, and because not many tests can be
conducted on humans; so, animal models are the only currently available alternative. This article discusses the
pros and cons of different animal models used in T2DM research. PubMed, Medline, Science Direct, ADI, and
WHO databases were searched through June 2021. Mice and rats are the most widely used models for diabetes
studies. Many other animals are also used, such as pigs and non-human primates. Animal models develop diabetes
either spontaneously or by using chemical toxins, such as streptozotocin and alloxan, or by surgical or genetic
techniques and depict clinical features or related phenotypes of the disease. Although their importance is generally
accepted, animal models are criticized for their poor accuracy in predicting human outcomes due to the low rate
of translation between preclinical and clinical studies. However, this problem is partly explained by inadequate
methodologies and designs in animal trials. It remains to emphasize that animal models add an indispensable value

to the basic, clinical, and applied science of T2DM by opening new avenues of research and innovation.
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INTRODUCTION
Diabetes mellitus (DM) is a chronic metabolic disorder
resulting in hyperglycemia. This disorder is mainly
associated with defects in insulin secretion, insulin resistance
(IR), or both (Goldenberg and Punthakee, 2018; Straub et al.,
2019). DM presents a global health challenge, with a

worldwide prevalence that is increasing at an exponential
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rate (Mayer et al., 2017). There are over four hundred million
people worldwide who suffer from DM, and most of them
belong to low or middle-income countries (Yaribeygl et al.,
2020). This number is expected to reach over 590 million
cases by 2035. Furthermore, DM is considered a significant
risk factor for death-related diseases, such as cardiovascular
and kidney diseases (Rehman and Aksh, 2016).

Among the various types of diabetes observed in

humans, the predominant ones include type 1 (T1DM) and
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type 2 (T2DM). T1DM is an autoimmune disorder resulting
from the destruction of pancreatic B cells, while in T2DM,
which accounts for >90% of diabetic patients, insulin
resistance is diminished, which is considered insulin
resistance. (Nolan et al., 2011). Several risk factors for
developing T2DM have been identified, including genetic
predisposition, aging, diet, and many environmental aspects
(Ling and Ronn, 2019; Ahmad et al., 2020 a and b; Farah et
al., 2020). Besides, the most predominant types of diabetes
other types include gestational diabetes, or those arising from
defects of the pancreas, such as cystic fibrosis or pancreatitis,
or secondary causes that affect glucose metabolism (e.g.,
Cushing syndrome, hyperthyroidism) (Solis et al., 2018).
Furthermore, few other rare diabetic diseases such as
of adults'
autoimmune are not classified as either TIDM or T2DM.

maturity-onset diabetes young or latent
This article summarizes the main characteristics of the
different animal models used in T2DM research and
addresses the various advantages and disadvantages of each
model. The appropriate animal model for basic,
interventional, and clinical T2DM studies is emphasized.

LITERATURE SEARCH

A recent literature search was carried out to address the
pros and cons of the different animal models used in T2DM
studies. The search was limited to recent English
publications covering up to June 2021. Relevant articles
were primarily identified by an online search of the PubMed,
Medline, Science Direct, and WHO databases. Google
Scholar and other databases were also searched. The articles
included were mainly original experimental, preclinical,
clinical, and intervention research. Some review articles
were also consulted. For greater search accuracy, the work
reference lists were checked for additional publications from
major databases.

INSULIN SECRETION AND GLUCOSE
METABOLISM IN TYPE 2 DIABETES

Insulin secretion relies on glucose levels and crosstalk

between various insulin-sensitive tissues (Kahn et al.,
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2014). Enzymatic digestion of carbohydrates post-meal
results in the release of glucose into the gastrointestinal
tract. Glucose leaves the Gastric tract and enters the
bloodstream via sodium-dependent glucose transporter
(GLUT)-3 expressed on intestinal cells. This absorption
leads to an increase in blood glucose levels, which in turn
is sensed by GLUT-2 receptors expressed on -cells of the
pancreas and hepatocytes. GLUT-2 receptors are highly
glucose-dependent, and the enhanced blood glucose levels
facilitate the entrance of glucose into B-cells which results
in insulin production. Apart from the mechanism mentioned
above, the intestinal absorption of glucose results in the
secretion of hormones by the gut-derived enteroendocrine
cells that enhances insulin release from [-cells. The
hormones secreted by the enteroendocrine cells include
glucose-dependent insulinotropic  polypeptide and
glucagon-like peptide-1, which activate 3-cells to produce
more insulin (Pais et al., 2016).

The secreted insulin binds to receptors expressed on
insulin-sensitive tissues such as skeletal muscles, adipose
tissue, and other tissues. This binding is a complex
process involving enzymes and mediators that open the
insulin-dependent transporter GLUT-4 expressed on
muscles and adipose tissue. The binding of insulin to the
a~chain of the receptor will result in phosphorylation of
the tyrosine residue in the B-chain of the receptor.
Multiple signaling events follow the phosphorylation.
The signaling results

in binding insulin receptor

substrates to phosphoinositide 3-kinase result in
phosphatidylinositol 3,4,5-trisphosphate. In turn, it is an
activator for serine/threonine-protein kinase activation,
which facilitates glucose transport via GLUT-4, resulting
in its utilization in glycogen, lipid, and protein synthesis
(Yaribeygl et al., 2020). Also, insulin reduces glucose
by

glycogen degradation to glucose (Yaribeygl et al., 2020).

levels inhibiting hepatic gluconeogenesis and
Many genes and proteins help mediate the crosstalk

between B-cells and insulin-sensitive tissues (McCarthy,
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2010; Morris et al., 2012; Kahn et al., 2014). For instance,
peroxisomal proliferated activated receptors (PPARs) are
a subfamily of the ligand-dependent nuclear receptors
consisting of three isotypes a, /6, and y. These have been
linked to a broad spectrum of biological processes,
including their lipid and glucosesensors (Grygiel, 2014).
Initially, it was thought that PP ARy has insulin-sensitizing
properties and functions as a regulator of adipogenesis
(Anghel et al., 2007). However, later, it has been found
that all PPARs are linked to insulin sensitivity and
glucose metabolism in different tissues (Duszka et al.,
2020). PPAR can be activated by binding to natural, free

fatty acids, eicosanoids, leukotrienes, prostaglandins, and

synthetic lipophilic acids such as essential fatty acids.
Such binding activates each isotype of PPAR in different
tissues and organs. Of these, PPARy has been shown to
increase glucose metabolism, free fatty acids uptake, and
reduce inflammation. Furthermore, the PPARY gene with
single nucleotide polymorphisms variants have been
identified in T2DM patients, and many other genes with
single nucleotide polymorphisms have been associated
with T2DM (Mambiya et al., 2019). Figure 1 shows the
possible links between PPARY, glucose homeostasis, and

insulin sensitivity.
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Figure 1. The links between peroxisome proliferator-activated receptor gamma and insulin sensitivity.

