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The experimental model of type 2 diabetes mellitus caused by a high-fat diet
with low-dose streptozotocin in rats
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ABSTRACT

Aim. To develop a pathogenetically reasonable model of type 2 diabetes with marked peripheral insulin resistance
and relative insulin deficiency in rats using a high-fat diet and a single injection of streptozotocin in the low dose.

Materials and methods. Experiments were conducted on 16 outbred male rats. Type 2 diabetes model in
experimental animals was achieved by feeding them with high-fat diet (55% of energy from fat) for 28 days
followed by a single injection of streptozotocin (35 mg/kg). The serum glucose and insulin concentrations in
rats were measured before streptozotocin administration and at the end of the experiment. To estimate insulin
resistance, insulin tolerance test and glucose tolerance test were performed. Total protein, albumin, total and direct
bilirubin, urea, uric acid, total cholesterol, high-density lipoproteins and low-density lipoproteins, and activity of
alanine aminotransferase and aspartate aminotransferase were measured in the blood serum.

Results. A high-fat diet with a single injection of streptozotocin resulted in lipid and protein metabolism disorders
and peripheral tissues insulin resistance in experimental animals. Basal insulin levels did not change against the
backdrop of high glucose level.

Conclusions. These results indicate that feeding rats with a high-fat diet (55% of calories from fats) and a single
administration of streptozotocin at a low dose (35 mg/kg) reproduce general pathological processes of type 2
diabetes. This model can be used to study the pathogenesis of type 2 diabetes as well as to investigate the effect of
potential hypoglycemic agents.
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PE3IOME

Hean nccienoBanms — pa3pabOTaTh C TOMOIIBIO TUETHI C BBICOKHM COJIep>KaHUEeM KUPOB M OJJTHOKPATHOH HHBEKIIH
CTPENTO30TOIMHA B HU3KOI 03¢ MaTOreHeTHIEeCKH 000CHOBAaHHYIO MOJIENTh CaXapHOTO AradeTa 2-ro THMA y KphIC
C BBIpaXEHHOH Tepr(epuIecKoil HHCYTHHOPE3UCTEHTHOCTHIO M OTHOCHTETBHBIM Ae(DUIINTOM HHCYJIHHA.

Matepuajbl U MeTOABbI. DKCIIEPUMEHTHl NMPOBOIMIN Ha 16 ayTOpenHbIx camuax Kpbic. CaxapHblii nuaber
2-ro THIA MOJENUPOBANIN KOPMIIEHHEM OSKCIEPUMEHTANbHBIX JKHBOTHBIX BBICOKOXKUPOBOH maueroit (55%
KaJIOpUH 3a CUET JKUPOB) B TeueHHE 28 CyT ¢ MOCIEAYIOMEH OJHOKPAaTHON MHTpAlepUTOHEAIbHONH MHBEKIMEH
CTPENTO30TONNHA B J103¢ 35 MI/Kr. KOHIIEHTpaLHIO TIIIOKO3bI U HHCYJIMHA B CBIBOPOTKE KPOBH KPBIC H3MEPSUIH 10
BBEJICHUS CTPENTO30TOIMHA U TI0 OKOHYaHUM SKCIIEpUMEHTA. J{JIs OIlEHKH WHCYIMHOPE3UCTEHTHOCTH MPOBOIUIH
TIIFOKO30TOIEPAHTHBIH ¥ MHCYJIMHOTOJIEPAHTHBIN TECThI. B CHIBOPOTKE KPOBH OMpENENsUTH COepKaHue OOIETO
Oenka, anbOYMHHOB, OOIIErO M MPSMOro OWIMpPYOMHA, MOYEBHHBI, MOYEBOM KHCIIOTHI, OOIIET0 XOJECTepHHA,
XOJIECTEPHHA JINTTONIPOTEMHOB BEICOKOM IIIOTHOCTH ¥ HU3KOM MIIOTHOCTH, aKTUBHOCTH aJlaHHHAMHUHOTPaHC(epassl
U acriapraTaMHHOTpaHc(epasbl.

