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= This article describes currently used experimental animal models of type 1 diabetes. The literature data on the patho-
genesis of clinical and morphological patterns of the disease and the possibility of extrapolation have been summarized
in the review. In addition, the advantages and disadvantages of each of the models have been evaluated. Based on the
reported results, it can be concluded that preclinical research is essential as fundamental basis for the investigation of
type 1 diabetes mellitus.
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= B HaCTOAIIEM O630p€ PacCMOTPEHDI OCHOBHbBIE METOIbI MOLETVIPOBAHVIA CAXapHOTO JII/Ia6eTa 1-ro TuIa c UCIOIb30BaHUEM
na6opaT0prIx JKMBOTHBIX. O606HIeHbI [AaHHbIE TNTEPATYPhI, CBA3AHHbIE C IPENCTABICHVAMM O IIATOT€HE3€ PA3BUTUA
KJIIMHUYECKON U Mop(bonormqecxoﬁ KapTUHBI 3360HeBaHI/IH, O BO3MOJKHOCTM IKCTPAIlOIALIVM PE3Yy/NIbTaTOB, a TAKXKE
IIpOaHa/MN3VIPOBAHbI NIPENMYIIECTBA M HEAOCTATKU Ka)K,[[OI‘/'I ns3 MO,[[C]'IeIu/I. Ha ocHoBanun IIpE€NCTaB/I€HHBbIX JaHHbIX
ClE€laH BbIBOMI O HeO6XO,[[I/IMOCTI/I IIpoBENEHNA JOKIMHNYIECKNX I/ICCJ'[CJIOBaHI/If;I B Ka4€CTBE (byH,[[aMeHTa}IbHOIZ 6a3bl JUTA
U3Yy4Y€HNA CaXapHOTO JII/[a6€Ta 1-ro Tuma.

= KimoueBble clI0Ba: caXapHblil AyabeT 1-ro THIa; SKCIIepUMeHTaIbHbI AnabeT; a/VIOKCaH; CTPeNTO30TOLMH.

Diabetes mellitus is a metabolic disorder that
represents a serious problem for human health and
has an extremely negative effect on the quality of
life. Over the past few decades, the prevalence of
this disease in the world is continuously increasing,
and according to epidemiological prognosis, it will
reach 7 %-8 % of the total world population by
2030 [1]. Approximately 10% of all cases of diabetes
mellitus account for type 1 diabetes mellitus
(DM1) [2], which develops as a result of the death
of pancreatic p-cells, leading to the cessation of
insulin production, which is a key regulator of

carbohydrate and lipid metabolism in the body.
Despite numerous studies aimed at studying this
disease, it continues to progress, and an insufficient
amount of means for DMI prevention and
treatment suggests the inclusion of these patients
in high-risk groups for the development of a huge
number of complications, which is confirmed by
data on the overall risk of mortality among diabetic
patients, which is twice higher than in their peers
without diabetes [3]. The complications should be
noted, such as the negative effect on the female
reproductive system, manifested in the form of
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menstrual irregularities, infertility, pathological
pregnancy course, and delivery [4, 5].

Given the above facts, increasing insight into the
complex mechanisms that underlie diabetes and its
complications is necessary, as well as identifying
new prospects for existing therapy and detecting
application points to develop new methods of
treatment and reduce the consequences associated
with this disease, and therefore further research
to study new aspects in DMI pathogenesis.
However, the solution of many medical problems
is possible only through using invasive procedures
or monitoring that are not applicable to people on
ethical and moral principles.

Experimental models are most convenient for
studying the pathophysiology of any disease. The
use of animals in research can be a serious ethical
problem, which includes the physical and/or
psychological suffering of animals [6]. In this regard,
one of the most important concepts is the concept
of 3Rs (reduction, refinement, and replacement)
developed by Russell and Birch in 1959 [7].
Compliance with this concept enables to reduce the
number of animals used in the experiments and
reduce their suffering and discomfort.

