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ABSTRACT Type 2 diabetes mellitus (T2DM) is the most common endocrine disorder (90%) in the world; it has
numerous clinical, immunological, and genetic differences from type 1 diabetes mellitus. The pathogenesis
of T2DM is complex and not fully clear. To date, animal models remain the main tool by which to study the
pathophysiology and therapy of T2DM. Rodents are considered the best choice among animal models, because
they are characterized by a small size, short induction period, easy diabetes induction, and economic efficien-
cy. This review summarizes data on experimental models of T2DM that are currently used, evaluates their
advantages and disadvantages vis-a-vis research, and describes in detail the factors that should be taken into
account when using these models. Selection of a suitable model for tackling a particular issue is not always
trivial; it affects study results and their interpretation.

KEYWORDS type 2 diabetes mellitus, pathogenesis, insulin resistance, beta cells, experimental animals, strep-
tozotocin.

ABBREVIATIONS T2DM - type 2 diabetes mellitus; DM — diabetes mellitus; TIDM — type 1 diabetes melli-
tus; B-cells — beta cells; STZ — streptozotocin; IR — insulin resistance; Lep — leptin; IAPP — islet amyloid

polypeptide.

INTRODUCTION

For many decades, diabetes mellitus (DM) has been
one of the major health challenges in the world due
to its associated increased morbidity, disability, and
mortality. According to the International Diabetes
Federation (IDF), there were 537 million people with
DM in 2021; this number could reach 643 million by
2030, while the actual prevalence of DM is sever-
al times higher than what is on record [1]. DM is a
chronic disease that develops either when the pan-
creas does not produce enough insulin (the hormone
regulating blood sugar level) or when the body can-
not effectively use the hormone it produces. A com-
mon consequence of uncontrolled DM is hypergly-
cemia, or elevated blood sugar, eventually leading to
severe damage to numerous body systems, especially
the nerves and blood vessels [2].

The presented review is a logical follow-up to our
work that summarizes data on the pathogenesis of
type 1 DM (T1DM) and considers the most common-
ly used experimental animal models as the most im-

portant tool in studying DM. The mechanisms of the
most adequate and easily reproducible DM model,
namely the streptozotocin-induced model of DM, were
analyzed and discussed in [3]. Type 2 diabetes melli-
tus (T2DM) is the most common endocrine disease; it
is diagnosed in more than 90% of all diabetic patients.
T2DM symptoms may be similar to those of T1DM,
although they are often less severe [2]. This review
will focus on the pathogenic mechanisms of T2DM
onset and progression, as well as modeling of vari-
ous disease stages, in rodents for further use in the
search for new therapeutic agents and treatments for
T2DM.

T1DM and T2DM have numerous clinical, immu-
nological, and genetic differences. T2DM (non-insu-
lin-dependent, or adult-onset diabetes) develops as
a result of inefficient use of insulin by the body. The
disease is often diagnosed several years after its on-
set, when complications develop. Until recently, T2DM
was observed only in adults; now it is increasingly
prevalent in children, since childhood obesity, which
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is associated with DM, has become an epidemic [2].
For a long time, there has been an erroneous belief
that T2DM is a mild form of the disease, and that
it might develop without complications. However, to
date, researchers firmly believe that the condition is
a severe chronic progressive disease, with more than
50% of patients having late complications by the time
of the diagnosis. The high prevalence of T2DM among
some ethnic groups and patients’ relatives points to
the existence of genetic factors that are associated
with the disease. In recent years, several genetic poly-
morphisms associated with DM have been identified;
however, no single gene responsible for the most com-
mon form of DM, namely non-insulin-dependent DM,
has been identified. There are considered to be two
subtypes of T2DM: with mutations in individual genes
(10-15%) and damage to a set of genes (85—90%) re-
sponsible for insulin binding to a cell receptor, inter-
nalization of the hormone-receptor complex, auto-
phosphorylation of 3 receptors, and phosphorylation
of other membrane protein components. An example
of multiple damage is the insulin resistance (IR) of
cells caused by multiple mutations in the insulin re-
ceptor gene. Up to 30 different mutations have been
identified in this gene [4-9].

T2DM is a multifactorial disease characterized by
a large heterogeneity of metabolic defects, the most
common of which are insufficient insulin production,
IR, and incretin system defects. It is important to un-
derstand the multifactorial nature of T2DM, which is
determined by the combinatorial effect of genes and
the environment. Therefore, there is no simple genetic
and epidemiological model that explains the disease
inheritance. Hence the need to establish how much of
the disease is determined by genes and what is the
contribution of environmental factors, the combination
of which regulates the threshold/level of tolerance to
DM development [6, 7].