Abbreviations: PPARy: Peroxisome proliferator-activated receptor-gamma, GLUT: Glucose transporter; CAP: Cbl-
associated protein; IRS: insulin receptor substrate; PI3K: phospho-inositide 3-kinases; PDK 1: phosphoinositide-dependent
protein kinase-1; AKT: protein kinase B; TNF-a: Tumor necrosis factor-alpha; FA: Fatty acid; WAT: White adipose tissue.
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Insulin resistance (IR) usually occurs when insulin
could not induce an opening to GLUT-4 and cannot
reduce plasma glucose levels. IR is associated with age,
lifestyle, and epigenetics, and it occurs before the onset of
T2DM. Furthermore, substantial evidence exists that
T2DM is associated with obesity and fat accumulation in
the abdomen (Ajlouni et al., 2020). Such fat goes into
lipolysis and release of free fatty acids and influences
lipid (Tremmel et al., 2017) and glucose metabolism
contributing to obesity-related IR and diabetes (Ingle et
al., 2018).

T2DM often results from both environmental and
in T2DM

accompanied by impaired functioning of pancreatic 8

genetic factors. Insulin resistance is
cells, impaired insulin processing, and loss of pulsatile
secretion of insulin. It is also associated with metabolic
abnormalities arising from hypertension (Leggio et al.,
2018), older age, abdominal obesity, unhealthy lifestyle,
dyslipidemia, and glucose intolerance (Igodharo et al.,
2017). Similarly, pathogenesis associated with T2DM is
very complex and not completely understood. Many
factors such as sedentary lifestyle, smoking, and alcohol
intake result in diabetes onset (Kolb and Martin, 2017). It
has been shown that practicing exercise and consuming
healthy foods enriched with micronutrients such as
vitamins and antioxidants could suppress the
development of diabetes (Bajaj and khan, 2012). The
diabetic phenotype induced by diet can be rescued by
which
antibiotics, fecal transplantation (Di Luccia et al., 2015),
lipoic acid (Thirunavukkarasu et al., 2004),
Ursodeoxycholic acid (Mahmoud and Elsazhly, 2014).

antioxidants such as resveratrol (extract of red grape)

different methods, include treatment with

and

might reverse the diabetic phenotype in rat models.
Pioglitazone is an anti-diabetic drug that acts as an insulin

sensitizer (either alone or in combination with
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resveratrol) can reverse the diabetic phenotype and help
normalize glucose levels in DM-induced animals
(Mansour et al., 2013).

Neuroendocrine control of insulin secretion has
been well-studied. Incretins and bile acids directly or
indirectly affect insulin secretion by altering glucose
homeostasis (Yehya and Sadhu,2018). Two of the incretin
hormones, namely glucagon-like peptide-1, and glucose-
dependent insulinotropic polypeptide, help adequate
insulin secretion after food intake. glucagon-like peptide-
1 is degraded by dipeptidyl peptidase-4 and has a half-life
of 2 minutes in the blood. Thus, dipeptidyl peptidase-4
inhibitors have become an attractive therapy. In addition,
sodium-glucose transporters (SGLT) in the kidney
regulate the extent of glucose absorption from urine.
sodium-glucose transporters inhibitors enhance the
excretion of glucose, thus helping in stabilizing blood
glucose levels (Ighodaro et al., 2017).

Long-term complications of T2DM include
damage to brain vessels, depression, foot ulcers, vision
damage, nerve and kidney damage. The complex
symptoms associated with T2DM make it essential to
study the underlying events that develop in T2DM animal
models play an essential role in understanding the
molecular mechanisms that govern the development of
T2DM. Studying the various animal models developing
T2DM  would help

interventions that could be translated into therapies.

in developing appropriate
Various methods have been successfully employed to
develop genetic models for DM in animals, including the
use of drugs, genetic screening methods, and dietary
methods (Srinivasan and Ramarao, 2007; Ahmad et al.,

2020a and b).
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ROLE OF ANIMAL MODELS
UNDERSTANDING TYPE 2 DIABETES

Replicating the various metabolic abnormalities

IN

associated with T2 DM in animal models would help
understand the detailed signaling mechanisms involved in
developing the disease in humans. Figure 2 exhibits the
most common animal models used in diabetes mellitus
studies. Though the exact pathogenic conditions might
not be replicated in every animal model, the presence of
similar pathological characteristics would help in studying
the underlying factors that cause the onset and
progression of the disease (Cefalu, 2006). Animal models
of T2DM are mainly associated with understanding the
role of obesity with diabetes, diet and exercise, and
various drugs in the induction of diabetes. Several animal
types have been utilized to study T2DM, including
mouse, rat, swine, pig, and monkey.

