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Effects of a high-fat, high-carbohydrate diet on blood cells of rats
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ABSTRACT

Aim. To study the effects of a high-fat, high-carbohydrate diet on erythrocytes and platelets of rats.

Materials and methods. Male Wistar rats (n = 23) were used for the study. The rats were divided into a control
group and an experimental group. The rats from the control group were fed with standard rat chow. The rats from
the experimental group had received a high-fat and high-carbohydrate diet for 12 weeks. In the rats, body weight
and blood pressure (BP) were measured, an oral glucose tolerance test was carried out, and hematological and
lipid metabolism parameters were analyzed. The conductance of erythrocyte K. -channels was measured by the
potentiometric method, and platelet aggregation was determined by the turbidimetric method.

Results. Feeding the rats with a high-fat, high-carbohydrate diet for 12 weeks resulted in obesity, BP elevation,
hyperglycemia, impaired glucose tolerance, and dyslipidemia with pronounced triglyceridemia. In the experimental
group, a rise in the number of leukocytes, mainly due to granulocytes, and an increase in the number of platelets and
their collagen-induced aggregation were observed. The red blood cell count in the rats of the experimental group
did not significantly differ from that of the control group. In the experimental group, multidirectional changes in the
membrane potential were observed in response to the stimulation of the K , -channels in the erythrocyte membrane
with the Ca? ionophore A23187 or artificial redox systems.

Conclusion. The obtained data indicate that a high-fat, high-carbohydrate diet leads to metabolic and
hemorheological disorders that are typical of metabolic syndrome.
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PE3IOME

Hens — n3y4unuTh BO3AEHCTBHE BHICOKOKMPOBOI M BBHICOKOYIJICBOJHOM JHETHI Ha DPUTPOLMTHI U TPOMOOLUTHI
KPOBU KpBIC.

MarepuaJibl 4 MeToabl. VcciieroBanue BBITONHEHO Ha 23 caMIfax KPBIC TMHHA BrcTap, KOTOpbIe OBUTH pa3IeieHbI
Ha KOHTPOJIGHYIO U OIBITHYIO Tpyiny. KpbICEl KOHTPOJIBHOMN IPYIITEI HAXOIMIKCH HA CTAHIAPTHOM fueTe. Kpbicht
OIBITHOW TPYIIBI B TeUeHHe 12 HeJ MOJyYand BBICOKOXKHPOBYIO M BBICOKOYTIIEBOAHYIO auery. JKUBOTHBIM
U3MepsUT MacCy Telna, aprepuanbHoe nasieHune (A]l), BBIMONHSIIA TIIOKO30TOJEPAHTHBIA TECT, OMPEIessiIn
TeMaToJIOrHYECKHe MOKA3aTelld U MapaMeTphl JIUMUAHOTO oOMeHa. [TOTEeHIMOMETPHYECKAM METOIOM H3yYalli
NpOBOAMMOCTE K, -KaHATOB MEMOpaHbI SPHTPOIMTOB, TyPOUIUMETPHIECKAM — arPETaliOHHYI0 CTIOCOOHOCTB
TPOMOOIIUTOB.

PesyabTarsl. ConeprxaHue )UBOTHBIX Ha BHICOKO)KUPOBOH 1 BHICOKOYTJIEBOIHOH TMETE IPUBOAMIIO K 0)KHUPEHHIO,
NOBbILICHNHIO AJl, TUNEPIIUKEMHH, CHIDKEHHIO TOJIEPAHTHOCTH K TJIIOKO3€, JUCIUIUIEMHU C BBIPAXKEHHOIT
TPUTIHLEPUAEMHUEit. Y JKMBOTHBIX ONBITHO# IPYIIIBI IPOUCXO/IUIIO YBETMYECHNE KOINYECTBA JICHKOLMTOB, TIaBHBIM
00pa3om, 3a CYeT rpaHyJIOLUTOB, TOBLIIICHHE YUCIIa TPOMOOLIMTOB M MX KOJUIareH-HHAYMPOBAHHOH arperaiuu.
KonnuecTBeHHbIE MOKA3aTeIM KIETOK KPAaCHOI KPOBH KPBIC OINBITHOM TPYIIBI HE OTIMYAIHCH OT KOHTPOJBHOIL
rpynmbl. B oteeT Ha cTuMysuio K. -kaHanoB MeMOpaHbl 5pUTPOLMTOB JKUBOTHBIX 3KCTIEPUMEHTAILHON TPy TITIbI
¢ momortpto Ca*-nonodopa A23187 winn penoKc-CHCTEMbI HAGIOJANINCH PA3HOHAINPABJICHHBIE HW3MEHEHHSI
MeMOPaHHOTO MMOTEHIHAIIA.