Despite the availability of modern treatment strat-
egies, T2DM remains a pressing issue for the health-
care system worldwide. This is mainly due to an in-
crease in the disease incidence associated with factors
such as aging and the growth of obesity in the pop-
ulation. The risk of T2DM grows higher with age.
Excess weight and obesity contribute to the devel-
opment of IR and hyperglycemia. The progressive
course of T2DM is an indication that lifestyle chang-
es are not enough to achieve and maintain glycemic
control; most T2DM patients require drug treatment
[4, 5]

T2DM is relatively easy to diagnose when symp-
toms are present. However, according to the United
Kingdom Prospective Diabetes Study (UKPDS),
T2DM may remain undiagnosed for many years. It
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takes from three to six years for T2DM to be di-
agnosed from the moment of the disease onset.
Therefore, early T2DM diagnosis remains relevant,
especially in individuals at high risk of developing
the disease. More than half of patients already have
several complications by the time of their diagnosis.
Severe retinopathy is found in 20—40% of patients.
The development of diabetic complications, such as
retinopathy, nephropathy, and neuropathy, is due to
long-term hyperglycemia. This fact points to the ne-
cessity and importance of monitoring blood sugar
levels [2].

The pathogenesis of T2DM is complex and not yet
fully understood. To date, IR, impaired insulin secre-
tion, increased glucose production by the liver, as well
as hereditary predisposition, lifestyle, and nutritional
habits leading to obesity, are considered to be the
key elements of T2DM pathogenesis. Hyperglycemia
develops when insulin secretion is no longer able to
compensate for IR. Although IR is characteristic of
T2DM patients and at-risk individuals, there is ev-
idence of B-cell dysfunction and related disorders
of insulin secretion, including the first phase of se-
cretion in response to intravenous glucose infusion,
impaired physiological pulsatile secretion of insulin,
increased secretion of proinsulin, which indicates im-
paired insulin processing, and the accumulation of
amyloid in pancreatic islets (which is normally se-
creted together with insulin). The decrease in the
B-cell mass and function is of fundamental impor-
tance in T2DM pathogenesis. The loss of 3-cell mass
is poorly understood, although increased B-cell loss is
considered to contribute to IR. The proposed mech-
anisms responsible for the loss of B-cells in T2DM
include amyloid formation and endoplasmic reticu-
lum stress; however, their relative contribution re-
mains unknown. The pathology of Langerhans islets
in T2DM, which is extremely heterogeneous, is worth
attention. For example, many Langerhans islets look
completely normal, some islets contain large amy-
loid deposits, while others do not. The differences in
the age of B-cells is believed to be one of the fac-
tors underlying their heterogeneity [10, 11]. Amyloid
formation in the Langerhans islets has a toxic effect
on hormone-producing islet cells, leading to pancre-
atic damage. As a result, hyperproduction of hor-
mones in T2DM is replaced by their deficiency [12—
14]. Hyperglycemia alone can affect insulin secretion,
since high glucose levels cause cell desensitization
and/or dysfunction (glucose toxicity). These chang-
es in the presence of IR usually develop over many
years [10, 11, 15, 16]. An important condition for IR to
develop in T2DM is obesity and weight gain. Obesity
can be determined by genetic factors. However, di-
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etary preferences, exercise intensity, and lifestyle in
general also play an important role. The body cannot
suppress lipolysis in adipose tissue, so free fatty ac-
ids are released from it, and their increased plasma
levels can impair insulin-stimulated glucose transport
and muscle glycogen synthase activity. Adipose tissue
also functions as an endocrine organ, secreting many
factors (adipocytokines) to the blood that positively
(adiponectin) or negatively (tumor necrosis factor-a
(TNF-a), interleukin 6, leptin, and resistin) affect glu-
cose metabolism. Intrauterine growth retardation and
low birth weight are also associated with IR devel-
opment in older age, which may indicate the adverse
prenatal effect of environmental factors on glucose
metabolism. Currently, IR is mostly associated with
impaired insulin action at the post-receptor level; in
particular, with a significant decrease in the mem-
brane levels of specific glucose transporters (GLUT-4,
GLUT-2, and GLUT-1) [5-7, 17, 18].