SPONTANEOUS TYPE 2 DIABETES ANIMAL
MODELS

Compared to various non-mammalian species used for
studying diabetes, rodents have physiology closer to

humans and thus serve as better models for diabetes

research. Although monogenic or single gene-based
mutations are usually insufficient to cause diabetes in
humans, such observations have been made in rodents.
For instance, leptin is a hormone produced by adipocytes
to inhibit hunger, fat storage and regulate glucose
et al, 2012).

spontaneous mutations in the leptin gene (lepob/ob) or its

homeostasis (Denroche However,
receptor in rats developed obesity and hyperglycemia
similar to T2DM (Neubauer, 2006). The obese phenotype
is observed after two weeks of birth, following which
hyperinsulinemia onset is seen. Seven to twelve weeks
after that,
hyperlipidemia and enhanced hepatic fatty acid synthesis
(Drel et al., 2006). Furthermore, although leptin inhibits

hunger and fat storage, leptin administration in deficient

hyperglycemia is detected along with

rats regulated blood glucose more than food intake and
body weight (Denroche et al, 2012). Table 1
demonstrates the different rodent models used for
obesity-induced T2DM.
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Figure 2. Animal models in diabetes mellitus research
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Abbreviations: TIDM: Type 1 diabetes mellitus; T2DM: Type 2 diabetes mellitus; BBDP: Bio-breeding diabetes-prone;
LEWIARI: Lewis rats congenic with defined major histocompatibility complex haplotype; ZDF: Zucker diabetic fatty.

In the strain of mice is the C57BL/KsJ, which has

db/db

a mutated Lepr . These mice show rapid obesity by

3-4 weeks, followed by hyperglycemia within 4-8 weeks.

In addition, the leptin receptor mutant in C57BL/KsJ
background causes severe diabetes symptoms, and these
mice have ashort life span (Ramarao et al., 2007).

Table 1: Various rodent models used for obesity-induced type 2 diabetes mellitus

Animal strain

Nature of genetic change

ob/ob mouse

Leptin deficient, monogenic

db/db mouse

Zucker fatty rat

Zucker diabetic fatty rat

Leptin receptor-deficient,

Sprague Dawley (SD) rat

monogenic

KK (Kuo Kondo mouse)

KK /Ay mouse

New Zeland obese mouse

NSY mouse (Nagoya-Shibata-Yasuda)

Polygenic models

OLETF (Otsuka Long Evans Tokushima Fatty) rat

Similarly, the Zucker fatty rats (ZF) (fa/fa), were
discovered in 1961. When crossing Sherman rats and
Merck-M-strain of rats, inherited a leptin receptor gene
mutation. As a result, these rats develop obesity around
four weeks of birth and become insulin-resistant (Durham
and Truett, 2006). When these rats were fed high-sugar
and high-fat diets, hyperglycemia developed. Eight to ten
weeks later, rats exhibit classic symptoms of Type 2 DM,
such as hyperinsulinemia, hyperglycemia,
hyperlipidemia, and hypertension (Pang et al., 2018).

In another rat model, a Sprague Dawley (SD) rat has
that

hyperglycemia in male rats with decreased levels of

been developed, an on-obese model shows
insulin production and inflammation of B-cells in 16
weeks of age (Masuyama et al., 2004). When these SD

rats were introduced with a mutated leptin receptor gene,
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fatty rats, T2DM was developed in both sexes but only in

the fa/fa homozygous rats. These rats developed
hyperglycemia, with increased plasma insulin and leptin
levels and exhibited other features associated with
prolonged diabetes such as eye, nerve, kidney, and bone
complications (Masuyama et al., 2005)

Goto Kakizaki rats were first developed by Goto and
his collaborators in 1973 as a genetic model for Type 2
DM. The Goto Kakizaki rats were selected from Wistar
rats that exhibited glucose intolerance over several
generations. It is a polygenic model for T2DM. These rat
models do not show obesity. However, various features of
diabetes, such as hyperglycemia and hyperinsulinemia,
are seen by two weeks of age (Portha et al., 2001).
Moreover, rats by 14-21 weeks showed distinct changes

in islet cells, such as decreased B-granules with enhanced
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immature granules. The B-cells complex changes are
primarily responsible for the diabetic phenotype, and
these rats exhibit excellent diabetic neuropathy (Momose
et al., 2006).

Non-human primates such as Rhesus, bonnet,
cynomolgus, pigtailed, African green monkeys, and
baboons have been reported to develop diabetes. The
Non-human primates’ development of T2DM and obesity
is age-dependent and also shows an identifiable pre-
diabetic phase. The pre-diabetic phase involves an initial
phase of insulin resistance followed by alteration in
insulin levels (Wagner et al., 2006). In monkeys, overt
diabetes is associated with changes in pancreatic islet
cells, such as amyloidosis, which is also a characteristic
feature of human diabetes (Wagner et al., 2006).
Furthermore, prolonged phases of increased plasma
triglycerides and glucose are observed before the
complete appearance of diabetic symptoms. Besides, the
development of atherosclerosis is a significant feature
with diabetic monkey models. Therefore, these models
are immensely helpful in understanding the mechanism
that could result in cardiovascular diseases arising due to
D2M (Cefalu, 2006)

DRUG-INDUCED ANIMAL
DIABETES

Chemical agents have been extensively utilized for

MODELS OF

inducing diabetes. These chemical agents target Pcells,
resulting in their destruction and therefore causing
reduced insulin secretion leading to type 1 like DM.
Streptozotocin and Alloxan are the most widely used
drugs for the induction of diabetes. Both drugs bind
GLUT2 receptors and end up inside any cell that
expresses such receptors, including f-cells and
hepatocytes. Streptozotocin is a nitrosourea that is
It

Deoxyribonucleic acid (DNA) alkylating agent that

produced by Streptomyces chromogens. is a
causes the alkylation and subsequent fragmentation of

DNA. Streptozotocin is most widely used in rats for
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inducing diabetes due to its ability to destroy the p-cells
resulting in the onset of DM (Lenzen, 2008). In adult
Sprague Dawley (SD) rats, an intravenous dose of
60mg/kg results in swelling of the pancreas and
destruction of B-cells in islets of Langerhans.
Experimental diabetes is seen 2-4 days post-treatment
with streptozotocin (Akbarzadeh et al., 2007). On the
other hand, alloxan causes B-cells toxicity by producing
reactive oxygen species inside the cells and causes a toxic
effect. Besides, Alloxan concentration varies from animal
to animal for induction of DM in rats, a dose of 40-
200mg/kg either intraperitoneal or intravenous. Results in
the development of DM in mice, a dose of 50-200mg/kg
by intravenous or intraperitoneal route induces DM
(Igodharo et al., 2017). However, a low dose of
streptozotocin with and high-fat diet was found to induce
T2DM in rats (Reed et al., 2000). In such an approach, a
high-fat diet
triglycerides

induces higher plasma insulin and

and insulin resistance. In another
streptozotocin-induced T2DM model, nicotinamide, an
antioxidant that is known to protect the B-cells from the
damage induced by streptozotocin, is administered 15
minutes before streptozotocin treatment in a 3-month-old
Sprague Dawley rat protected 40% of pancreatic B-cells
and developed stable non-fasting hyperglycemia (Wang
and Sadhu, 2018).