Over the past few decades, numerous animal
models have been created to study diabetes and
test antidiabetic agents, which include chemical,
surgical, hormonal, virus-induced, and genetic
interventions. Although approaches to the
methodology for modeling diabetes have been
known for a long time, experimental methods
differ even within the framework of one model.

This article considers the most popular and
affordable of them.

Surgical Models

One of the most obvious ways to study the
effect of hyperglycemia in an animal is to excise
the pancreas, partially or completely. The type of
animal that will be used within the framework
of this model depends on the study objectives.
In general, the smaller the animal is, the more
adapted is the model to various conditions
and, accordingly, the cheaper is the cost of the
experiment; therefore, rats and mice are most
often used. Nevertheless, the use of rodents is
seriously criticized because data obtained may
inadequately reflect the disease relative to humans,
so in this connection, larger animals such as cats,
dogs, pigs, and nonhuman primates are required
in some cases [8].

Despite the availability of the study from the
point of view of the financial component, the

development of hypoinsulinemia and hyperglycemia

with total pancreatectomy already on day 1 after

surgery, the following factors limit the widespread

use of this model [9]:

- ahigh level of technical equipment and surgical
skill of the researcher;

- a high mortality rate (the highest among all
diabetes models);

- the development of diabetes after 9 months with

80% subtotal pancreatectomy [10];

- a high risk of infectious complications in the
postoperative period;

- excretory pancreatic insufficiency,
requires replacement therapy; and

- the possibility of regeneration of pancreatic
tissue cells in the presence of residual tissue
after pancreatectomy.

Genetic Models

There are several types of rodents that can
spontaneously develop diabetes, namely, nonobese
diabetes (NOD) mice, biobreeding (BB) rats, LETL,
KDP, and LEW-iddm. To date, the NOD mouse
and BB rat are the most widely used experimental
models of diabetes.

NOD is the so-called diabetes model without
obesity. The NOD inbred line was created in Japan
in the 1980s as a subtype of cataract-prone mice
with a clear tendency to develop hyperglycemia.
As in humans, DM1 in NOD mice develops as a
result of chronic destruction of pancreatic pB-cells
by the immune system, which leads to a deficiency
of insulin, hyperglycemia, and glucosuria; however,
a characteristic aspect of this model is its high re-
sistance to ketoacidosis. Mice can remain alive for
2-4 weeks after establishing the disease without
insulin administration, and in case of the com-
plete absence of therapy, death will be more likely
the result of dehydration rather than ketoacidosis.
Starting from the age of 3-4 weeks, NOD mice de-
velop mononuclear cell infiltrate (insulite) around
the pancreatic islets, which progresses for approxi-
mately 100 days until the onset of invasive insulin
and complete destruction of B-cells [11]. Initially,
antigen-presenting cells present an autoantigen to
CD4* T-lymphocytes, which trigger a cascade of
inflammatory reactions [12].

Further, the final damage to the P-cells pro-
ducing insulin in the Langerhans islets is mainly
mediated by CD8" T-lymphocytes [13]. It is worth
noting that although NOD mice have an increased
genetic susceptibility to DM1, the disease progres-
sion can be modulated by various environmental
factors (including temperature, diet, and infectious
agents). Therefore, not all NOD mice in the colo-

which
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ny will develop a pattern similar to DM1. Under
certain conditions, the incidence of DM reaches
80-95 % among female and 20-40 % among male
mice aged 40 weeks [14]. Variability in morbidity
is partly related to the pathogenic environment and
susceptibility of the NOD mice’s immune system.
A higher incidence is registered in “very clean”
specific (specific pathogen free [SPF] vivarium)
and conditionally clean (specific opportunistic
pathogen free) conditions, and the sex difference
is leveled under axenic conditions in which NOD
male mice develop a DM1 pattern at the same rate
as in female mice [15, 16]. In a normal non-SPF-
associated environment, diabetes incidence can be
reduced by up to 10 % [17].

In addition to the development of DM1, NOD
mice are also susceptible to the development of
thyroiditis, sialoadenitis, autoimmune hemolytic
anemia, and lupus-like syndrome.