33](.["0‘!6““6. HOHy‘[eHH])Ie pe3yJ’[bTaTbl CBI/IJleTeIleTBy}OT, YTO BBICOKOXUPOBas U BblCOKOyFJ'[eBO}:[Haﬂ Auera
IPUBOAUT K MeTa6OHI/I‘[eCKl/IM U TEMOPCOJIOTHICCKHUM HapyLLleHl/IﬂM, XapaKTCPHbIM I MeTa6OJ’Il/I'~leC](OFO
CHHJIpOMA.

KaroueBbie ciioBa: BBICOKOXUPOBAsA W BBICOKOYTJIEBOAHAA OUETA, MeTa0O0IMYECKHIA CUHAPOM, OXKHPEHUE,
JUCIUIIUAEMUS, KIIETKU KPOBH, K(,G-KaHaHLI, arperanus.

KongaukTt nuaTepecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBUE MOTEHIUATIBHBIX U SBHBIX KOH()INKTOB HHTEPECOB,
CBSI3aHHBIX C ITyOJIMKanuel HaCTOSIIEH CTaTbH.

Hcrounuk ¢punancupoBanus. VcciaenoBanue BBHIIONIHEHO NMpH GUHAHCOBOW monuepkke CoBeTa 1Mo rpaHTam
[pesunenta Poccuiickoit @enepammu (MK-143.2020.4).

CooTBeTcTBHE NMpUHIMNAM ITHKH. MccnenoBanue 0100peHO JIOKAIbHBIM ATHUECKUM KomuteromM Cubl'MY
(3akmouenue Ne 8201 ot 27.03.2020).

[ uutupoBanus: bupynuna 0.I'., iBanos B.B., byiiko E.E., Tpy6auesa O.A., Ilerposa 1.B., ['peunmnmko-
Ba A.1O., Hocapes A.B., ['ycakoBa C.B. Biusaue BbICOKOXXHPOBOH 1 BRICOKOYTIICBOAHON TUETHI HA KIICTKH KPOBU
KpbIC. bronnemens cubupckou meduyunst. 2021; 20 (3): 6-12. https://doi.org/10.20538/1682-0363-2021-3-6-12.
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INTRODUCTION

Metabolic syndrome (MS) is one of the most topical
problems in modern medicine. This is a combination of
metabolic, hormonal, and hemodynamic disorders that
increase the risk of cardiovascular diseases [1, 2]. The
most significant factors in the MS development are ab-
dominal obesity and insulin resistance [3, 4]. In recent
years, the number of obese people has increased signifi-
cantly, that has resulted in the increased prevalence of
MS [5, 6].

Currently, it has been documented that MS is accom-
panied by various pathological processes of the blood
system, which play an important role in the pathogenesis
of many complications of cardiovascular diseases [7, 8].
Structural and functional disorders of erythrocytes and
platelets contribute to the development of the latter. Dis-
organization and modulation of physicochemical proper-
ties in the erythrocyte membrane in metabolic disorders
lead to dysregulation of its cation-transporting function,
in which an important role belongs to Ca?*-activated po-
tassium channels — Gardos channels (K -channels), the
activity of which determines red blood cell eryptosis [9]
and deformability [10]. Dyslipidemia and systemic ox-
idative stress in MS [11] cause an increase in platelet
aggregation and elevate the risk of thrombosis [12].

The need to clarify the fundamental basis of hemor-
heological disorders and their role in the progression of
cardiovascular pathology during MS requires an ade-
quate experimental model of MS. One of the most com-
mon methods for modeling MS in animals is a special
diet. In this respect, a diet with a high content of fats and
carbohydrates proved to be the most effective, reproduc-
ing the typical characteristics of MS in animals [13, 14].

Therefore, the aim of the study was to investigate the
effect of experimental MS, induced by a high-fat and
high-carbohydrate diet, on erythrocytes and platelets of
rats.