According to modern concepts of the cellular and
molecular mechanisms of T2DM, IR — or a decreased
biological response of cells to one or several effects
of normal blood levels of insulin — is the first ele-
ment in the disease’s pathogenesis. IR leads to the in-
ability of insulin-dependent (muscle and adipose) tis-
sues to absorb glucose from plasma and a disruption
of glycogen (glucose polymer) synthesis in the liver.
The fine mechanisms of IR development in T2DM are
not yet fully understood. Although the exact cause of
IR has not been elucidated, a number of underlying
mechanisms have been suggested: oxidative stress, in-
flammation, insulin receptor mutations, endoplasmic
reticulum stress, and mitochondrial dysfunction [19—
24]. IR is known to affect the activity of the enzymes
of glycolysis and gluconeogenesis, glycogen synthesis
and glycogenolysis, B-oxidation of fatty acids, and li-
pogenesis. Insulin inhibits the mobilization of fats and
intake of free fatty acids circulating in the blood by
cells, potentiates protein synthesis in almost all tis-
sues, primarily skeletal muscles, myocardium, and liv-
er, and also affects the capture and transport of ami-
no acids, which comprise all proteins, and major ions.
Normally, a two-chain insulin molecule binds to a spe-
cific receptor located on the cell membrane carrying
a tyrosine kinase fragment with enzymatic activity,
which triggers tyrosine autophosphorylation, followed
by the activation of the proteins involved in second-
ary signal transduction (insulin receptor substrate-1
(IRS1), She-1, SIRP-a, Gab-1, Cbl-b, etc.). IRS1 pro-
teins activate phosphatidylinositol 3-kinase, which, in
turn, triggers the action of protein kinases B. Protein
kinases B and C initiate a cascade of enzymes that
regulate carbohydrate and fat metabolism and lead
to the incorporation of glucose transporters (GLUT-4)

into the membranes of insulin-dependent cells (adi-
pocytes and myocytes). This is how glucose molecules
are transported from the blood plasma into cells [18,
19, 24, 25]. The mechanisms of nitric oxide synthesis
in vascular endothelial cells in muscle tissue, inten-
sive uptake of amino acids and synthesis of cellular
proteins, as well as inhibition of apoptotic processes
are triggered, together with the activation of glucose
intake. Another group of proteins responsible for sec-
ondary signal transduction from the insulin receptor
(She-, Sos-, Ras-, Raf-, and Map-) regulates the mech-
anisms of mitosis and cell proliferation and activates
the synthesis of inflammatory mediators. A detailed
study of the pathway of insulin action on intracellular
processes allows us to imagine the versatility of the
potent factors involved in IR development. Molecular
causes behind the loss of the ability to transmit a sig-
nal may be the suppression of the activity of IRS1
tyrosine kinase and phosphatidylinositol 3-kinase due
to various mutations in the gene encoding the insulin
receptor. Impaired glucose entry into the cell can be
caused by either a decrease in the efficiency of pro-
tein kinases B and C or structural deficiency of the
transmembrane glucose transporter (GLUT-4). All of
the abovementioned mechanisms of IR development
can be congenital, genetically determined; they are
described for a series of syndromes. The biological ef-
fects of insulin are much more often impaired during
life due to the effect of additional factors. A decrease
in the tyrosine kinase activity of the insulin receptor
is currently considered the key mechanism under-
girding the development of acquired IR. Membrane
glycoprotein PC-1, which is produced in excess by
myocytes and adipocytes, is a known factor involved
in the disruption of the tyrosine kinase element in in-
tracellular signal transmission. Inhibitors of tyrosine
kinase effects, namely protein kinase C and TNF-q,
are also synthesized by adipocytes in large amounts
[5, 18, 19].

Another factor involved in IR development is a
decrease in the activity of phosphatidylinositol 3-ki-
nase due to either imbalance of its subunits caused by
certain hormones (glucocorticoids and sex steroids)
or excessive intake of free fatty acids and triglycer-
ides by cells, leading to diacylglycerol accumulation.
Adipose tissue plays an important role in the energy
homeostasis of the whole organism and regulation of
metabolic functions. It serves as a deposit of excess
energy, in the form of triglycerides, in adipocytes and
regulates lipid mobilization during fasting by releas-
ing free fatty acids [24, 26, 27]. With the discovery of
adipocyte-derived factors such as leptin, adiponectin,
and resistin, adipose tissue is recognized as a com-
plex endocrine organ. Adipose tissue can attach to
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many organs (liver, pancreas, muscles, and the brain)
through adipokine signaling and modulate systemic
metabolism [27-31]. Thus, adipose tissue dysfunction
plays an important role in the pathogenesis of such
metabolic disorders as obesity, IR, and DM [32].

In addition to the described general mechanisms
of impaired insulin action, the biologically active sub-
stances produced by adipocytes, which have a pro-
found effect on systemic metabolism, play the most
important role in IR development in the case of ex-
cessive growth of adipose tissue. Adipocyte-derived
metabolites (adipocytokines) can affect various bio-
chemical processes in many organs and tissues.
Currently, more than 100 chemical compounds of sim-
ilar origin are known, many of which are directly or
indirectly associated with IR [27, 33, 34].

The peptide hormone leptin (Lep), one of the first
identified adipocytokines, is encoded by the ob gene
(obesity gene) [35, 28]. In addition to adipocytes, many
tissues and organs (liver, muscles, ovaries, etc.) also
produce Lep, which indicates the diversity of its bi-
ological effects. Lep occupies a central place in the
regulation of energy homeostasis and body weight.
The most studied mechanism of the hormone’s ac-
tion is the stimulation of the satiety center located in
the hypothalamus. Normally, Lep in mammals exerts
anorexigenic, catabolic, lipolytic, and hypoglycemic ef-
fects, thus triggering a negative feedback mechanism.
In obesity, the action of Lep is impaired due to the
inhibition of its normal transport through the blood—
brain barrier or binding to the receptor form circulat-
ing in the blood [36, 37].