In both NOD mice and humans, the most im-
portant genetic factor contributing to the suscepti-
bility to DM1 is the alleles of the major histocom-
patibility complex. In some cases, genes such as Ag7
or loci such as CTLA are considered homologous
in humans and mice, which allows the use of this
model, including using transgenic approaches, as
a basis for studying factors that accelerate or slow
down the development of DM1 [18, 19]. There are
a large number of works proving the efficacy of
targeted therapy for the prevention and treatment
of DMI1 in this animal model [20-22]. However,
clinical studies do not fully support these findings.
The authors emphasize the need for careful extrap-
olation of the results from a well-defined model of
an inbred animal to a heterogeneous population of
people [23]. To level differences between species,
the so-called humanized NOD mice were intro-
duced, which received introduced HLA molecules
of class 1 or 2 to further analyze their prodiabeto-
genic or antidiabetogenic properties and identify
T-cell epitopes related to the development of the
disease in humans [24].

Thus, the advantages of this method include the
following:

- the absence of the need for surgical procedures
to create an experimental model of diabetes;

- the incidence can reach 90%-95%;

- the possibility of applying the model for long-
term research; and

- the possibility of using this model as the basis
for transgenic manipulations.

The disadvantages of this model are the following:
- the high cost (both rats in general and their

maintenance);

— strict (SPF) conditions for a vivarium, which
affect the incidence;

- the development of concomitant diseases
(sialoadenitis, thyroiditis, and hemolytic
disease);

- the development of the disease on average
between weeks 18 and 20 (blood glucose > 250
mg/dL) [25]; and

- resistance to the development of ketoacidosis as
the disease manifestation.

BB rats were obtained from Wistar outbred
rats in 1974 in Canada [26]. These animals tend
to develop symptoms of the disease, such as
weight loss, polyuria, dipsesis, hyperglycemia,
and insulinopenia, which lead to the development
of severe ketoacidosis and death in the absence
of replacement therapy with exogenous insulin.
The clinical presentation appears on average at
week 12 of an animal’s life, often during puberty
(weeks 8-16).

The incidence among rats is more than 90%,
and it is equal among male and female rats
[27]. Like NOD mice, Langerhans islets of BB
rats are immune-attacked by T-lymphocytes,
B-lymphocytes, macrophages, and natural
killers, which cause the development of insulite.
The “selective” morphological pattern of the
development of insulite, which is closer to the
human model, unlike total damage to beta cells in
NOD mice, also relates to the advantages of this
model [28]. As a rule, this model is characterized
by the presence of deep T-cell lymphopenia,
in particular, of cells that express receptors
for ADP-ribosyltransferase (ART2*) and have
immunomodulating properties, since neither
morphological nor clinical presentation of DM1
occurs during their preventive transfusion [29].
Lymphopenia is not a characteristic sign of DM1
in either humans or NOD mice. Therefore, this
is perceived as a disadvantage in the use of BB
rats as a model of DM1 [26]. T-lymphopenia is
already present at the birth of rats, and its severity
substantiates the development of immunodeficiency
in a rodent. In addition, like NOD mice, BB rats
are susceptible to the development of autoimmune
sialoadenitis and thyroiditis.

The advantages of this method include the
following:

- lack of need for surgical procedures;

- the incidence reaches 90-95%;

- the possibility of long-term research; and

- the possibility of using the model to study the
induction of tolerance during transplantation of
Langerhans islets.
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The disadvantages of this model are the following:

- high cost;

- deep immunodeficiency due to congenital
lymphopenia;

- the development of the clinical presentation of
the disease on average at week 12;

- the development of concomitant diseases
(sialoadenitis and thyroiditis); and

- stringent SPF vivarium conditions.

Chemical Models

Chemical agents are used to create a model of
diabetes; as a result of which, selective damage to
the pancreatic -cells occurs, and a DM presenta-
tion develops. To induce the model, several sub-
stances with diabetogenic activity are used, such as
streptozotocin (STZ) and alloxan, pirinuron [30],
dithizone [31], and dialuric acid [32]. In addition
to these substances, other compounds can imi-
tate a specific complication in an animal with DM
manifestations; for example, phlorhizin. Alloxan
and STZ are most often used. Both are cytotoxic
glucose analogs. Despite the differences in phar-
macodynamics, the selective action mechanisms of
these drugs on B-cells are identical.

