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ABSTRACT

Objective: to develop and verify a high fat diet-induced type II diabetes mellitus model.

Materials and methods: C57BL/6 male mice were used as the object of study. We developed an experimental
diet in which 59% of the total caloric content was from fat. The concentration of glucose in the blood was
measured using a portable glucometer PKG-02.4 Satellite Plus (ELTA Company, Russia). Blood samples
were obtained by puncture of the caudal vein. Insulin concentrations in the blood plasma of mice were
determined by ELISA using the Ultra-sensitive mouse insulin ELISA kit (CrystalChem, USA). Statistical
data processing was carried out using the statistical analysis package Statistica 8.0.

Results. Mice on a high-fat diet had a significant increase in body weight at week 3. At week 7, there
was a significant increase in body weight in mice of the experimental group. The body weight of the
experimental animals exceeded that of the control group by 18%. At week 8, the differences in weight
rose to 32%. By the end of the experiment, the weight of mice on a high fat diet was 50% higher than the
weight of the animals from the control group. It was shown that the applied fatty diet also led to impaired
glucose tolerance, and the insulin concentration tripled.

Conclusion.The results suggest that the use of high-fat diet in mice leads to an increase in body weight
and the formation of obesity, hyperglycemia, decreased glucose tolerance and hyperinsulinemia. All these
facts confirm the adequacy of the experimental model for type II diabetes. The created model can be
particularly useful in a wide range of studies on insulin resistance, diabetes and obesity, to provide a better
understanding of the pathogenesis, as well as to test the effects of therapeutic interventions.

Key words: type 2 diabetes mellitus, model of diabetes mellitus, high fat diet, insulin resistance,
hyperglycemia.
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PE3IOME

Ieab nccaepoBanms: pa3paGoTaTh U OLEHUTH AAEKBATHOCTh MOAeAM caxapHOTo AnaGera II tuna y mbimeit
Ha OCHOBE MCIIOAb30BAHMA AMETBI C BBICOKMM COAEp KaHMEM SKMPOB.

Marepuarsl ¥ MeTOABl. B KadecTBe 00beKTa MCCAEAOBAHMA MCIOAB3OBAAMCH CAMIfbI MbIIIEN AMHUN
C57BL/6. Mpl paspa6oTarum AMETY AASL SKCIEPUMEHTAABHON TPYMIBL, B KOTOpPoit 39% or obmei
KaAOPUIHOCTY IPUXOAMAOCH Ha SKUPBL. VI3MepeHMe KOHIEHTPALuy TAIOKO3bl B KPOBU IPOBOAMAOCH IPK
nomouy nopratusHoro rarkomerpa [IKT-02.4 Careaant Iatoc (000 «Kommauns DATA», Pocens). O6-
pasiibl KPOBU MOAYYAAUCH MYHKIMEN XBOCTOBOI BeHbl. KOHIEHTpaIMsa MHCYAMHA B IAA3Me KPOBY MbIIIEl
ompeAeAfrach MMMYHO(EPMEHTHbIM MeTOAOM ¢ momombio Ha6opa Ultra sensitive mouse insulin ELISA
Kit (CrystalChem, CIIIA). Cratuctudeckas o6paboTKa AaHHBIX NPOBOAMAACH C MCIOAB30BAHMEM MAKETA
CTaTHMCTMIECKOTO aHaAm3a Statistica 8.0.

PesyapTatel. B xoae mccaepOBaHMA MOKA3aHO, YTO Y MbIIIeH, MUTAIOMMXCA KOPMOM C BBICOKMM COAEp-
SKaHUEM JKMPOB, Ha 3-11 Hel 3apMKCUPOBAH 3HAYMTEABHBIN IPUPOCT Macchl Tead. K KoHIy akcmepumeHTa
Macca Teaa BhIpocaa 6oaee deM B 2 pasa. Y Mblulel, IMTAOMIXCSA HOPMAABHBIM KOPMOM, K KOHIJY 9KCIEepH-
MeHTa Macca Teaa yBeanumaach Ha 50%. OTmedeHo, 4TO MpUMeHIeMasd JKUPOBAST AMETa TaKKe IPUBOAMAA
K HapylWIeHMIO TOAEPAHTHOCTU K TAIOKO3e, IIPY 3TOM KOHIIEHTpAIMs MHCYAMHA YBEAMIMBAAACH BTPOE.