The feeling of hunger decreases or complete-
ly disappears with an increase in Lep blood levels.
However, a log-term and persistent increase in the
hormone level causes leptin resistance: the resistance
of target cells in the hypothalamus to its effects. Lep
resistance leads to excess intake of triglycerides and
free fatty acids by the cells of insulin-dependent tis-
sues, leading to IR [38].

Adiponectin is produced exclusively by adipocytes
and plays an important role in the regulation of lipid
and carbohydrate (glucose) metabolism, increasing the
sensitivity of adipose and muscle tissues to insulin.
The intracellular effects of adiponectin are achieved
through the activation of AMP kinase and phospha-
tidylinositol 3-kinase, which regulate the oxidation of
free fatty acids. Adiponectin decreases the production
of inflammatory mediators (interleukin 6, interleu-
kin 8, TNF-q, etc.) and the metalloproteases inhibit-
ing the function of insulin receptor tyrosine kinase
(IRS1) [39-41]. A decrease in the adiponectin level
with excessive development of adipose tissue via the
feedback mechanism (decrease in hormone production

60| ACTA NATURAE| VOL. 14 Ne 3 (54) 2022

upon reaching the required level of its effect: accu-
mulation of energy deposit of cells) is one of the fac-
tors behind IR development [42, 43].

The sensitivity of adipose and muscle tis-
sues to insulin is also affected by an adipocyto-
kine with a studied mechanism of action: resistin.
Angiotensinogen and a number of other hormone-
like substances produced by adipose tissue cells have
a similar effect [44, 45].

Loss of tissue sensitivity to insulin leads to com-
pensatory hyperproduction of the hormone by pan-
creatic -cells. An increase in the plasma levels of
insulin for some time makes it possible to overcome
the IR barrier, while maintaining the required level of
glucose intake by the cells. However, the storage ca-
pacity of the insular apparatus of the pancreas gradu-
ally becomes exhausted and leads to decompensation:
namely, DM [46].

Much attention is paid to the development of in-
novative technologies to combat DM. Despite the tre-
mendous progress achieved in molecular genetic re-
search in the field of T2DM [47-52], measures for its
prevention and treatment have not been developed at
the proper level yet.

It is known that success in theoretical research and
the development of methods for disease prevention
and treatment cannot be achieved without disease
modeling in experimental animals and depends on
a correct choice of the model animal. Valuable data
that can help understand the mechanism of the anti-
diabetic action of various agents for their subsequent
targeted application can be obtained only with the use
of experimental models that are closest to the disease
etiology and pathogenesis. An objective analysis of
the advantages and disadvantages of each model, de-
pending on the established goal, will go a long way in
helping avoid erroneous results [3].

T2DM is considered to be a complex, genetically
heterogeneous human disease whose pathogenesis is
determined by both inheritance and environmental
factors in general. T2DM is studied by disease model-
ing in mice and rats. Rodents are considered the best
choice among animal models, because they are rela-
tively inexpensive to maintain; they reproduce rap-
idly, allowing genetic effects to be studied in several
generations within a reasonable period of time; and,
very importantly, because the rodent genome shares
a more than 90% similarity with the human genome
[63]. Rats are more preferable than mice, since it is
easier to perform surgery on rats owing to their larg-
er size; in addition, they are more resistant to various
diseases.

In this study, we continue to analyze the existing
experimental models in order to identify the most
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suitable and available model for studying T2DM. The
pathogenesis and laboratory models of TIDM are de-
scribed in our previous work [3].

Rodent models of T2DM fall into two main catego-
ries: genetic (spontaneously induced) and non-genetic
(experimentally induced) models. Non-genetic models
are known to be more common than the genetic ones
due to their lower cost; greater availability; easier DM
induction; and, of course, simpler composition [3].

Because T2DM is characterized by IR and the in-
ability of B-cells to adequately compensate for it, ani-
mal models of T2DM typically include modeling of
IR and/or B-cell deficiency. Many animal models are
obese, similar to the human condition in which obe-
sity is strongly associated with T2DM development.
Obesity can result from naturally occurring muta-
tions, genetic manipulations, and consumption of high-
fat foods.