However, in pigs, slow infusion of streptozotocin at
130mg/kg induces type-2 DM, which can be treated with
metformin. Insulin resistance in pigs is associated with
metabolic dysfunction and often shows hyperlipidemia or
hyperglycemia (Koopmans and Schuurman, 2015).
Furthermore, induction of T2DM in neonatal rats is often
achieved by a single dose of streptozotocin at a 100 mg/kg
dose via the intraperitoneal route in one-day-old pups.
Higher of 120 mg/kg the

intraperitoneal route induce diabetes in three- to five-day-

concentrations via

old pups. The pups exhibit glucose intolerance and

moderate hyperglycemia. The f-cells show similar
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histopathological features in these rat pups as human
diabetic patients, and hence this model serves as a suitable
study model (Arulmozhi et al.,2004).

Glucocorticoids have also been used for the
induction of diabetes in animal models. Corticosterone
and its derivatives enhance food intake resulting in
obesity development and subsequent initiation of
diabetes. For example, when C57BL/6J mice were treated
with 25-100pg/ml of corticosterone in drinking water for
five weeks or intraperitoneal 0.1-1mg/kg for five days,
these mice developed metabolic syndrome including
glucose intolerance, hyperinsulinemia, insulin resistance,
high plasma levels of cholesterol and triglycerides, fat
tissue gain, body weight gain and then T2DM (Franson et
al., 2014). However, the effects could be reversed by

stopping corticosterone administration.

DIET-INDUCED OBESITY AND DIABETES IN
EXPERIMENTAL ANIMALS
Many rodent models are monogenic and show
only one of the complex diabetic phenotypes exhibited by
humans. However, in polygenic diabetic models, they
demonstrate more symptoms that resemble human
disease. In the case of polygenicmodels, the phenotype is
environmentally induced. Thus, it is highly comparable to
humans. The inbred C57BL/6J mice or C57BL/6N mice
are a prototypical example of diet-induced obesity and
subsequent glucose intolerance. However, only the
C57BL/6N

hyperinsulinemia following three weeks on a high-fat

strain  develops  hyperglycemia and
diet. Such a model does not usually produce overt
hyperglycemia (Kahle et al.,2013; Fang et al.,2018).
These differences suggest that genetic variations play an
essential role in developing overt hyperglycemia.
Similarly, New Zealand obese mice and Kuo
Kondo mice are other polygenic strains that develop
obesity and subsequent T2DM (Fang et al.,2018). In the

New Zealand Obese model, mice develop hyperphagia
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and high leptinemia at 9-12 weeks. When these mice are
fed with a high-carbohydrate diet,

histopathological changes occurred in  cells. These

signaling and

changes led to low expression of GLUT2 and loss of
protein kinase activation, which resulted in low insulin
secretion and the development of hyperglycemia (Jurgens
et al.,2007).

Diet plays a vital role in developing obesity, and
subsequently, the onset of DM Wistar rats, Sprague-
Dawley rats, and C57BL/6J mice all have been utilized to
develop effective diet-induced diabetic models. The
change of regular chow to a high-energy diet helps in the
establishment of diabetes in these samples. A high-fat diet
is one of the significant sources for the development of
DM Incorporation of 10-45% of fat as a dietary
component in Sprague Dawley rats and mice results in
increased weight gain and obesity, and diabetic
phenotype. To effectively induce type 2 DM in Wistar,
Sprague-Dawley rats or mice, a fatty meal consisting of
20- 60% fat should be fed to the animals (Bradley et al.,
2017). Vegetable oil, ghee, lard, and plant-derived oils
have been successfully utilized to induce T2DM in animal
models (Ghibaudi et al.,2002). A high-fat diet suppresses
glucose production by insulin in liver cells and also
lowers glucose uptake. As a result, the animal model
develops hyperinsulinemia, hyperglycemia, and insulin
resistance, A high-fat diet in rodents results in increasing
glucocorticoid production by altering the pituitary-
hypothalamus mediated adrenal functioning. (Geer et al.,
2014).

Elevated glucocorticoids result in enhanced
triglyceride levels in the plasma due to lower levels of
lipoprotein lipase resulting in obesity (Benuck et al.,
2020). A high-fructose diet is another routinely used
method for the induction of D2M in animals (Table 3).
High levels of sucrose consumption result in the
accumulation of fructose in the liver and show obesity and

diabetes associated with fructose-induced animal models.
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Male Sprague-Dawley and Wistar rats treated with 30%
and 32% sucrose in drinking water develop diabetic
phenotype in 21 and 10 weeks, respectively (Pang et
al.,2008). A similar result is obtained when male
Sprague-Dawley rats are fed 77% sucrose in the diet for
six weeks (Oron-Herman et al., 2008). High levels of
fructose in diet either as a monosaccharide or obtained by
hydrolysis of high concentrations of sucrose in the
digestive tract resulting in its uptake by the liver. It is
converted to fructose 1-phosphate and eventually utilized
in the central carbon pathways involved in glycolysis,
gluconeogenesis, citric acid cycle, and lipogenesis. The
excess fructose is converted to lipid in liver cells. This
will enhance the production of free fatty acids and their

subsequent accumulation in adipose cells leading to

obesity. Constant high levels of fructose result in
enhanced free fatty acids in plasma which upon uptake by
other tissues results in obesity and subsequent insulin
resistance phenotype by the various tissues. Due to insulin
resistance and obesity onset, the diabetic phenotype is
established due to continuous feeding with a high
carbohydrate-rich diet (Benuck et al., 2020). Table 2
shows a summary of some dietary approaches for T2DM
induction by fructose-high-fat and fructose-regular chow

diets in Sprague-Dawley rats.