3akArouennue. HOAy‘IeHHbIe Pe3yAbTaThl AEMOHCTPUPYIOT, YTO MCIOAB30OBaHME BbICOKO)KI/IpOBOIZ AVIETBI Y
MbIIIEeNn OIPUBOAUT K YBEAMYEHMIO MACChI T€Aa U q)OpMI/IpOBaHI/IIO OJKUpeHnd, TMnepraAnkemMnnt, CHM>KEHNIO
TOAEPAHTHOCTHU K TAIOKO3€ M TUIIEPUHCYAVMHEMUN. Bce aTo CBUAETEABCTBYET O BBICOKOJ CTeNmeHU aAeKBaT-
HOCTHU paspaéoTaHHoﬁ SKCHepI/IMeHTaABHOﬁ MOAEAU 3a60A€BaHMIO AI/Ia6eTOM II tuna. COSAaHHaH MOAEADB
MOKeT ObITh OCOGEHHO IIOAE3HA IpU UCCAEAOBAHUAX PE3UCTEHTHOCTU K MHCYAUHY, Ama6eTa M OXMpeHu,
4T00BI 06eCneYnTh Aydllee MOHMMaHMe NaToreHe3a, a TakyKe AAA IIPOBEPKU 3(1)(1)6KTOB TE€PaneBTUIeCKOro
BMemaTEeAbCTBA.

KaroueBsie caroBa: caxapubii Anaber II Tuma, MoaeAb caxapHOro Amabera, SKMPOBas AMeTa, MHCYAMHOpe-
3VMCTEHTHOCTb, TUIIEPIAVKEMHU.

KOH(I)}\MKT UHTEpPECOB. ABTOpr ACKAAPUPYIOT OTCYTCTBME ABHBIX ¥ MNOTEHIMAABHBIX KOHqL)AI/IKTOB
VHTEPECOB, CBA3AHHBIX C Hy6AI/IKaI.U/I€I7[ HaCTO}IHLeIZ CTaTbu.
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INTRODUCTION

Type II diabetes mellitus, which accounts for
at least 90% of diabetes cases, is associated with
insulin resistance in tissues and elevated blood glu-
cose levels [1,2]. Most patients with this form of
diabetes are obese, and obesity itself causes some
degree of insulin resistance [3-5].

Insulin sensitivity in tissues at the post-receptor
level is reduced in type II diabetes mellitus. The
defect in the signal transduction from B subunit of
insulin receptor tyrosine kinase leads to a decrease
in cell membrane permeability to glucose, due to
reduced translocation to the plasma membrane of
the glucose transporter protein GLUT 4. As a re-
sult, insulin resistance develops and in response to
it, hyperinsulinemia occurs, which can compensate
for insulin resistance and support normoglycemia
for a certain time. Excess insulin by the feedback
mechanism further reduces the sensitivity of the
receptors to insulin. Glucose utilization by tissues
decreases, gluconeogenesis increases in the liv-
er, which leads to hyperglycemia. Also, in type
IT diabetes, the sensitivity of pancreatic p-cells to
glucose stimulation is reduced, which leads to a
decrease in insulin secretion. As a result, the first
phase, the early phase of insulin secretion, is de-
layed or absent; gluconeogenesis increases in the
liver and hyperglycemia develops. Type II diabetes
may be associated with abdominal obesity, which
results in insulin resistance [6].

Despite significant achievements, a number
of molecular mechanisms of energy metabolism
regulation in normal conditions and in pathology
remain poorly understood, while new approaches to
prevention and treatment of diabetes are needed [7].