Alloxan Diabetes Modeling

In 1838, Wohler and Liebig synthesized a py-
rimidine derivative (2,4,5,6-tetraoxypyrimidine,
5,6-dioxyuracil), which was later called alloxan
[33]. The name came from the merger of two con-
cepts — “allantoin” and “oxaluric acid” Allantoin is
a uric acid product secreted by the allantoic sac of
the poultry embryo, and oxaluric acid was obtained
from oxalic acid and urea. In 1943, alloxan became
an object of interest for diabetes specialists; thus,
Dunn, Sheehan, and McLetchie reported that as a
result of the use of this drug, specific pancreatic
B-cell necrosis is registered [34, 35].

Drug-induced insulinopenia causes the state
of experimental diabetes mellitus called “alloxan
diabetes” [36]. In an aqueous solution, alloxan
spontaneously decomposes into nondiabetogenic
alloxanic acid within a few minutes [37]. At a body
temperature of 37°C and a pH of 7.4, the half-life
of alloxan is 1.5 min [38].

At lower temperatures, the half-life of alloxan is
longer, and since alloxan is a weak acid, it is more
stable at a lower pH. Alloxan is a hydrophilic unsta-
ble compound with a glucose-like structure. These
properties are necessary for the development of dia-
betes. It is the hydrophilic behavior of the drug that
prevents its penetration through the bilipid layer
of the plasma membrane, whereas the glucose-like

structure allows interaction with the type 2 glucose
transporter (GLUT2) in the plasma membrane of
B-cells [39]. According to the authors, alloxan does
not inhibit the transporter function and, therefore,
can enter selectively into B-cells in an unlimited
amount [40]. The structural aspect of the com-
pound consists of its central 5-carbonyl group,
which reacts with thiol groups of various enzymes,
especially with glucokinase (hexokinase IV), which
is the most sensitive to it [41]. The result of drug
interaction with the latter is a mediated decrease in
adenosine triphosphate (ATP) production and sup-
pression of glucose-induced insulin secretion [42].
Inhibition of glucokinase occurs 1 min after the
drug administration [41]. Stimulation of insulin
production occurs in a short period of time after
inhibition of glucokinase because of inhibition of
glucose phosphorylation. Within an hour after the
model induction, substances such as leucine or tol-
butamide can stimulate insulin secretion, since it is
not mediated through glucokinase. Subsequently,
because of progressive damage to p-cells, the pos-
sibility of inducing insulin secretion is completely
lost [43]. There is evidence that cysteine and other
thiols are able to reduce alloxan to dialuric acid,
thus preventing the interaction with glucokinase, as
well as glucose, although it is already a competitor
to alloxan. At present, the cause of alloxan cyto-
toxic effect is recognized as the effect of reactive
oxygen intermediates (ROIs) synthesized in the al-
loxan-dialuric acid cycle, which is individually not
toxic to B-cells [44-46]. The reactions of this cycle
require oxygen, which is converted to superoxide
and then to hydroxyl radicals. Most likely, superox-
ide radicals are not responsible for the cytotoxicity
of alloxan and dialuric acid, and most studies in-
dicate hydroxyl radicals as the main cause of cyto-
toxicity [38]. The authors explain this assumption
by the fact that catalase, which inactivates peroxide,
provides better protection against the toxicity of al-
loxan and dialuric acid in comparison with super-
oxide dismutase [38].

It has been suggested that disorders in intracel-
lular calcium homeostasis represent an important
step in the diabetogenic effect of alloxan [47]. This
concept was confirmed by in vitro and in vivo ex-
periments, which demonstrate that alloxan increas-
es by 2.5 times the content of cytosolic free Ca** in
pancreatic cells, which is considered as one of the
causes leading to breaks in DNA chains and cyto-
toxicity of the drug for -cells [47-49]. In response
to the drug administration, a process is launched in
the animal’s body that goes through several succes-
sive phases described by Lensen [38].