GENETIC MODELS WITH OBESITY

Monogenic models

The following rodents are the most widely used as
monogenic models of obesity to test new methods for
treating T2DM: Zucker rats with diabetes and obesity
(Zucker diabetic fatty, ZDF), Lep ob/ob and Lepr db/db
mice with Lep deficiency [36, 37]. Impaired Lep re-
ception is observed in these models in obesity. A ho-
mozygous mutation in LEPR makes the correspond-
ing receptor non-functional. On the one hand, these
animals lack the effect of fat reserves on the amount
of food consumed, which leads to rapid development
of obesity even in a standard, balanced diet. On the
other hand, the disruption of Lep reception and inter-
nalization by cells impedes its clearance, leading to a
sharp increase in the blood level of the hormone and
development of immunotropic effects that are nor-
mally absent and caused by partial homology between
the structures of Lep and a number of cytokines and
chemokines [54, 55]. Expression of a large number of
the genes involved in the various metabolic pathways
that determine changes in body homeostasis is altered
in the organs and tissues of these animals. A metabol-
ic imbalance emerges in the body. Since Lep induc-
es satiety, the lack of the functional hormone causes
hyperphagia and subsequent obesity in these animals
[66—58]. These changes are largely consistent with
those in patients with alimentary obesity.

Lep ob/ob mice derive from animals with a spon-
taneous mutation found in an outbred colony at
Jackson’s laboratory in 1949. Mice with this pheno-
type were crossed with C57BL/6 mice, but it was not
until 1994 that the mutant protein was identified as
Lep [59]. These mice gain weight and develop hy-

perinsulinemia by two weeks of age. By week 4, hy-
perglycemia becomes apparent and the blood level
of glucose continues to grow, peaking at 3—5 months
of age and then decreasing as the mouse matures.
Animals also experience hyperlipidemia, impaired
thermoregulation, and decreased physical activity.
Pancreatic hypertrophy is observed. Despite impaired
insulin clearance, islets maintain secretion, which does
not make this model fully representative of T2DM in
humans. However, C57BI/KS mice develop much more
severe diabetes, with islet atrophy and early mortality.
In addition, these mice are sterile [60, 61].

Lepr db/db mice were obtained at the Jackson’s lab-
oratory as a result of an autosomal recessive mutation
in the Lep receptor. These mice develop hyperinsu-
linemia at two weeks of age, obesity and hyperphagia
at week 3—4 of age, and hyperglycemia at week 4-8.
The most commonly used strain is C57BLKS/J; these
mice develop ketosis at the age of several months and
have a relatively short lifespan [62, 63].

Zucker rats offer a classical model to study obe-
sity, T2DM, hypertension, and cardiac dysfunction.
These rats were named after Columbia University
pathologists Louis and Theodore Zucker, who discov-
ered a gene responsible for obesity in rats in 1961.
Zuckers crossed Merck M and Sherman mice and re-
vealed a spontaneous recessive mutation fa (fatty) in
Lepr, the gene encoding the receptor to the satiety
hormone Lep. The mutant Lep receptor causes obe-
sity in these rats at week four [64]; the animals also
develop hyperinsulinemia, hyperlipidemia, hyperten-
sion, and impaired glucose tolerance [63]. Mutation
in these rats led to the emergence of a rat substrain
with a diabetogenic phenotype: inbred ZDF rats, di-
abetic obese Zucker rats. These rats are less obese
than Zucker rats but have more pronounced IR. It
is impossible to compensate for IR in these animals
due to the increased apoptosis in their B-cells [65].
Hyperinsulinemia is observed at about eight weeks of
age, followed by a decrease in the insulin levels [66].
Diabetes usually develops around week 8—10 in males;
females do not develop overt diabetes. These rats also
show signs of diabetic complications [63].

Polygenic models

In contrast to the monogenic models described above,
polygenic models of obesity can provide a more accu-
rate model of the disease in humans. Numerous poly-
genic murine models of obesity, glucose intolerance,
and diabetes are known, which makes it possible to
perform a detailed study of different genotypes and
their susceptibility. However, polygenic models (unlike
monogenic ones) lack wild-type controls but demon-
strate sexual dimorphism, with a preference for males
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[67]. Polygenic models, namely KK and KK AY mice,
OLETF rats, NZO mice, etc., are characterized by obe-
sity-induced hyperglycemia, severe hyperinsulinemia,
IR in both muscle and adipose tissue, and pronounced
changes in the pancreatic islets: from hypertrophy
and degranulation to fibrosis and their replacement
by the connective tissue [67—70]. A number of works
focused on the elimination of T2DM symptoms, anal-
ysis of the relationship between obesity and glucose
homeostasis, as well as diabetic complications, have
been done using polygenic models [71-86].