An important and promising direction in
thesearch fornew approaches to the treatment of
this disease is the utilization of experimental models.
To model obesity and diabetes in laboratory
animals, several types of models are used, which
can be divided into two groups: genetic and non-
genetic.

To reproduce type II diabetes mellitus type
2 in rodents, chemical cytotoxic diabetogenic
substances, streptozotocin, dexamethasone, etc.,
are most often used, or the combined effect of
chemical and dietary factors [8]. Cytotoxic agents
have different mechanisms of damaging effects on
the beta cells in the pancreas, so their use can
be very limited [9]. In addition, most well-known
streptozotocin models develop diabetes with
severe insulinopenia without obesity, dyslipidemia,
and insulin resistance, which, as a rule, is not
characteristic of type II diabetes [10].

One of the models for the development of
diabetes is keeping animals on a high-fat diet. A
high-fat diet can lead to obesity, hyperinsulinemia
and altered glucose homeostasis due to inadequate
compensation from the islets [11]. Since obesity in
this case is caused by manipulations of nutrition,
and not with cytotoxic substances, it is believed
that such models are more similar to the disease
in humans.

Objective: to develop and verify a high fat diet-
induced type II diabetes mellitus model.

MATERIALS AND METHODS

C57BL/6 male mice were used in the study. The
mice were obtained from the animal facilities of
theTomsk National Research Medical Center of
the Russian Academy of Sciences at the Research
Institute of Pharmacology and Regenerative
Medicine named after E.D. Goldberg. The age
of the mice at the start of the experiment was
2 weeks. The regime of keeping animals was the
following: day/night: 12/12, the sunrise is at 6:00,
free access to food and water, the temperature in
the room is 24°C.

Two groups were formed: 1) mice on a standard
chow diet (# = 12) — control group; 2) mice on a
high fat diet (» = 12) — experimental group.

The control group was fed with food for lab-
oratory animals Prokorm (Biopro, privately-held
company, Novosibirsk), in which fats accounted for
18% from the total calories intake. The compo-
sition of the feed was wheat, barley, bran, corn
gluten, fish meat, protein feed, sunflower oil and
soybean meal.

For the experimental group, we developed a diet
that included the Prokorm feed described above
(50%), animal (lard) (20%) and vegetable (sunflow-
er oil) (10%) fat, sugar (15%) and dry milk (5%).
Products were ground in a blender to a homoge-
neous mixture, after which the mass was formed
into granules with a diameter of up to 10 mm and
dried in an oven at 30°C. The feed was prepared
for 5 days and stored at +4°C. The diet complied
with the following criteria: 59% of the calories ac-
counted for fats, including animal fats (2/3 of the
specified amount) and vegetable fats (1/3 of the
specified amount); the fatty acid composition is
presented in table 1.

The experiment continued within 16 weeks. The
body weight test was carried out every two weeks.
The glucose tolerance test was conducted on the 1st
and 16th week. Insulin concentration was measured
at week 1 and 16 immediately after and 15 minutes
after intraperitoneal glucose administration.
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Table 1
Fatty acid composition of high fat diet (for the experimental group)
The content in grams per 100 grams of crude fat
Characteristics Fatty acids
Sunflower oil Pork fat
C10:0 decanoic - 0,06
C12:0 lauric Ao 0,1 0,2
C14:0 myristic Ao 0,2 1,1
C16:0 palmitic 5,0-7,6 19,5
Cl6:1 palmitoleic Ao 0,3 2,7
C18:0 stearin 2,7-6,5 11,4
C18:1 olein 14,0-39,4 38,5
C18:2 linoleic 48,3-74,0 9,5
C18:3 linolenic Ao 0,3 0,7
C20:0 arachidic 0,1-0,5 -
C20:1 gadoleic Ao 0,3 -
C22:0 behenic 0,3-1,5 -
C22:1 erucic Ao 0,3 -
C22:2 docosadiene Ao 0,3 -
C24:0 lignoceric Ao 0,5 -
C20:4 arachidonic - 0,1
Table 2
Characteristics of diets for the experimental and control groups
Characteristic High fat diet Chow diet
Calorie, kcal/kg 5 100 3000
including of calories for fat, % 59 18
Composition