MATERIALS AND METHODS

An experimental MS was modeled on male Wistar
rats (23 rats aged 6 weeks, average weight 226.5 £ 20.9
g). The studies were carried out in compliance with the
principles of humanity set out in the directives of the Eu-
ropean Community (86/609/EEC) and the Declaration of
Helsinki. The animals were divided into a control group
and an experimental group (11 and 12 animals, respec-
tively). The rats of the control group were fed with a
standard diet (Delta Feeds, Biopro, Russia, total calories
3,000 kcal / kg). The rats of the experimental group had
received a diet containing standard food (66%) with the
addition of animal fat (17%), fructose (17%), and choles-
terol (0.25%) for 12 weeks. Drinking water was replaced
with a 20% fructose solution (total calories 4,400 kcal/

kg).

Before and at the end of the study, body weight and
blood pressure (BP) (Systola, Neurobotics, Russia) were
measured in the animals. At the 12" week of the exper-
iment, a glucose tolerance test (GTT) was performed
[15]. Fasted rats (12 h of food deprivation) were injected
intragastrically with a glucose solution at a dose of 2 g/
kg (D-glucose, Sigma-Aldrich, USA). The concentration
of glucose was determined in the blood drawn from the
rat tail vein spectrophotometrically at 0, 15, 30, 60, 90,
and 120 min of the experiment using an enzymatic kit
(Chronolab, Spain).

The animals were euthanized with CO, after 12
weeks from the start of the experiment. Blood from the
heart was collected in BD Vacutainer® vacuum tubes
with anticoagulants: K, EDTA (to assess hematological
and biochemical parameters) or sodium citrate (to study
platelet aggregation). The liver and visceral adipose tis-
sue were isolated and weighed using the analytical bal-
ance, and their specific gravity was calculated. Hema-
tological parameters were assessed using an automatic
analyzer (BC-2800 Vet, Mindray, China). Blood plasma
was obtained by centrifugation of whole blood (4 °C,
8,000 g, 6 min). The blood plasma lipid spectrum of the
animals was determined using an automatic biochemical
analyzer (Architect c4000, Abbott, USA).

To study the activity of K -channels, the erythrocyte
sediment obtained after centrifugation was resuspended
in an incubation medium containing 150 mM NaCl, 10
mM glucose, 1 mM KCl, and 1 mM MgCl,. The ampli-
tude of an erythrocyte hyperpolarization response (HR)
was determined after addition of 0.5 uM Ca*" ionophore
A23187 or the artificial ascorbate (10 mM) — phenazine
methosulfate (PMS, 0.1 mM) redox system. Rat platelet
aggregation was studied by the turbidimetric method us-
ing a laser analyzer (Biola, Russia). Collagen (2 pg / ml)
was used as a platelet aggregation inducer. The degree
and rate of platelet aggregation were determined accord-
ing to the average aggregate size curve.

The data were analyzed using the SPSS Statistics 23
software. The data are presented as the mean and standard
deviation (M + SD) for normally distributed variables and
as the median (Me) and the interquartile range (Q,; Q,)
for non-normally distributed variables. To analyze the
differences between the samples, Student’s ¢-test or the
Mann — Whitney U-test were used. The result was con-
sidered statistically significant at p < 0.05. Correlation
was assessed using the Pearson’s correlation coefficient.

RESULTS

Feeding the rats with a high-fat, high-carbohydrate
diet for 12 weeks resulted in an increase in blood pres-
sure and specific gravity of the adipose tissue and liver
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of the studied animals (Table 1). It was shown that the
specific gravity of abdominal fat, including mesenteric,
epididymal, and retroperitoneal fatty tissue, increased by
2.5 times in the experimental rats.

The rats of the experimental group showed an increase
in the level of triacylglycerols (TAG) in blood plasma by
2.5 times compared with the control group. The total cho-
lesterol (Ch) level in the blood of the animals fed with a
high-fat, high-carbohydrates diet increased by 1.5 times.
Such an increase in the level of total Ch is determined
by a rise in the level of low-density lipoprotein choles-
terol (LDL-Ch), while the level of high-density lipo-
protein cholesterol (HDL-Ch) did not change (Table 1).
A direct relationship was found between the concentra-
tion of TAG and an increase in the specific gravity of
the adipose tissue (» = 0.689, p = 0.001), weight of the
liver ( = 0.434, p = 0.03), the content of total Ch, and
the specific gravity of the liver ( = 0.418, p = 0.04).
Furthermore, in the animals receiving a special diet, an
elevated level of glucose in the blood plasma after fas-
ting was observed (Table 1). A positive correlation was
found between the concentration of glucose in the blood
and the specific gravity of the adipose tissue (» = 0.823,
p=10.001).