Pe3y.]'[l:TaTbI. I[I/IeTa C BBICOKHUM COACPIKaHUEM JKUPOB B COUETAHUU C OZ[HOKpaTHOﬁ WHBEKIHCH CTPEITO30TOLMHA
npuBoAWJIa Yy SKCICPHUMEHTAJIBHBIX KMBOTHBIX K HApyHICHUIO JIMITUIHOI'O W 0OEIIKOBOTO OOMEHOB U PasBUTUIO
WHCYJIMHOPE3UCTCHTHOCTHU. ypOBeHB 0a3ajabHOIO UHCYJIMHA HE U3MCHSJICA Ha (I)OHG BLIpa)KeHHOfI TJIMKCMUH.

3akaouenne. [lomydeHHbIe pe3yIbTaThl CBUAETEILCTBYIOT O TOM, YTO HPH KOPMIICHUH KPBIC THETOH C BBICOKHM
COZIepKAHMEM KHUPOB M OJJHOKPATHOM BBEJCHHH CTPENTO30TONMHA B HU3KOH /103€ (35 MI/KT) BOCHPOU3BOASATCS
MaTOJOTHUECKNE MPOIECCH], XapakTepHble mIsi caxapHoro sauadera 2 tuma. Co3gaHHas MOJETb MOXKET
HCTIONB30BAThCS VISl M3yUCHUSI TATOTeHe3a caXapHoro quadera 2-ro THUIIa, a TakoKe JUIsl UCCIIeI0BAaHMs AeHCTBHS
MOTCHIMAIBHBIX THIOTITNKEMIYECKHX CPEJICTB.

KurueBble ciioBa: CaXapHBIﬁ Z[I/Ia6eT 2-ro THUIA, BBICOKOXKHUPOBas AU€Ta, CTPENITO30TOLWH, HHCYJIMHOPEZUCTECHT-
HOCTb, TUIICPIIIMKEMMUS.

KondaukT nuaTEepecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBUE SIBHBIX U MOTEHIMAIBHBIX KOH(INKTOB HHTEPECOB,
CBSI3aHHBIX C MyOIUKaIKeil HaCTOSIIEH CTaThH.

Hcrounuk puHancupoBanus. Pabota momaepxkana rpantom [Ipesunenra PO s MOMOIbIX KaHIUIATOB HAYK
MK-1052.2019.7.

CooTBercTBHe NpHHIHHNAM JTHKH. VccrenoBanme omoOpeHo dSTHdeckuM KomureroM CHOMpCKOro
rOCYJIapCTBEHHOTO MEIUIIMHCKOr0 YHUBepcuTeTa (mpoTokos Ne 7733/1 ot 09.09.2019).

Ja nurupoBanus: Kaiinam O.A., Banos B.B., Benreposckuii A.U., byiiko E.E., lllenerkun M. A. Dxcnepu-
MEHTaJbHass MOJENb CaXxapHOro Juabera 2-To THIA Yy KPBIC, BBI3BAHHAS JUETOH C BBHICOKHM COJICPIKAaHUEM JKH-
POB U CTPENTO30TOIIMHOM B HU3KOH J103¢. broiemens cubupckoii meduyunst. 2020; 19 (2): 41-47. https://doi.org:
10.20538/1682-0363-2020-2-41-47.
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INTRODUCTION

The incidence of type 2 diabetes mellitus (T2DM)
and obesity has become an epidemic. According to the
International Diabetes Federation, more than 422 mil-
lion people (2017) suffer from diabetes around the world
[1]. According to Government Register statistics (2015),
about 4.5 million people have type 2 diabetes in the Rus-
sian Federation [2]. The key points in the pathogenesis
of type 2 diabetes are insulin resistance and pancreatic
B-cell dysfunction, which corrupt the regulatory effect
of insulin on glucose, protein and lipid metabolism. The
progress of diabetes proceeds in several stages. The tran-
sition from the state of prediabetes to diabetes in humans
progresses during several years [3]. It is necessary to
create clinically relevant experimental models of these
diseases to develop effective methods for treatment of
type 2 diabetes and obesity. It will allow to reproduce
the pathogenetic stages of type 2 diabetes formation in
a short time.