MypHan akywepcTsa 1 eHckux 6onesHeit
Journal of Obstetrics and Women'’s Diseases

2019

Tom Bbinyck
Volume 68 Issue 2

ISSN 1684-0461 (Print)
ISSN 1683-9366 (Online)



113

The maximum duration of phase 1 is 30 min,
which occurs immediately after the injection of
alloxan and is a transitional hypoglycemic phase.
This short-term hypoglycemic response is the re-
sult of a temporary stimulation of insulin secretion
in response to blocking of glucose phosphorylation
mentioned earlier. At this stage, morphological
changes in the pancreatic cells are minimal [50].

In phase 2, which occurs 1 h after the adminis-
tration of alloxan, the blood glucose concentration
increases. Moreover, at the same time, the concen-
tration of plasma insulin decreases. This hypergly-
cemic phase 1 usually lasts for 2-4 h and is caused
by inhibition of insulin secretion and leads to hy-
poinsulinemia. In this phase, p-cells exhibit the
morphological signs, namely, intracellular vacuol-
ization, smooth endoplasmic reticulum dilatation,
Golgi complex area decrease, secretory granules
decrease (in particular containing insulin), and
mitochondrial swelling [50].

Transient hypoglycemic phase 3 usually devel-
ops 4-8 h after injection and lasts several hours, a
maximum of 24 h [51]. At this stage, special atten-
tion should be paid to the animal, since the like-
lihood of death is extremely high. As a result of
a drop in blood glucose levels, the convulsive syn-
drome can develop, and liver glycogen stores are
rapidly depleted, which usually ends with a lethal
outcome without glucose therapy [52]. A dramatic
change in blood insulin levels is a consequence of
alloxan-induced destruction of the plasma mem-
brane of pancreatic p-cells. In addition, damage to
other subcellular organelles is registered. In addi-
tion to these morphological changes, some B-cell
nuclei become pyknotic, which indicates cell ne-
crosis [53].

Stage 4 represents the final permanent diabetic
hyperglycemic phase, which lasts 12-48 h and is
characterized morphologically by complete de-
granulation and loss of B-cell integrity. Non-[-cells
(a-, 8-, and pp-cells) of the pancreas remain intact
and demonstrate selective nature of the toxic effect
on B-cells. Cell debris originating from necrotic
B-cells is absorbed by macrophages [38]. Many
animals are sensitive to the diabetogenic proper-
ties of alloxan. Thus, alloxan can be used in rats,
mice [54], rabbits [55], pigs [56], and dogs [50].
Animals such as guinea pigs and cats are resistant
to alloxan, although the latter are sensitive to its
side effects, especially to the drug nephrotoxic ef-
fect. It was noted that the drug has a diabetogenic
effect with parenteral administration, that is, intra-
venously, intraperitoneally, or subcutaneously [57,
58]. In addition, the dose of alloxan required to

induce diabetes depends on the animal type, ad-
ministration route, and nutritional status.

Most often, rats are used to induce alloxan di-
abetes. The diabetogenic dose of alloxan for rats
ranges between 100 and 200 mg/kg. However,
a single intravenous administration of alloxan in
the indicated doses is highly toxic and often leads
to a lethal outcome. To reduce the overall mortality
and toxicity, the dose of alloxan is recommended
to reduce by two to three times [59]. In a study
by Federiuk et al., it was revealed that the most
successful method of inducing diabetes (with a
mortality rate of 10% and 80%) is a single intra-
peritoneal administration of alloxan at a dose of
200 mg/kg [57].

Hyperglycemia arising after the destruction of
B-cells by alloxan is unstable and may turn out to
be a reversible process, which leads to normaliza-
tion of blood glucose levels after a certain time [60].
Since alloxan and glucose are competitors for both
GLUT?2 and glucokinase, a lower plasma glucose
concentration improves the interaction of alloxan
with B-cells; therefore, an average fasting period of
12 to 24 h is required before alloxan injection [61].