Table 1

Effects of a high-fat, high-carbohydrate diet on the
physiological and biochemical parameters of rats, M + .SD

Group
Parameter Controls Metabolic syndrome
(n=11) n=12)

Body weight, g 376.6 £28.9 | 388.2+30.7 (p=10.241)
SBP, mm Hg. 123.2+8.8 139.2+9.1 (p=0.01)
DBP, mm Hg. 86.5+9.3 101.4 +12.2 (p = 0.028)
Fasting blood glucose, 40+03 54205 (p=0.001)
mmol/l
Total Ch, mmol/l 1.7+0.2 2.5+0.3 (p=0.009)
HDL-Ch, mmol/l +0.2 8+0.1 (p=0.09)
LDL-Ch, mmol/l 0.7+0.3 1.6 £ 0.4 (p =0.03)
TAG, mmol/l 09+04 2.3+0.8 (p=0.001)
Specific gravity of the |} 3 2.8% 0.4 (p=0.001)
adipose tissue, g
Specific gravity of the | 5, , 43+0.6 (p=0.001)
liver, g

Note: SBP —systolic blood pressure, DBP — diastolic blood pressure.
Here and in Table 2, 3: p — the level of statistical significance in
comparison with the controls.

Following GTT, it was found that 30 min after glu-
cose load in the rats of the experimental group, the blood
glucose level exceeded the level in the control group by
23.3% (p = 0.005); after 60 and 120 min — by 30.9%
(» = 0.001) and 28.6% (p = 0.003), respectively (Fig-
ure, ). The area under the glucose concentration — time

curve (AUC ) in the experimental group of animals
was 818.2 + 61.4 mmol / 1x120 min and exceeded the
control group value (622.1 + 36.8 mmol / 1x120 min,
p=0.001) (Figure, b).
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Figure. Changes in the blood glucose concentration in rats

(a) and the area under the glucose concentration — time curve

(D) in the oral glucose tolerance test: the control group (solid

line) and the experimental group (dotted line). *p < 0.05 in
comparison with the control group

Evaluation of hematological parameters revealed that
in the animals fed with a high-fat and high-carbohydrate
diet the leukocyte count increased by 1.5 times in com-
parison with the control group, mainly due to granulo-
cytes (Table 2). A relationship between the leukocyte
count (» = 0.589, p = 0.015) and the specific gravity of
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the adipose tissue was established in the experimental
rats. There were no statistically significant changes in the
count of red blood cells in the animals of the experimen-
tal group. However, the platelet count in the blood was
1.4 times higher than in the rats receiving a standard diet
(Table 2).

In the rats fed with a high-fat, high-carbohydrate
diet, the amplitude of the erythrocyte HR stimulated by
the Ca?* ionophore A23187 decreased compared with
the control group (Table 3). In contrast, the amplitude
of HR generated by adding the artificial electron-donor
system (ascorbate — PMS) to the erythrocyte suspension
was elevated in the rats of the experimental group. In
the animals of the experimental group, an increase in the
degree and rate of collagen-induced platelet aggregation
was observed (Table 3).

Table 2

Effects of a high-fat, high-carbohydrate diet on the
hematological parameters of rats, M = SD

Group
Parameter Controls Metabolic syndrome
(n=11) (n=12)
White blood cells, 10%/1 14.1+£3.0 20.7£5.5 (p=0.022)
Lymphocytes, % 69.7 +6.4 63.4+8.9 (p=0.048)
Monocytes, % 3.7+03 3.9+0.7 (p=0.078)
Granulocytes, % 26.6+5.8 35.9+7.6 (p=0.001)
Red blood cells, 10'%/1 9.4+0.5 9.2+0.8 (p=0.28)
Hemoglobin, g/ 208 +10.9 198 £ 11.5 (p = 0.088)
Hematocrit, % 47.1+£24 45.6+6.8 (p=10.072)
Mean cell volume, fl 503+£1.8 493+ 1.1 (p=0.118)
Platelets, 101 1,010.8 +70.5 1’2(150%()2?'6
Table 3

Effects of a high-fat, high-carbohydrate diet on the hyperpolarization response of erythrocytes and collagen-induced platelet
aggregation of rats, Me (0 ; 0))

Parameter
G ; -
roup A23187-induced HR, mV | Redox-induced HR, my | Degree of aggregation, | Rate of aggregation,
rel. units rel. units/min
Controls (n=11) —38.4 (—40.2; -35.3) —40.2 (—45.6; -35.5) 1.6 (1.4;1.8) 1.9 (1.7; 2.6)
. _ -30.1 (-34.6; -27.6) —49.1 (-51.3;-44.3) 292.4;4.2) 29(.7;52)
Metabolic syndrome (n = 12) »=0.022 »=0015 »=0.008 »=0011

DISCUSSION

Experimental animal models are used to study the
mechanisms of development and progression of meta-
bolic and hemorheological disorders in MS [16—18].
They are aimed at reproducing the characteristic signs of
MS, such as overweightness, obesity, insulin resistance,
impaired glucose tolerance, dyslipidemia, and arterial
hypertension [1, 3]. One of the possible ways to induce
MS in animals is a high-fat, high-carbohydrate diet.