Table 2: Some dietary approaches for type 2 diabetes induction by fructose-high-fat and fructose-regular chow
diets in Sprague-Dawley rats.

Administration route Fructose Induction Ref.
(diet/ drinking water) (%) duration elerence

i inki Fang et al., 2018

\ljvr;ce:}trose in drinking 10% 8 weeks g
Pang et al., 2008
Fructose in drinki
fuctose n crinking 10% 12 weeks | Mahmoud and Elsazhly, 2014

water
Fructose in drinking 20% | 8weeks | Mamikutty etal, 2014
water
Fructose in drinking 10%
water ° Sanchez-Lozada. et al., 2007
Fructose 60% 8 weeks
Corn starch 40%
Standard diet 60%
Lard oil 20% 8 weeks Yang et al., 2018
Egg yolk 10%
Saccharose/ fructose source 10%
Standard diet 61%
Lard oil 12% 4-8 weeks | Zhuoetal., 2018
Egg yolk 2%
Sucrose/ fructose source 20%
Milk powder 5%
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GENETICALLY MODIFIED
MODELS FOR TYPE 2 DIABETES

Knockout mice or tissue-specific knockouts have

ANIMAL

been tested for T2DM. Knockout of the insulin receptor,
insulin receptor substrate, GLUT4. Only the insulin
receptor substrate and GLUT4 knockouts exhibit
enhanced insulin sensitivity. B cells have developed
tissue-specific knockouts targeting insulin receptors,
mitochondrial transcription factors, and PPARy. Animals
with mitochondrial transcription factors show diabetes
upon complete development (Rees, 2005). Knockout
mice, in most cases, do not survive till adulthood, and
those who survive have phenotype depending on the copy
number of integrations in the genome. So, if integration
sites are low, then the diabetic phenotype is lost, which
poses a significant challenge in the field.
CONCLUSIONS
Diabetic phenotype is complex and involves multiple

signaling pathways, and its pathophysiology involves

several organs. Therefore, replicating the exact symptoms
seen in humans is critical for analyzing and developing
the appropriate therapy. In obesity-induced diabetes
models, altering the leptin gene or its receptor shows
many of the features of human diabetes. However, the
major disadvantage with these models is that they are
monogenic and do not display all human symptoms. Non-
human primate models have most of the symptoms
identical to humans, and polygenic models could replicate
human disease conditions. However, these models are
expensive, and the animals with a long life span make it
challenging to maintain the changes. Table 3 presents a
summary of the pros and cons of selected animal models
used in T2DM studies.

genetic and environmental factors such as diet and

Therefore, a combination of

lifestyle need to be assessed to understand the exact
molecular events causing the diabetic phenotype in
humans, making these polygenic models more suitable for

understanding the human diabetic phenotype.

Table 3: Summary of pros and cons of animal models used in type-2 diabetes studies.

Species Animal profile advantages disadvantages
Mouse Adult, weight 25-30 ¢ | - Spontaneous mutation in the | - Compared to man: different lipid/
Lifespan 1.2-5 years insulin gene HDL metabolism, cardiovascular
- Spontaneous diabetes anatomy physiology, and
development pathology of atherosclerosis
- Used in subcutaneous and - Absence of chronic model
intraperitoneal studies - Research requires relatively large
- Study host-parasite links numbers of animals
- Many immune reagents - Relatively small size limits
- Easy breeding frequent blood collection
- Short gestational period
- Small and inexpensive
Rat Adult, weight 200-30 | - Develop early advanced - Relatively small in size
g insulin resistance and - Resistance to periodontitis
Lifespan 2.5-3 years glucose intolerance - Diet differs from humans
- Fed glucose levels: 500 mg/dl | - Cage specific differences in
by 10-11 weeks toxicity testing study for each rat
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- Share similarity with man - Relatively fast dead when Glucose
microbiota composition levels up than 650 mg/dL
- Low cost, easily available
- Develop diabetes by
streptozotocin and alloxan
Hamster | Adult, weight 80-100 g | - Give good results in typel - Relatively expensive
Lifespan 1.5-2 years diabetes and immunology - Disease-results problems
- Develop insulin resistance - Lack of immunological reagents
and dyslipidemia
- Highly susceptible to
metabolic diseases
Rabbit Adult, weight 2.2-5 kg | - Fast hyperglycemia with - High blood N with diabetes
Lifespan 4-5 years alloxan - Pancreatic beta cells differ from
- Give good results in humans
biomedical research - Literature scarcity for use
- Non-aggressive - Increase intrinsic healing in
- Low cost to maintain diabetes due to cell size rise
Monkey | Adult, weight 10-12 kg | - Pancreatic beta cells, lipid - Ethical clearance
Lifespan 15-20 years metabolism, inflammation, - Hard to handle, expensive
obesity, and oxidative stress | - Genetic back is not similar to
similar to humans human
- Anatomical and biological - Males are used in studies, females
similarity to human for breeding
Pig Adult, weight 400-500 | - Close to man in anatomy, - Relatively expensive
g physiology, and disease - Few studies to support use
Lifespan 4-5 years development - Rare hyperglycemia
- Islet amyloid polypeptide
gene similar to humans
ACKNOWLEDGEMENTS Ahmad M.N., Farah A L., Al-qirim T.M. (2020b). Examining

The authors would like to thank the University of
Jordan, Amman, Jordan.

Conflict of interest

The authors declare that there are no conflicts of

interest

REFERENCES
Ahmad M.N., Farah A.l, Al-qirim T.M. (2020a). The
cardiovascular complications of diabetes: a striking link
through protein glycation. Romanian Journal of Internal
Medicine, 58(4):188-198. DOI: 10.2478/rjim-2020-

0021.