Fat, % 33 6

including animal fats, % 20 -

Carbohydrates, %

including sugar 15 -

starch 30 61

crude fiber 1,8 3,6

Squirrel, % 20 23,9

Lysine, % 0,8 1,5

Methionine + Cysteine, % 0,5 0,9
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Okxonyanume rtTaba. 2
End of table 2
Characteristic High fat diet Chow diet
Macronutrients
Calcium, % 0,9 1
Phosphorus, % 0,7 0,8
Sodium chloride, % 0,24 0,34
Vitamins and trace elements + +
Antioxidants, Amino Acids + +

INTRAPERITONEAL GLUCOSE
TOLERANCE TEST

The concentration of glucose in the blood was
measured using a portable glucometer PKG-02.4
Satellite Plus (ELTA Company, Russia). Blood
samples were obtained by puncture of the caudal
vein.

For the glucose tolerance test, the mice were
fasted for 4 hours, maintaining free access to water,
the animals were weighed in the morning and the
glucose concentration in the blood was determined
(0 min). Then, a solution of 40% glucose (2 g/kg
body weight) (carbohydrate load) was injected in-
traperitoneally to the animals [12]. The concentra-
tion of glucose in the blood was determined at 15,
30, 60 and 120 minutes after carbohydrate load-
ing [13]. The maximum achievable concentration,
time to reach the maximum and time to return to
the initial level were estimated, and the area under
curve (AUC) was also calculated (Figure 2B).

MEASUREMENT OF INSULIN
CONCENTRATION IN BLOOD PLASMA

Blood samples were obtained by puncture of
the caudal vein. Blood was collected in Microvette
Sarstedt capillary tubes (Germany) 200 pl with
K3EDTA.

The samples were centrifuged immediately after
blood collection for 6 minutes at 10,000 rpm at
4 °C. Plasma was stored frozen at a temperature of
—80 °C. Insulin concentration in the blood plasma
of mice was determined by ELISA using the Ul-
tra-sensitive mouse insulin ELISA kit (Crystal-
Chem, USA). Measurement of the optical density
of the samples was carried out using a microplate
spectrophotometer Anthos. The calculation of the
optical density of the samples was carried out at
a wavelength of 450 nm and the reference wave-
length was 620 nm.

To assess insulin resistance, we calculated the
HOMA-IR Insulin Resistance Index (Homeostasis
Model Assessment of Insulin Resistance), an in-
dicator derived from Matthews D.R. et al., 1985,
associated with the development of a mathemat-
ical homeostatic model for evaluating insulin
resistance [14]. The calculation was performed
according to the formula HOMA-IR = (fasting
glucose (mmol / 1) x fasting insulin (LED / 1)) /
22.5.

Statistical data processing was carried out using
the statistical analysis package STATISTICA 8.0.
The level of significance when testing the hypoth-
esis that two samples belong to the same gener-
al population was estimated by the Kruskal-Wal-
lis ANOVA test. The data were presented as
Xcp = SE.

The study was approved by the local ethical
committee of the Biological Institute of the TSU
(protocol No. 11 of September 24, 2015).

RESULTS

As a result of feeding mice with high fat diet,
obesity developed in the animals. The dynamics
of body mass change over 16 weeks in animals
of the control and experimental groups is pre-
sented in Figure 1. The identified excess of body
weight as opposed to the control can be inter-
preted as obesity. Many authors define obesity
as an increase in body weight by more than 25%
8, 9, 10].