Induced obesity models

A high-fat diet leads to obesity. The model for feed-
ing C57BL/ mice a high-fat diet was first presented
in 1988 [87]. It has been shown that mice fed a high-
fat diet (about 60% of fats) can weigh more than a
control group fed a standard diet after a week. Using
this diet for several weeks causes a more pronounced
weight gain, associated with IR, while the lack of
compensation of B-cells leads to impaired glucose tol-
erance [88]. The obesity in this model is considered to
be caused environmentally, rather than determined
genetically; hence, it is more similar to the disease in
humans compared to genetic models of obesity-in-
duced diabetes. It has been shown that, in transgenic
and knockout models, which may not show an overt
diabetic phenotype in normal conditions, a high-fat
diet stimulates P-cells and the gene starts to play an
important role. The susceptibility to diet-induced met-
abolic changes depends on the mouse’s strain. Thus,
the effects may be left unnoticed in case of using
a more resistant strain [89-95]. For example, inbred
C57BL/6 mice are characterized by heterogeneity in
response to a high-fat diet. However, differential re-
sponses to a high-fat diet are not always in place even
when using genetically homogenous rats and mice
[96].

Rodents defined as useful models are used to study
T2DM. They include the desert gerbil (Psammomys
obesus; first discovered in 1960) and the recently de-
scribed Nile grass rat (Arvicanthis niloticus) [97].
Most of these animals when kept in captivity with
a normal diet for a year spontaneously develop dia-
betes that progresses from mild hyperglycemia with
hyperinsulinemia to severe hyperglycemia with hy-
poinsulinemia and ketoacidosis. Progression from one
stage to another can be prevented by restricting food
intake. However, recovery from the final hyperglyce-
mic/insulinopenic stage is impossible. Although these
rodents are not hyperphagic, constant availability of a
high-calorie diet results in obesity, dyslipidemia, hy-
perglycemia, as well as other signs of diabetes and
metabolic syndromes, such as decreased (-cell mass,
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atherosclerosis, and hepatic steatosis, in them. Because
of poor adaptation to overnutrition, P obesus may
be an ideal model for the thrifty gene effect, due to
which the animal often develops IR and the metabolic
syndrome after a rapid switch from food deficiency
to excess. These animals are a valuable spontaneous
model for research aimed at preventing diet-induced
diabetes and represent a novel system of the interac-
tions between genes and diet that affect energy use.
This model will allow for a better understanding of
the approaches to prevent and treat T2DM and the
metabolic syndrome [97-101].

Models without obesity

However, not all T2DM patients are obese; thus,
T2DM modeling in non-obese animals with B-cell
dysfunction is indeed necessary [102]. Goto-Kakizaki
(GK) rats are the most common non-obese models
of T2DM [103]. This model was obtained by multiple
crossing of Wistar rats, which are characterized by
the worst glucose tolerance. It is assumed that IR is
not the main initiator of hyperglycemia in this mod-
el, and impaired glucose metabolism is considered a
consequence of reduced B-cell mass [104] and/or their
aberrant function [105]. The effect of the morphol-
ogy of pancreatic Largenhans islets on their metabo-
lism varies in different rat colonies. For example, in
some of them (Stockholm and Dallas colonies), the
volume and density of (-cells are similar to those of
the control; apparently, hyperglycemia is caused by
the defects in insulin secretion, while a decrease in
the B-cell mass is observed in the Paris colony of GK
rats [105]. GK is one of the best characterized animal
models of spontaneous T2DM; it is suitable for study-
ing crucial aspects of the disease. The defective (3-cell
mass and function in the GK model are believed to
be a reflection of complex interactions between mul-
tiple pathogenic factors. These factors include several
independent loci containing the genes responsible for
some diabetic features (except for a decrease in 3-cell
mass), gestational metabolic disorder inducing epi-
genetic programming of the pancreas (decreased neo-
genesis and/or B-cell proliferation) that is transferred
to the next generation, loss of B-cell differentiation
due to chronic exposure to hyperglycemia/hyperlip-
idemia, inflammatory mediators, oxidative stress, and
impaired islet microarchitecture [101]. GK rats have
been used to study both (-cell dysfunction in T2DM
[106—109] and diabetic complications [110, 111].

hIAPP mice. Human T2DM is characterized by amy-
loid formation in the islet tissue derived from islet
amyloid polypeptide (IAPP) [10, 112, 113]. In addi-
tion to humans and macaques, pancreatic islets in cats
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also produce amyloid, which makes this animal a good
model to study islet amyloidosis. This aspect of the
disease is not usually modeled in rodents, since rodent
TIAPP is not amyloidogenic [11, 12, 114, 115]. However,
transgenic mice expressing human IAPP (hIAPP) un-
der the insulin promoter have been developed; these
mice can produce amyloid in their islets. Using a large
number of hIAPP models, it has been shown that
hIAPP overexpression increases (-cell toxicity [116].
In addition, replicating (3-cells are more susceptible
to hIAPP toxicity; therefore, this model limits the ad-
aptation of P-cells to increased insulin requirements
[117].

Knockout and transgenic mice are also used to cre-
ate specific T2DM models. These models have be-
come a powerful tool in elucidating the role of specific
genes in the glucose metabolism and disease patho-
genesis [63, 118]. The use of knockout and transgenic
mice made it possible to identify the transcription
factors involved in the pancreas development and in-
sulin signaling pathways. Tissue-specific knockouts
turned out to be particularly useful in studying insu-
lin signaling, since mice with global knockout of the
insulin receptor are not viable [119-123].