-435-

the role of alpha-lipoic acid and epigallocatechin-c-
gallate in inhibiting sugar-induced myoglobin glycation:
Scientific gaps in current knowledge? Nature and
Science,18(6):17-25. DOI:10.7537/marsnsj 180620.04.
Ajlouni K., Khader C., Batieha A., Jaddou H., El-Khateeb
M. (2020). An Alarmingly high and
prevalence of obesity in Jordan. Epidemiology and
Health, 42: €2020040. DOI.org/10.4178/epih.
Akbarzadeh A., Norouzian D., Mehrabi M., Jamshidi S.,
Farhangi A., Verdi A., etal. (2007). Induction of diabetes
by streptozotocin in rats. Indian Journal of Clinical
22(2): 60-64.

increasing

Biochemistry,



Animal Models in Type 2 Diabetes....

Zainab Zaki Zakaria, et al.

DOI: 10.1007/BF02913315.

Anghel S., Wahli W. (2007). Fat poetry: A kingdom for
PPAR  gamma. Cell Research.17: 486-511.
DOI: 10.1038/cr.2007.48.

Arulmozhi DK., Veeranjaneyulu A., Bodhankar S. (2004).
Neonatal streptozotocin-induced rat model of Type 2
diabetes A glance. of
Pharmacology, 36(4):217-221.

Bajaj S., Khan A. (2012). Antioxidants and diabetes. Indian
Journal of Endocrinology and Metabolism, 16(2): S267—
S271. DOI 10.4103/2230-8210.104057.

Benuck I., Wilson D., McNeal C. (2020). Secondary
Hypertriglyceridemia. Institute for Laboratory Animal
Research (ILAR). 74(2): 196-214.
DOI: 10.12971ar.473186.

Bradley L., Forman E., Kerrigan S., Goldstein S., Butryn M.,
Thomas J., etal. (2017). A remotely delivered behavioral

mellitus: Indian Journal

intervention for weight regains after bariatric surgery.
Obesity Surgery, 27(3):586-98. DOI: 10.1007/s11695-
016-2337-3.

Cefalu W. (2006). Animal models of type 2 diabetes: clinical
presentation and pathophysiological relevance to the
human condition. Institute for Laboratory Animal
Research Journal, 47(3): 186-198.
DOI: 10.1093/ilar.47.3.186.

Denroche H., Huynh F., Kieffer T. (2012). The role of leptin

of Diabetes

10.1111/5.2040-

Journal
DOI:

homeostasis.
115-129.

in  glucose
Investigation, 3:
1124.2012.00203 x.
Luccia B., Crescenzo R., Mazzoli A., Cigliano L.,
Venditti P., Walser J. (2015) Rescue of fructose-induced
by
transplantation in a rat model of obesity. Public Library
of 10(8):e013489.
DOI: 10.1371/journal.pone.0134893.
Drel V., Mashtalir N., Ilnytska O., Shin J., zogubov V.,
Obrosova 1. (2006). The leptin-deficient (ob/ob) mouse:

A new animal model of peripheral neuropathy of type 2

metabolic  syndrome antibiotics or  fecal

Science,

-436-

diabetes and obesity. Diabetes, 55(12): 3335-3343. DOLI:
10.2337/db06-0885.

Durham H., Truett G. (2006). Development of insulin
resistance and hyperphagia in Zucker fatty rats.
American Journal of Physiology-Regulatory Integrative

Physiology, 290(3): R652-8.
DOl.org/10.1152/ajpregu.00428.2004.

Duszka K., Gregor A., Guillou H., Kénig J., Wahli W.

(2020). Peroxisome proliferator-activated receptors and

and Comparative

caloric restriction are common pathways affecting
metabolism, health, and longevity. Cells 9: 1708. DOI:
10.3390/cells9071708.

Farah AI, Ahmad MN, Al-qirim TM. (2020). The
antioxidant and prooxidant impacts of varying levels of
a-lipoic acid on biomarkers of myoglobin oxidation in
vitro. Jordan Journal of Agricultural Sciences, 16(4): 83-
93.

Fang J., Lin C., Huang T., Chuang S. (2018). In vivo rodent
models of type 2 diabetes and their usefulness for
evaluating flavonoid bioactivity. Nutrients, 11(3), 530.

Geer E., Islam J., Buettner C. (2014). Mechanisms of
glucocorticoid-induced insulin resistance: focus on

adipose tissue function and lipid
metabolism. Endocrinology and Metabolism Clinics of
North America, 43(1): 75-102.
DOlLorg/10.1016/j.ec1.2013.10.005.

Ghibaudi L., Cook J., Farley C., Vanheek M. (2002). Fat
intake affects adiposity, comorbidity factors, and energy

of  Sprague-Dawley Obesity
Research.10.9: 956-963. DOl.org/10.1186/1758-5996-6-
3.

Goldenberg R., Z. (2018).

classification, and diagnosis of diabetes, prediabetes, and

metabolism rats.

Punthakee Definition,
metabolic syndrome. Canadian Journal of Diabetes. 37.
S8— S11. 10.1016/j.jcjd.2018.01.011.
DOI: 10.1016/j.jcjd.2017.10.003.

Ighodaro O., Adeosun A., Akinloye O. (2017). Alloxan-

induced diabetes, a common model for evaluating the



Jordan Journal of Agricultural Sciences, Volume 17, No.4 2021

glycemic-control potential of therapeutic compounds and
studies.
DOI:

in
Medicina(kaunas), 53(6):
10.1016/j.medici.2018. 02.001.

Jurgens H., Neschen S., Ortmann S., Schernec. (2007).

Development of diabetes in obese, insulin-resistant mice:

plants extracts experimental

365-374.

essential role of dietary carbohydrate in beta cell

destruction. 50 :1481-1489. DOI:
10.1007/s00125-007-0662-8.

Kahle M., Horsch M., Fridrich B., Seelig A., Schultheiss J.

(2013). Phenotypic comparison of common mouse

Diabetologia,

strains developing high-fat diet-induced hepatosteatosis.