At week 7, there is a significant increase in body
weight in the mice from the experimental group.
The body weight of the experimental animals ex-
ceeded the weight of animals in the control group
by 18%. At week 8, the differences in weight rose
to 32%. By the end of the experiment, the weight
of mice on a high fat diet had been 50% higher
than the weight of the animals in the control group
(Figure 1).
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Hyperglycemia in mice of the experimental
group was observed from the 8th week of the study
(6.63 = 0.91 mmol/I versus 4.4 = 1.3 mmol/] in the

E0

50
o * » __j control). By the end of the experiment in mice of
10 ___,.-+""" the experimental group, the degree of glucose ab-
i&""‘* sorption decreased. After 15 and 30 minutes after
- = T

30 —= + the carbohydrate load in the mice of the experi-
#IF-H—IP_( mental group, the level of glucose in the blood ex-
20 ceeded that of the control group by 13%. The same

ratio persisted after 30 minutes. Within 60 minutes,

" the blood glucose level in the control group began
to gradually decrease, whereas in the experimental

® group the index increased and the differences with

Q Z q & g 10 12 14 L °

the control were 41%. After 2 hours, the glucose

Fig. 1.The effect of a high-fat diet (9% calorie fat) on level in the control group almost returned to the
C57BL/6 mice body weight: on the abscissa axis — the jnitial level, while in the experimental group it re-
weeks of keeping animals on a diet, on the ordinate mained elevated by 57% (Figure 2A). In the control

axis — body weight (gram). The solid line is the control
group, # = 12; the dotted line is the experimental group,
n = 12. * versus the control group, p < 0.01

group, the maximum rise in the glucose concen-
tration was observed at the 30th minute and was
15.46 = 1.2 mmol/l. In mice of the experimental
group, the maximum concentration was reached
at the 60th minute and amounted to 17.7 = 2.3
mmol/l. The area under the curve (AUC) in the

Puc. 1. Bamsume BoicOkOskupoBOit Aumersl  (39%
KaAOPMIHOCTH — SKUPBI) HA MAcCCy TeAd CaMI[OB MbILIEN
A C57BL/6: mo ocu aberec — BpeMs COAepIKaHMA
SKMBOTHBIX Ha AUETE, HEA, IO OCYU OPAMHAT — MacCa TeAa, T.

CnaomHas AMHMA — KOHTPOAbHas rpymna, n = 12; control group was 142“‘-6 + 218.7 min * mmOI/'k 111
OYHKTUPHASA AMHMA — 9KCIEPUMEHTaAbHAs Tpynna, # = the experlmental one it wasl851.7 = 254.5 min *
12. * AOCTOBEPHOCTb PasAMdMii ¢ KOHTPOABHOI IPYNIOIL, mmol/1 (p <0.05) (Figure 2B).
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Fig. 2. The results of the glucose tolerance test in C57BL/6 mice after 16 weeks of high-fat diet feeding (59% calorie

fat): ¢ — dynamics of blood glucose concentration in mice of the control (solid line, 12 animals) and experimental

(dashed line, 12 animals) groups after intraperitoneal glucose invasion (2 g/kg). The abscissa axis is the time after

intraperitoneal glucose invasion, minutes, the ordinate axis is the glucose concentration, mmol/l; b — the area under

the curve (AUC) in the control (dark bars) and experimental (light bars) groups, min x mmol/l. * versus the control
group, p < 0.05