Genetic models of spontaneous diabetes and models
based on pancreatic islet damage by chemical agents are
known [4]. To simulate type 2 diabetes, rodents are ad-
ministered with streptozotocin against the background
of a high-fat or high-carbohydrate diet. The antibiotic
streptozotocin selectively binds to the pancreatic B-cell
marker — the GLUT 2 transporter, then converts into free
radicals, causes a detergent effect, and dissociates oxi-
dative phosphorylation that leads to energy deficiency
and DNA point mutations with subsequent 3-cell necro-
sis. The severity of B-cell necrosis depends on the route
of administration, dose, frequency, and time between
streptozotocin injections [5—7]. Variations of these pa-
rameters allow to simulate early or late stages of explicit
diabetes.

A diet rich in fats and carbohydrates leads to the de-
velopment of obesity, hyperinsulinemia, insulin resis-
tance and/or glucose intolerance [8, 9]. The ratio of fats,
proteins and carbohydrates in the animals’ diet and the
duration of feeding affect body weight, basal levels of
glucose, insulin, triglycerides, cholesterol and fatty ac-
ids in plasma. Most often, a high-fat diet with normal
amount of carbohydrates is used. Fats of animal (ghee,
lard) or vegetable (olive, coconut, soybean) origin are
added to the standard diet to obtain energy mainly from
fats. Short-term (2 weeks) intake of food enriched with
fats, as a rule, causes insulin resistance and/or glucose
intolerance. Its longer (more than 4 weeks) intake con-
tributes to an increase in the fat mass, which corresponds
to the state of prediabetes [10].

Thus, the combination of streptozotocin injection in
a low dose (from 25 mg/kg to 40 mg/kg) and long-term
(for 4 weeks to 4 months) feeding of animals with a high-
fat diet makes it possible to model pathological charac-

teristics of type 2 diabetes in animals in a short time.

The aim of this study was to develop a pathogeneti-
cally reasonable model of type 2 diabetes with marked
peripheral insulin resistance and relative insulin defi-
ciency in rats using a high-fat diet and a single injection
of streptozotocin in the low dose.

MATERIALS AND METHODS

The experiments were carried out on 16 outbred male
rats weighing 300—400 g, obtained from the department
of experimental biological models of the E.D. Goldberg
Research Institute of Pharmacology and Regenerative
Medicine. The animals were kept under standard condi-
tions in a vivarium with natural light and free access to
water and food.

The standard ProCorm feed (BioPro, Novosibirsk)
for laboratory rats consisted of granules with mineral
and vitamin supplements, containing fat 6%, carbohy-
drates 59%, protein 19%, vitamin—mineral mixture 3%,
and water 13%. The energy value of 100 g of feed was
3 660 kcal/kg. It is known that the caloric rate of proteins
and carbohydrates is 4 kcal g, fats — 9 kcal/g, therefore,
100 g of this feed provides 236 kcal from carbohydrates,
76 kcal from proteins, 54 kcal from fats and 336 kcal in
total. The high-fat diet contained 26 grams of coconut
oil, 2 grams of cholesterol and 72 grams of standard food
for laboratory animals in 100 g; 55% of the energy was
provided by fats [10,13].

The animals were divided into two groups: group 1 —
control animals fed with standard laboratory food, group
2 —animals with experimental type 2 diabetes, caused by
feeding them with a high-fat diet for 28 days and a sin-
gle injection of streptozotocin. After a 12-hour fasting,
these animals were injected once intraperitoneally with
a freshly prepared solution of streptozotocin (35 mg/kg
in a 0.1 M citrate buffer at pH 4.5). On the 44th day
from the start of the experiment, a glucose tolerance test
(GTT) was performed in animals of both groups: 2 g/kg
of a 20% glucose solution was injected and after 15, 30,
60 and 120 minutes, fasting glycemia was measured. On
the 47th day from the start of the experiment, an insulin
tolerance test (ITT) was performed: insulin was adminis-
tered subcutaneously (NovoRapid Penfil, Novo Nordiks
A/C, Denmark) at a dose of 0.75 U/kg. The glucose area
under the curve (AUC) was calculated. The body mass of
animals was determined during the formation of groups,
before the streptozotocin injection and after the end of
the experiment. The water and food intake ware mea-
sured one day before the end of the experiment.