High nephrotoxicity and hepatotoxicity are due
to the presence of receptors to GLUT2 in the cells
of the renal tubules and hepatocytes [62], which in
turn induces uremic-diabetic syndrome during the
tirst 5 days after surgery with an average mortality
rate of 30% [63]. Unlike renal tissue, hepatocytes
have higher antioxidant activity and often demon-
strate their long-term reaction to the drug [64, 65].

In summary, the following advantages of the al-
loxan model of diabetes should be noted:

- the model cost is the lowest known at the
moment;

- the incidence is 80%; and

- the clinical presentation of diabetes develops
48-72 h after the start of the experiment.
However, there are certain disadvantages:

- high nephrotoxicity;

- hepatotoxicity;

- toxicity to other organs is also possible [66];

- high mortality (at least 30%) [57]; and

- the development of “combined” diabetes due to
the formation of insulin resistance [67].

STZ Diabetes Model

This analog of nitrosourea is a hydrophilic com-
pound and, like alloxan, penetrates the B-cell with
GLUT?2 transport [68]. There are three known ways
of B-cell destruction, which are implemented si-
multaneously. Thus, the main mechanism is the
depletion of poly(ADP-ribose)-polymerase and
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nicotinamide adenine dinucleotide in response to
DNA alkylation, which leads to a decrease in ATP
content and inhibition of insulin secretion [68]. The
action of intracellular nitric oxide joins this process,
which is formed as a result of the action of STZ,
which suppresses the Krebs cycle, the formation
of hydroxyl radicals, and causes oxygen starvation
of mitochondria [69]. In addition, it was found
that STZ generates ROIs, which also contribute
to DNA fragmentation and cause other damage
to cells [70]. Ultimately, DNA damage combined
with energy depletion causes p-cell death. There
are various schemes for administering the drug
to an animal; however, according to the authors,
a single administration of a diabetogenic dose of
STZ is most effective for modeling DM1. When
using STZ, not only interspecific but also intra-
specific sensitivity to the action of the drug should
be considered. Female rats are known to be more
resistant to diabetes within the framework of this
model [9]. Rats are considered the most sensi-
tive with a single intravenous administration of
STZ at a dose of 35 to 65 mg/kg [68]. For mice
and rabbits, the average doses are 100-200 and
300 mg/kg, respectively [71]. STZ does not inhibit
the action of glucokinase, unlike alloxan with its
5-carbonyl group, and therefore, there is no initial
hypoglycemic phase. Further, with few exceptions,
the same phase sequence (2-4) as with alloxan is
noted, the clinical presentation develops on aver-
age 72 h after the drug intraperitoneal adminis-
tration. The popularity of the STZ-induced dia-
betes model is justified primarily because of the
lower hepatotoxicity and nephrotoxicity, as well
as in connection with another mechanism of ac-
tion, which enables to create a model with a long
term. However, the likelihood of kidney or liver
insulinomas depends directly on the experiment
duration due to the oncogenic effect of STZ, and
as a result, a spontaneous “recovery” is possible
in the form of compensation for the diabetes pre-
sentation [72].

The advantages of the STZ model of diabetes
are as follows:
- reasonable cost compared with genetic models;
- development of the diabetes clinical presentation

after 72 h from the start of the experiment; and
— the ability to create a long-term model.

The disadvantages of this model of diabetes
include the following:
- oncogenic effect of STZ;
- spontaneous “recovery’;
- high cost compared with the alloxan model;
- species and gender specificity; and

- the development of “combined” diabetes due to
the formation of insulin resistance [67].

Conclusions

Thus, the need to use experimental animal
models in the study of DM1 is determined by the
influence of this disease on the quality of life of
both an individual and the population as a whole.

A significant amount of information regarding
various aspects of pathogenesis and etiology
was obtained as a result of preclinical studies.
Unfortunately, despite the wide range of possible
ways of diabetes induction, none of the models can
fully demonstrate the essence of the disease and
simulate all the aspects of human DM1. Nevertheless,
the use and improvement of experimental models
of diabetes in animals is necessary to develop new
approaches to modeling of this disease, as well as
to study the efficacy of various drugs.
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