Pyc. 2. Pe3yAbTaThl TecTa Ha TOAEPAHTHOCTD K TAIOKO3e y camioB mbrmedi annvn C57BL/6 4epes 16 Hea coaepskaHus
Ha BBICOKOKMPOBON AveTe (39% KarOpPMITHOCTM — SKUPBI): 4 — AMHAMMKA KOHIEHTPALUM TAIOKO3bI B KPOBU Y MbILIEN
KOHTPOABHOU (CIAOLIHAS AMHMSA, 7 = 12) U 3KCIIePUMEHTAABHO (IYHKTUPHAS AMHUS, 77 = 12) rpynm MOCAe BHYTPUOPIO-
IIMHHOTO BBeAeHMA TAI0KO3bI (2 1/kr). Och abemce — BpeMs MOCAe BHYTPUGPIOMMHHOTO BBEAEHUA TAIOKO3bI, MUH; OCh
OPAVMHAT — KOHI[EHTPAIMA TAIOKO3bI B KPOBY, MMOAB/A; & — BeAMdMHA MAOIAAY TOA KPMBOJ KOHIEHTPAIMH TAIOKO3bI
AUC npu ralok030TOAEPAHTHOM TECTE B KOHTPOABHON (TeMHbIe CTOAGUKM) U HKCIEPUMEHTAABHOM (CBETABIE CTOAGUKIM)
TPyIIaxX, MMH X MMOAB/A. * AOCTOBEPHOCTh PA3AMYMII B CPABHEHWMNM C KOHTPOABHOI Tpymmoii, p < 0,05
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The decrease in glucose is called the hypoglyce-
mic phase and indirectly reflects the rate of insu-
lin production and the sensitivity of tissues to this
hormone. Prolongation of this phase is characteris-
tic of type II diabetes mellitus, which was observed
in the experimental group of mice in this study.

Figure 3 shows the insulin concentration in the
blood plasma of mice before and after the glucose
administration. In mice of the experimental group,
the insulin level exceeded 3 times the value in the
control group both before and 15 minutes after the
administration of glucose.

5,00

» < 0,05
4,50 &
4,00
»< 0,01
3,50
*
3,00

2,50

2,00

1,50

1,00

0,50

Fig. 3. The insulin concentration (ng/ml) in the mice
blood plasma before and after 15 min glucose invasion;
control group (dark bars, n = 12), experimental group
(light bars, #n = 12). * versus the control group, p < 0.05
Puc. 3. Kommentpamma wuucyamHa (ur/ma) B maasme
KpoBu camijoB Mbrmeit Ananmu C57BL/6 Ao 1 wepes 15 mun
[IOCAe BBEAEHNS TAIOKO3bl; KOHTPOAbHAsA rpymmna (Tem-
Hble CTOAGMKM, 7 = 12), sRCmepuMeHTaAbHAs TpyIIa
(cBeTable cTOAGUKY, 7 = 12). ¥ AOCTOBEPHOCTH PA3AMIMIL
C KOHTPOABHOI Trpynnoi, p < 0,05

The calculation of HOMA-IR gave the follow-
ing results: in the control group at the 16th week
of the experiment it was 3.62 = 0.48; and in the
experimental one — 19.85 = 3.07 (p <0.001).

Typically, type II diabetes is characterized by
insulin resistance. As the blood glucose concentra-
tion continues to rise, it promotes the release of
more insulin.

CONCLUSION

The results show that a high-fat diet in mice
leads to an increase in body weight and develop-
ment of obesity (body weight is more than 25%

higher than in the control group [8, 9, 10]), hyper-
glycemia, reduced glucose tolerance and hyperin-
sulinemia. All these facts confirm the adequacy of
the developed experimental model of type II dia-
betes mellitus. The criteria for the adequacy of the
model, therefore, are the following: the dynamics
of body mass; hyperglycemia and glucose tolerance
test results, including the area under the glucose
concentration curve for the glucose tolerance test
(AUC).

At the same time, a high concentration of in-
sulin in the blood of animals of the experimental
group indicates that the disorders were formed
only in muscle tissue, while the sensitivity to glu-
cose of pancreatic B-cells remains. This allows us
to make a conclusion about the relative adequacy
of the developed model: alterations in the muscu-
lar tissue, but not in the pancreas, are modeled.
Perhaps, the formation of glucose resistance on
the part of B — cells in the pancreas requires a
longer period.

The created model can be especially useful in a
wide range of studies on insulin resistance, diabetes
and obesity. It will provide a better understanding
of the pathogenesis of the diseases, and can also be
used for experimental verification of the effects of
therapeutic interventions.
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