After the experiment, rats were euthanized by carbon
dioxide asphyxia. The content of glucose, total protein,
albumin, total and direct bilirubin, urea, uric acid, and the
activity of alanine aminotransferase (ALT) and aspartate
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aminotransferase (AST) were determined in the serum
using the reagent kits and the ARCHITECT C4000 an-
alyzer (USA). The total cholesterol (reagent kits from
Randox, UK), and high-density and low-density lipo-
protein cholesterol (reagent kits from Chronolab, Spain)
were measured spectrophotometrically. The index of
atherogenicity (IA) was calculated by the formula: to-
tal cholesterol —high density lipoprotein cholesterol /
high density lipoprotein cholesterol. The amount of in-
sulin was evaluated by enzyme immunoassay using the
ALPCO Diagnostics (USA) ELISA kit. The HOMA-IR
index (insulin content, pmol/L*glucose, mmol/L)/155)
[https://www.dtu.ox.ac.uk/homacalculator/download.
php] and the constant glucose utilization rate based on
ITT (KITT) were calculated to characterize the insulin
resistance [12].

The results were processed using the methods of one-
way analysis of variance using the SPSS Statistics 12.0
package. Quantitative indicators were presented as the
median, 25" and 75" percentiles. When comparing two
independent samples, the Mann — Whitney test was used.
The significance of differences was achieved at p <0.05.

RESULTS AND DISCUSSION

The body weight of control animals steadily increased
throughout the experiment (Table 1). The body weight of
animals in the group with the T2DM model (receiving
a high-fat diet) increased more significantly before the
steptozotocin injection, the serum insulin concentration
increased by 20%, the HOMA-IR index, which charac-
terizes the development of glucose tolerance, became
23% higher. Compensatory increase in insulin secretion
prevented the development of hyperglycemia in the se-
rum of experimental animals in the second group (Table
1). Weight gain, hyperinsulinemia, insulin resistance and
the absence of hyperglycemia confirm the development
of prediabetes in animals with the T2DM model. Par-
tial loss of the B-cell functional mass is necessary for the
transition from prediabetes to explicit type 2 diabetes,
therefore, animals were injected once intraperitoneally
with streptozotocin on the 29th day of the experiment
(35 mg/kg).

On the 50™ day of the experiment (21 days after the
administration of streptozotocin), the body weight of the
animals decreased by 10.7% compared to the weight of
control rats. Such a decrease in body weight is probably
associated with the transition of energy products from
the carbohydrate oxidation to the oxidation of fats. The
daily water consumption by animals of the second group
increased by 3.9 times. The amount of feed intake in
both groups did not differ (Table 1), but the energy in-
tensity of food was significantly higher for animals in the
second group.

Table 1

The effect of a high-fat diet (55% calories from fats) and
streptozotocin (single injection, 35 mg/kg) on body weight, food
and water consumption, glucose and insulin serum levels

in rats, Me [Q; O,]

Experimental groups

High-fat diet +

Parameter Control R
_ streptozotocin
n=2_8
n=2_8
Glucose, mmol/l 5.2 [4.6; 5.6] 5.6[5.2;5.9]
Insulin. v/l 229.1 280.1
sulinl, pg [212.7;234.0] | [260.5;284.3]*
HOMA-IR 13[1.1; 1.4] 1.7[1.6; 1.8]*
311.0 319.0
th
0% day [305.0;320.0] | [310.0;323.0]
Weight, g . 424.0 459.0
29" day [398.0; 439.0] | [426.0;481.0]*
50" day | 465[446;475] | 420 [380; 447]*

Food intake, g/day

31.2 [30.0; 36.0]

36.7[31.9; 39.1]

49.0 189.5

Water intake, ml/day [39.4;54.9] | [147.9;205.4]

* p <0.05 comparing the experimental group with the controls.

15 days after the streptozotocin administration,
GTT revealed significant impaired glucose sensitivity
compared to the control group. The initial blood glucose
level was significantly elevated after nightly fasting and
at all time intervals after glucose administration (Fig. 1)
in rats with the experimental T2DM model. In the T2DM
model, the area under the curve increased by 4.4 times
compared with the area in the control.