Although T2DM is the most common form of DM,
model development is more difficult in the case of
T2DM, compared to TIDM. Genetic models such as
obese diabetic Zucker rats and db/db mice are per-
haps the closest to the human disease. However, the
use of these models is limited because they have some
crucial differences, do not accurately reflect T2DM in
humans [124], and are also expensive.

STREPTOZOTOCIN MODELS OF T2DM

Streptozotocin models of T2DM (STZ T2DM) are the
most commonly used animal models of T2DM. Two
potentially useful STZ T2DM models have been de-
veloped. The model with simultaneous administration
of nicotinamide to rats for partial protection of B-cells
against the effects of STZ [125] is based on the fact
that nicotinamide prevents the diabetogenic effect of
STZ [126, 127]. This combination creates a model of
insulin-deficient — but not insulin-resistant — T2DM,
characterized by stable, moderate hyperglycemia as-
sociated with an approximately 60% loss of B-cell
function [125, 128]. The use of this protocol results
in moderate, non-fasting hyperglycemia in 75-80% of
the animals, while the other animals either develop
severe hyperglycemia after 2—3 weeks or remain nor-
moglycemic but with glucose intolerance. The same
protocol can be used in mice. It should be taken into
account that the STZ dose and the time between ad-
ministration of nicotinamide and STZ are of crucial
importance. For example, if the STZ dose is too high

or the time period between nicotinamide and STZ ad-
ministration is too long, then a more severe insulin
deficiency will be observed [129].

Since most T2DM patients have a combination of
impaired insulin secretion and IR, another model
has been developed to more closely mimic the hu-
man condition. To develop IR, animals were kept on a
high-fat diet, followed by administration of moderate
doses of STZ to cause P-cell dysfunction [130]. This
resulted in hyperglycemia associated with hyperinsu-
linemia and IR [131]. The recommended diet provides
60% of calories from fat; a commercial, balanced diet
should be used instead of the standard diet supple-
mented with fat [132]. The use of a high-fat diet to
induce IR, followed by low to moderate doses of STZ
to develop mild to moderate insulin deficiency, may
currently be the most useful T2DM model. Animals
kept on a high-fat diet are generally considered to be
the best model for characterizing many complications
associated with human DM [133].

An STZ dose should induce stable hyperglycemia
in rats fed a high-fat diet for at least 130 days. If
the STZ dose is too high, then the model represents
T1DM and the mortality of the rats increases [134].
The use of two lower doses of STZ (30 mg/kg, intra-
peritoneally) administered at weekly intervals causes
diabetes in 85% of the animals, with an average fast-
ing blood glucose level of ~14 mmol/L (~252 mg/dL)
[134]. Other researchers recommend using an STZ
dose of 30 mg/kg intraperitoneally as the optimal dose
for 12-week-old Sprague-Dawley rats fed a high-fat
diet for eight weeks [135].

When STZ enters the bloodstream, it is delivered
to pancreatic B-cells by glucose transporter protein 2
(GLUT-2). Inside the p-cells, STZ interrupts a num-
ber of important cellular processes and, if there is
enough damage, it all culminates in DNA damage and
cell death [3, 136, 137]. The final outcome of STZ ad-
ministration is a decrease in the functional mass of
B-cells, which manifests itself in insulin deficiency
and further inability to metabolize glucose [137]. The
combination of insulin deficiency with a high-fat diet,
which requires elevated insulin levels to account for
cellular IR [138, 139], leads to the glucose intolerance
[140] characteristic of human T2DM. Prolonged mild
B-cell damage results in more sustained and consis-
tent fine effects than a single high dose. For example,
administration of STZ using osmotic mini-pumps, in
contrast to intraperitoneal and intravenous admin-
istration, provides significantly greater control over
the resulting level of hyperglycemia while preserving
the obesity phenotype [141]. The authors concluded
that the observed overall increase in effectiveness is
most likely due to the long-term effect on B-cells. In
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addition, the dose-dependent effect of STZ is due to
a reciprocal reduction in the insulin secretory capac-
ity and morphological changes in the pancreas. This
model is considered capable of reproducing differ-
ent stages of T2DM, which are defined by the dose-
dependent effect of STZ on glucose intolerance. This
method requires fewer animals to observe significant
effects than the previously used methods [142, 143],
when the animals either do not respond to STZ or die
depending on the drug dose [141].

As noted earlier, despite the wide variety of animal
models of DM described to date, preference is given
to STZ-induced diabetes. The mechanism of STZ ac-
tion, doses and ways of its administration, as well as
species and gender differences in sensitivity to STZ
are described in detail in the first part of our study
[3]. The advantage of STZ-induced diabetes is the
relative ease of reproduction, high selectivity, and the
possibility of inducing DM of varying severity and
duration, which makes it possible to simulate not only
gradually developing B-cell dysfunction, but also im-
paired glucose tolerance and the disorders associated
with it [3].