Metabolism, 2: 435-446. DOI:
10.1016/j.molmet.2013.07.009.

Kahn S., Cooper M., Delprato S. (2014). Pathophysiology
and treatment of type 2 diabetes: perspectives on the past,
present, and future. Lancet, 383(9922), 1068—1083. DOI:
10.1016/ S0140-6736(13)62154-6.

Kolb H., Martin S. (2017). Environmental/lifestyle factors in
the pathogenesis and prevention of type 2 diabetes.
BioMed Central Medicine, 15(1), 131. DOI:
10.1186/s12916-017-0901-x.

Koopmans S., Schuurman T. (2015). Considerations on pig

Molecular

models for appetite, metabolic syndrome and obese type
2 diabetes: From food intake to metabolic disease.
European Journal of Pharmacology,759: 231-239. DOI:
10.1016/j.ejphar.2015.03.044.

Leggio M., Lombardi M., Caldarone E., Mazza A., Fusco A.
(2018). High body mass index, healthy metabolic profile
and low visceral adipose tissue: the paradox is to call it
obesity again. European Journal of Internal Medicine,
52: el5-6.

Lenzen S. (2008). The mechanisms of alloxan- and
streptozotocin-induced diabetes. Diabetologia ,51: 216-
226. DOI.org/10.1007/s00125-007-0886-7.

Ling C., Ronn, T. (2019). Epigenetics in human obesity and
type 2 diabetes. Cell Metabolism, 29(5): 1028-1044.
DOI: 10.1016/j.cmet.2019.03.009.

-437-

Mahmoud A., Elshazly S. (2014). Ursodeoxycholic acid
ameliorates fructose-induced metabolic syndrome in

The Public Library of
€106993.DOl.org/10.1371/journal. pone.0106993.

Mamikutty N., Thent Z. C., Sapri S. R., Sahruddin,N. N.,
Mohd Yusof, M. R., Haji Suhaimi F. (2014). The

by
induction of fructose drinking water in male Wistar rats.
Biomedical Research International 26389739. DOI:
10.1155/2014/263897.

Mambiya M., Shang M., Wang Y., Yang L., Zhang Q.,
Zhang K., et al. (2019). The play of genes and non-

rats. Science. 9.

establishment of metabolic syndrome model

genetic factors on type 2 diabetes. Frontiers in Public
Health, 7: 349. DOI: 10.3389/fpubh.2019.00349.
Mansour S., Zaki H., El-Denshary E. (2013). Beneficial
effects of co-enzyme Q10 and rosiglitazone in fructose-
induced metabolic syndrome in rats. Cell Metabolism,
51:13-21. DOLorg/10.1016/j.bfopcu.2012.10.001.

Masuyama T., Komeda K., Hara A., Noda M., Shinohara M.,
et al. (2004). Chronological characterization of diabetes
development in male spontaneously diabetic torii rats.

Research

10.1016/

Biochemical and Biophysical

Communications, 314:870-877. DOI:
j.bbrc.2003.12.180.

Masuyama T., Katsuda Y., Shinohara M. (2005). A novel
model of obesity-related diabetes: introgression of the
leprfa allele of the Zucker fatty rat into nonobese
spontaneously diabetic torii rats. Experimental Animals,
54(1): 13-20. DOI: 10.1538/expanim.54.13.

McCarthy M. (2010). Genomics, type 2 diabetes, and
obesity. New England Journal of Medicine, 363:2339—
2350. DOI: 10.1056/NEJMra0906948.

Momose K., Nunomiya S., Nakata M., Yada T., Kikuchi M.,
Yashiro T. (2006). Immunohistochemical and electron-
microscopic observation of beta-cells in pancreatic islets
of spontaneously diabetic goto-kakizaki rats. Medical

39(3):146-53. DOLI:

Molecular Morphology,



Animal Models in Type 2 Diabetes....

Zainab Zaki Zakaria, et al.

10.1007/s00795-006-0324-9.

Morris A. P., Voight B. F., Teslovich T. M., Ferreira T.,
Segre A. V., Steinthorsdottir V., et al. (2012). Large-
scale association analysis provides insights into the
genetic architecture and pathophysiology of type 2
diabetes. Nature Genetics, 44:981-990.
DOI.org/10.1038/ ng.2383.

Nolan C., Damm P., Prentki M. (2011). Type 2 diabetes
across generations: from pathophysiology to prevention
and management. Lancet, 378.9786: 169-181.

DOI: 10.1016/S0140-6736(11)60614-4.

Neubauer N., Kulkarni R. (2006). Molecular approaches to
study control of glucose homeostasis. Institute for
Laboratory Animal Research, 47:199-211. DOI:
10.1093/ilar. 47.3.199.

Oron-Herman M., Kamari Y., Grossman E., Yeger G., Peleg
E., Shabtay Z., et al. (2008). Metabolic syndrome:
comparison of the two commonly used animal models.
American Journal of Hypertension, 21(9): 1018-1022.
DOI: 10.1038/ajh.2008.218.

Pais R., Gribble F., Reimann F. (2016). Stimulation of
incretin secreting cells. Endocrinol Metabolism, 7(1):24-
42.DOI:10.1177/2042018815618177.

Pang Y., Hu J, Liu G., Lu S. (2018). Comparative medical
characteristics of zdf- T2DM rats during the course of
development to late stage disease. Animal Model
Experimental Medicine, 1(3):203-
211.DOI:10.1002/ame2.12030.

Pang X., Zhao J., Zhang W., Zhuang X., Wang J., Xu R., et
al. (2008). Antihypertensive effect of total flavones
extracted from seed residues of hippophae rhamnoides L.
in sucrose-fed rats. Journal of Ethnopharmacology,
117(2): 325-331. DOI: 10.1016/j.jep.2008.02.002.

Portha B., Giroix M. H., Serradas P., Gangnerau,M. N.,
Movassat J., Rajas F., et al. (2001). Beta-cell function
and viability in the spontaneously diabetic gk. rat.
Diabetes, 50(1): S89-93. DOI: 10.2337/diabetes.50.