During the ITT, which characterizes the sensitivity
of tissues to exogenous insulin, the concentration of
glucose in the blood of control animals decreased as
much as possible (2.3 [1.9; 2.8] mmol/L) at 30 minutes
after the insulin administration (0.75 U/kg). In the
blood of animals with the model of type 2 diabetes, the
concentration of glucose decreased as much as possible
after 60 minutes (11.3 [9.4; 12.7] mmol/l) (Fig. 2). It
indicates slow utilization of glucose by peripheral tissues
due to the development of insulin resistance. According
to ITT data, the area under the curve in animals with
the experimental T2DM model became 4.8 times larger
than in the control group (Fig. 2). K, calculated on the
basis of ITT, in animals of the control group was 2.7
[1.9; 3.1] % glucose/min. In the group of animals with
the experimental T2DM model, the glucose utilization
rate decreased by 53% (1.4 [1.0; 1.7] % glucose/min)
(Fig. 3).

The pathogenesis of type 2 diabetes is characterized
by a combination of tissue resistance to insulin and
insufficient pancreatic B-cell function [13]. Violation of
carbohydrate homeostasis in animals with experimental
type 2 diabetes is confirmed by a three-fold increase in
the serum glucose concentration (Table 2). The insulin
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Fig. 1. The glucose tolerance test results in male Wistar rats fed with high-fat diet (55% calories from fats) and administered with a

single intraperitoneal injection of streptozotocin (35 mg/kg) (day 15 after injection): a — the blood glucose concentration dynamics

in the control (solid line, n = 8) and experimental (dashed line, n = 8) rats after intraperitoneal administration of glucose (2 g/kg).

The abscissa axis represents the time after intraperitoneal glucose administration, min; the ordinate axis represents the blood glucose

concentration, mmol/l; b — the area under the curve “glucose concentration — time” in the control (light column) and type 2 diabetes
model (dark bar) groups, min x mmol/l. * the significance of differences compared with the control group, p < 0.05
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Fig. 2. The insulin tolerance test results in male Wistar rats fed with high-fat diet (55% calories from fats) and administered with a

single intraperitoneal injection of streptozotocin (35 mg/kg) (day 18 after injection): @ — the blood glucose concentration dynamics

in the control (solid line, n = 8) and experimental (dashed line, n = 8) rats after subcutaneous administration of insulin (0.75 U/kg).

The abscissa axis represents the time after subcutaneous administration of insulin, min; the ordinate axis represents the blood

glucose concentration, mmol/l; » — the area under the curve “glucose concentration — time” in the control (light column) and type
2 diabetes model (dark bar) groups, min x mmol/l. * the significance of differences compared with the control group, p < 0.05
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Fig. 3. The insulin tolerance test results in male Wistar rats fed with high-fat diet (55% calories from fats) and administered with a
single intraperitoneal injection of streptozotocin (35 mg/kg) (day 18 after injection): a and b —blood glucose concentration dynamics
in the control (a, n = 8) and type 2 diabetes model (b, n = 8) groups after subcutaneous administration of insulin (0.75 U/kg). The
abscissa axis represents the time after subcutaneous administration of insulin, min; the ordinate axis represents the blood glucose
concentration, mmol/l; ¢ — the glucose rate utilization constant (K. ) during the insulin tolerance test in the control (light column)

ITT
and type 2 diabetes model (dark column) rats, %_ _/min. * significance of differences compared with the control group, p < 0.05
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content in the serum of control animals and animals with
the T2DM model did not differ, but the HOMA-IR was
2.8 times higher in animals with the experimental T2DM
model (Table 2). Streptozotocin causes pancreatic 3-cell
necrosis, while a compensatory increase in their mass
and insulin secretion is observed [13]. A high level of
glucose in the serum of animals with the experimental
T2DM model and the same insulin level as in the control
group indicate the impossibility of insulin resistance
compensation by increased insulin secretion. Such
disturbances are characteristic of the late stage of
T2DM. Gluconeogenesis and glycogenolysis intensify,
and glycogen synthesis in the liver and skeletal muscles
decreases in animals with the T2DM model [1].