Thus, it is important to emphasize that the long
course of T2DM in humans makes it difficult to mod-
el the disease and that additional animal models and
techniques are required. It is important to develop an-
imal models that accurately reproduce T2DM patho-
genesis in humans, since this will allow to identify
preventive and therapeutic strategies against T2DM
and the complications associated with it. When study-
ing T2DM, it is important to consider the mechanisms
underlying hyperglycemia and their relevance to
the study. These mechanisms may include IR and/or
B-cell deficiency. Indeed, the conclusion on whether
drug intervention can reduce symptoms in any giv-
en model may hinge on whether B-cells have failed.
Models also vary in their physiological significance,
with some being more reminiscent of disease progres-
sion than others. Models such as pancreatic regenera-
tion are quite extreme, and it remains to be estab-
lished whether the mechanisms of 3-cell expansion in
these models may play a role in DM development in
humans.

The choice of the model depends on the study ob-
jective. Animal models that are useful for evaluating
potential antidiabetic agents and diabetic complica-
tions have limited construct validity and are therefore
less useful as tools to determine disease etiology [144].

Using rats and mice to model diabetes has clear
advantages over other species; these advantages in-
clude animal size, short induction period, easy DM
induction, and economic efficiency [145]. Mice have
made a huge contribution to the understanding of
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human biology as an experimental animal. Mouse
models are widely used to study human diseases be-
cause of the genetic homology between them [107].
As for DM, mouse models are invaluable for studying
obesity and T2DM, determining the role of inflamma-
tion, IR, and potential treatment strategies [146—-148].
Rats are often used as a model to study the meta-
bolic profile and pathologies associated with different
T2DM stages [149]. Rat as an experimental model of
human diseases has great advantages over mice and
other rodents [150]. It is easier to study the physiol-
ogy and accumulate information using rodents [142].
However, in order to gain insight into the diverse
manifestations of DM in patients, it is highly advis-
able to use different models. More than one rodent
species or strain should be studied, and the sex of
the animal should also be considered, since many of
the models described above, for example Zucker and
OLETF rats and NZO mice, as well as many knockout
and transgenic models of DM, are characterized by
sexual dimorphism, which is not observed in humans
[151]. It has been suggested that this is due to the ac-
tion of sex hormones in some cases [152], although
the exact mechanism of sexual dimorphism has not
been elucidated. Indeed, the effects of sex hormones
may vary in different mouse models; for example,
gonadectomy in males prevents DM in some models,
while being ineffective or even increasing disease in-
cidence in others [151]. Sexual dimorphism may also
include differences in mitochondria and stress re-
sponses [151]. When using knockout and transgenic
mice, the presence of the hypothalamic syndrome
and its effect on the phenotype should be excluded
and appropriate controls are needed.

Experimental models are widely used to study
drugs and the mechanisms underlying metabolic dis-
orders. Since the prevalence and complications asso-
ciated with DM continue to increase worldwide, DM
models play a key role in the study of the disease’s
pathogenesis and its complications in humans such as
retinopathy, nephropathy, cardiomyopathy, and neu-
ropathy. Despite all the advantages offered by these
animals in the creation of new drugs, they come with
individual restrictions that would limit the develop-
ment of new agents and therapeutic interventions.
Obese and non-obese animals with hyperglycemia,
IR, and f-cell resistance are commonly used to study
T2DM. Since experimental models differ in their
physiological purposes and are used to study vari-
ous complications of T2DM in humans, selection of
a model for a particular study should be considered
with great caution. In addition to the models used
to elucidate the mechanisms underlying DM, various
animal models are currently utilized to develop and
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validate new treatment strategies, most of which al-
low one to study some specific aspects of DM, while
being of little use in other studies. All models have
their pros and cons, and choosing the right one for a
particular case is not always easy, since it affects the
study results and their interpretation. When choosing
a DM model, it is highly advisable to use a variety of
different models to represent the diversity observed
in diabetic patients. The number of available models
is constantly on the rise, and it is important to con-
sider their potential role in various aspects of the DM
study.

Thus, despite the variety of biological models, the
issue of a precise correspondence between the major-
ity of experimental models and processes occurring in
the human body remains unresolved. It is important

that the results obtained during experimental model-
ing using laboratory animals represent a body of evi-
dence that, with a certain degree of probability, can
be extrapolated to humans.

Nevertheless, it is necessary to emphasize that, al-
though the question of the extent to which the results
extracted from biological models can be extrapolated
to the human body is both the most important and
the most difficult, experimental models remain our
main tool for studying the pathophysiology and pos-
sible approaches to the treatment of DM [153]. @
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