2007.s89.

-438-

Thirunavukkarasu V., Nandhini A. A., Anuradha C. V.
(2004).

improves insulin sensitivity, kallikrein activity and nitrite

Lipoic acid attenuates hypertension and
levels in high fructose-fed rats. Journal of Comparative
Physiology, 174(8):587-92. DOI:10.1007/ s00360-004-
0447-z.

Rees D., Alcolado J. (2005). Animal models of diabetes

Diabetic Meédecine, 22(4):359-70.
DOlLorg/10.1111/5.1464-5491.2005. 01499 x.

Reed M. J., Meszaros K., Entes L. J., Claypool M. D., Pinkett
J. G., Gadbois T. M., et al. (2000). A new rat model of
type 2 diabetes: the fat-fed, streptozotocin-treated rat.
Metabolism, 49(11):1390-4. DOI:
10.1053/meta.2000.17721.

Rehman K., Akash M. (2016). Mechanisms of inflammatory

responses and development of insulin resistance how are

mellitus.

they interlinked. Journal of Biomedical Science, 23(1):
87. DOL.org/10.1186/s12929-016-0303-y.
Srinivasan K., Ramarao P. (2007). Animal model in type 2
an overview. Indian Journal of
Medical Research, 125(3): 451. PMID: 17496368.
Straub L.G., Efthymiou V., Grandl G., Balaz M., Challa
T.D., Truscello L. et al. (2019). Antioxidants protect

diabetes research:

against diabetes by improving glucose homeostasis in
mouse models of inducible insulin resistance and
obesity. 62(11):2094-2105. DOI:
10.1007/s00125-019-4937-7.

Solis-Herrera C., Triplitt C., Reasner C., DeFronzo R. A.,
Cersosimo E. (2018). Classification of diabetes mellitus.

of Diabetes DOI:
21,1155/2013/976209.

Tremmel M., Gerdtham U., Nilsson P., Saha S. (2017).

Economic burden of obesity: a systematic literature

Diabetology,

Journal Research,

review. International Journal of Environmental Research
Public Health, 14(4):435. DOI:
10.3390/ijerph14040435.

and



Jordan Journal of Agricultural Sciences, Volume 17, No.4 2021

Wagner J., Kavanagh K., Ward G., Auerbach B., Harwood
H., Kaplan J., et al. (2006). Old world non-human
primate models of type 2 diabetes mellitus. Institute for
Laboratory Animal Research, 47(3):259-71.
DOI.org/10.1093/ilar.47.3.259.

Wang Y., Garyantes T. (2018). Improving the reliability and

of  streptozotocin-induced diabetic
model. Journal of Diabetes 8054073.
https://doi.org/10.1155/2018/ 8054073.

Yang R., Wang L., Xie J., Li X., Liu S., Qiu S., et al. (2018).

Treatment of type 2 diabetes mellitus via reversing

utility rat

Research,

insulin resistance and regulating lipid homeostasis in

vitro and in vivo using Cajanonic acid A. International

-439-

Journal Molecular Medicine, 42(5): 2329-2342. DOI:
10.3892/ijmm.2018.3836.

Yehya A., Sadhu A. (2018). New therapeutic strategies for
type 2 diabetes. Indian Journal of Medical Research,
125(3): 451.

Zhuo J., Zeng Q., Cai D., Zeng X., Chen Y., Gan H., et al.
(2018). Evaluation of type 2 diabetic mellitus animal
models via interactions between insulin and mitogen-
activated protein kinase signaling pathways induced by a
high fat and sugar diet and streptozotocin. Molecular

17(4):  5132-5142. DOL

Medicine  Reports,

10.3892/mmr.2018.8504.



Animal Models in Type 2 Diabetes.... Zainab Zaki Zakaria, et al.

Gilbullly cbulady) : S goill (e Gl G diladf b Al z Sal)

2058 Jale Juai Claaal pleas usa LSS S i)

OOV 11942 plae ciluaally Gl 23 ¢ 3} gaiaailly 23330 aud A3,V dnalal’
GO colae cdugeall Aplall aglally AisaY) aed cdlall ashally Alssall S cliill daals®

2021/7/7 :4lsd oty 2021/6/16 2t Dl el

gadla

DN IS pdige Jaaw BN 3 (T2DM) 2 g5l e (Sl (age Ll i calladl el pan 3
alie ety oLy (aakanll Gulud Dl andl) sasg . Aabally bl dce )l CLu) sal IS ¢ laally
Ol cadles ¢ 5l o LYY e 2l eha) (Sar Y al¥spmal) gy L T2DM (ajal sas dadle
adhad) Aglgml) Sl s cililag) Alaal) o3a (s L Wls ~ Gl aagl) diadl o Aalgnll z 3L
Science Direct ; Medline 5 PubMed bl acls 8 Gl 239 . T2DM (jiaye Gl 8 deaiinadl)
S age il b sl SV 2 3Ll olapadls sl ax35.2021 Glis s WHO - 5ADI
Bl g 3adl s g Ayl e sl il e (gAY gl O el plasid o LS,
wball ol e o) QLS Cpagig sl Jie (Al asadl aladialy o Gl Ll ()Sall (il
Lgisatl o (e a)ll ey mpall Aball e Ljalall JaladY) ol Loyyad) Cilacdl gy a5l ds)al
Jane bt G dupil) Sl aml) 8 gy Canal Lol o Algl) 23l o W) cale (K2 A gita
Chagia) 35a5 DA e Bipn A 030 i &3 ¢ el mag 2Aypadly dappadd) J8 Slaball (G dan il
Y e Cham dilgal) ilall of o aSB) By il e colaill 8 AES) e asaliailly

Sy Ginall s Byl 8 DS (50 T2DM (el Aalailly &y pelly dpnslasY ) aslall Y \gie

Anpddl s el el ¢ ol ¢ all dlsal) m kel () g gl e @Sl (e Al clalg)

-(Jabll Calgdl :mosnuman@ju.edu.jo)
-440-