Lipid and protein metabolism also disrupts during
type 2 diabetes progression. In the serum of animals
with experimental type 2 diabetes, the content of total
cholesterol increased significantly (by 7.5 times), the
amount of low-density lipoprotein cholesterol elevated,
the atherogenic index rose, and the high-density
lipoprotein cholesterol was not changed. Impaired lipid
metabolism was accompanied by the development
of dyslipidemia, one of the most common causes of
cardiovascular complications of diabetes (Table 2)
[11]. In animals with the T2DM model, the content of
circulating free fatty acids and triglycerides increased
by 2 times due to stimulation of lipolysis in adipose
tissue caused by insulin resistance. Free fatty acids
accumulated in the liver triglycerides and ectopic tissues,
which further exacerbated insulin resistance. The urea
and uric acid content became 2.8 and 1.6 times higher in
animals with the T2DM model than in the control. These
metabolic disorders are explained by the activation of
protein catabolism, mainly in the muscles and liver. The
symptoms of liver dysfunction appeared in animals with
the T2DM model: the content of albumin decreased in the
serum, the activity of the hepatic enzyme ALT increased,
while the activity of AST and the concentration of
bilirubin did not differ from the control group. (Table 2).

Table 2

The effect of a high-fat diet (55% calories from fats) and
streptozotocin (single injection, 35 mg/kg) on biochemical blood
parameters in rats, Me [Q; O]

Parameter Control T2DM model
(n=29) (n=298)
Alanine aminotransferase, . 97.0[93.,0;
U/L 53.0 [49.0; 57.5] 109.0]*
Aspartate aminotransferase, 113.0 134.0
U/L [108.0; 134.5] [121.5; 146.0]
Total bilirubin, mmol/l 2.6 [2.4;2.9] 3.2[2.5;4.2]
Direct bilirubin, mmol/l 1.6 [1.4;1.7] 1.8 [1.5;3.1]

Total protein, g/l 76.0 [72.0; 79.0] | 72.5[71.0; 75.5]

Albumin, g/l 36.5[35.0;37.0] |32.0[31.5;33.0]*
Urea, mmol/I 5.5[5.0;5.7] 15.8 [14.5; 17.8]*
L ) 266.0 [236.0;

Uric acid, mmol/l 165.0 [155; 182.5] 282.0]
Total cholesterol, mmol/l 1.8[1.6;2.6] 13.6 [8.3; 17.3]*
Low-density lipoprotein ) . "
cholesterol, mmol/l 0.6[04;0.7] 36[38;7.6]
High-density lipoprotein . .
cholesterol, mmol/l 1.010.8:1.2] 1.0[0.8;1.2]
Index of atherogenicity 1.0 [0.6; 1.5] 14.0 [8.9; 16.6]*
Free fatty acids, mM 0.7 [0.6; 0.8] 1.4[1.3;1.,8]*
Triacylglycerols, mmol/l 1.2[0.7; 1.4] 5.1[2.9;7.0]*
Glucose, mmol/l 5.1[4.8;5.3] 16.9 [15.9; 17.6]*
Insulin, pg/ml 3288 3559

. Pg [229.1; 520.4] [279.1; 521.2]
HOMA-IR 1.9[1.2;4.5] 5.4[3.9; 8.4]*

* p <0.05 comparing the experimental group with the control.

Thus, in this model it is possible to trace the main
manifestations of carbohydrate, lipid, and protein metab-
olism disruptions, which are characteristic of the type 2
diabetes pathogenesis.

CONCLUSION

The obtained results indicate that rats fed with a high-
fat diet (55% calories from fats) and administered with a
single injection of streptozotocin in the low dose (35 mg/
kg) reproduce the pathological processes of T2DM. The
level of basal insulin does not change, but hyperglyce-
mia is pronounced. This indicates the emergence of in-
sulin resistance in peripheral tissues. Metabolic changes
correlate with the results obtained during ITT and GTT
and a higher HOMA-IR index. The created model can be
used to study the pathogenesis of type 2 diabetes and to
investigate the effects of potential hypoglycemic agents.
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