In our study, it was found that feeding rats with a
diet containing animal fat, fructose, and Ch for 12 weeks
resulted in obesity, increased BP, hyperglycemia, de-
creased glucose tolerance, and dyslipidemia with hyper-
triglyceridemia. In the meantime, a positive correlation
between a significant increase in the specific gravity of
the liver, total Ch, and TAG level may indicate emer-
gence of metabolic disorders in the liver of the experi-
mental animals. The results are consistent with the lit-
erature data on diet-induced MS models [14, 18] and
indicate that the chosen diet effectively reproduces the
clinical signs of MS.

Experimental and clinical studies carried out in re-
cent years suggest that the pathogenetic mechanisms of
MS are inextricably linked with the functioning of the
blood system. Thus, it was shown that MS is accompa-

nied by an increase in blood viscosity, aggregation of
erythrocytes, a change in the number of red [7, 17] and
white blood [19] cells, and an increase in the content and
functional activity of platelets [20]. In this work, it was
demonstrated that the leukocyte count increased in the
animals of the experimental group mainly due to gran-
ulocytes. A correlation was also established between
the white blood cell count and the specific gravity of the
adipose tissue. It is known that obesity, as one of the im-
portant components of MS, is accompanied by a chronic
inflammatory process in the adipose tissue, infiltrated by
leukocytes, with high production of proinflammatory cy-
tokines [15, 19].

Feeding animals with a high-fat, high-carbohydrate
diet led to a rise in the content of platelets in the blood
and an increase in their collagen-induced aggregation.
According to existing data, an increase in the sensitiv-
ity of platelets to collagen in experimental rats can be
caused by an increase in glycoprotein VI (GPVI) on the
cell surface [20, 21], as well as by a change in the con-
tent of lipids in platelet membranes due to dyslipidemia
[12]. This is inevitably accompanied by activation of
phospholipases C and A, and protein kinase C followed
by phosphorylation of platelet contractile proteins. It was
shown that prothrombotic conditions associated with
metabolic disorders increase blood clotting, reduce fi-
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brinolysis and endothelial thromboresistance, and cause
platelet hyperactivity [22].

The quantitative indicators of red blood cells of
the experimental animals did not differ from those of
the control group. However, after the stimulation of
K -channels in the erythrocyte membrane with the Ca**
ionophore A23187 or the artificial electron-donor system
(ascorbate — PMS), multidirectional changes in the HR
amplitude were observed. This effect can be explained
by the increased level of calcium ions in erythrocytes of
the rats with MS [9]. Thus, equal addition of Ca*" to a
suspension of normal erythrocytes and a suspension with
an increased level of calcium ions will cause a decrease
in the HR amplitude in the latter. The change in the HR
amplitude caused by the Ca*" ionophore and the artificial
ascorbate — PMS redox system may be determined by
different mechanisms of K, channel opening [23].

In turn, a rise in the amplitude of the ascorbate —
PMS-induced HR in the erythrocyte membrane in the
animals of the experimental group indicates increased
conductance of K -channels in the erythrocyte mem-
brane. At the same time, structural rearrangement of the
membrane lipid composition caused by increased cho-
lesterol incorporation and phosphatidylserine external-
ization significantly affects the activity of Gardos chan-
nels, which leads to an increase in microviscosity of the
lipid bilayer [10] and a decrease in cell deformability in
the vascular bed.

CONCLUSION

It was found that the proposed high-fat, high-carbo-
hydrate diet effectively reproduces the typical symptoms
of MS. Analysis of hematological parameters revealed
significant changes in white blood cells and platelets
of the animals with MS. The erythrocyte membrane
of the rats fed with a special diet was characterized by
increased permeability to potassium ions, and platelets
were characterized by high sensitivity to collagen. The
obtained results are valuable for studying the causes of-
spe development and progression of cardiovascular dis-
eases associated with MS.
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