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ABSTRACT

Aim. To identify the structural foundations of the pathogenesis of arterial hypertension and kidney disease
associated with a high-fat, high-carbohydrate diet and age.

Materials and methods. The study was carried out on male Wistar rats aged 60 and 450 days. The animals were
divided into 4 groups: group 1 (n = 14) — intact rats (60 days old) fed with a standard diet for 90 days; group 2
(n=14) —rats (aged 60 days) receiving a high-fat, high-carbohydrate diet for 90 days; group 3 (n = 14) — intact rats
(aged 450 days) receiving a standard diet for 90 days; group 4 (n = 14) — rats (aged 450 days) fed with a high-fat,
high-carbohydrate diet for 90 days. Clinical and instrumental research methods, enzyme-linked immunosorbent
assay, and immunohistochemistry and histology techniques were used in the study.

Results. Feeding 60-day-old animals with a high-fat, high-carbohydrate diet resulted in an increase in body
weight and abdominal fat, a rise in systolic blood pressure, and moderately pronounced histologic changes in the
kidneys. In intact 450-day-old rats, age-related changes prevailed: changes in the myocardial mass, an increase in
TGF-B1, morphological changes in the renal tubules and glomeruli. In 450-day-old rats receiving a high-fat, high-
carbohydrate diet, the most pronounced increase in both systolic and diastolic blood pressure, a significant rise in
serum fibronectin, and destructive changes in the renal tissue were noted.

Conclusion. Functional and biochemical signs of arterial hypertension and morphological changes in the kidneys
were the most pronounced in 450-day-old rats fed with a high-fat, high-carbohydrate diet.
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BnusHune Bo3pacTa, BbiICOKOYr/1eBOAHOW N BbICOKOXKMPOBOIA AMNeTbI
Ha pa3BUTME apTepnanbHON rMNepTeH3NN N NopPaXKeHNsA Nnoyek
B 3KCMepuMeHTe
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PE3IOME

Ienb: BEIIBUTE CTPYKTYPHBIC OCHOBEI TATOTEHE3a apTePUaIbHON THIEPTEH3UHU U TIOPasKeHUSI TIOUCK, CBA3aHHBIX C
BBICOKOYTJIEBOTHOM BBICOKOXKHPOBO#t auetoit (BYCXK/I) u Bozpactom y kpeic inHun Wistar.

Marepua u MeToabl. VccnenoBanue NpoBOAMIN Ha caMmax Kpbic TUHUK Wistar B Bo3pacte 60 u 450 cyt. XKu-
BOTHBIX PACHpeAeIsUIN Ha YeThIpe Tpynmbl: 1-5 (7 = 14) — uHTaKTHBIE KpBICH (Bo3pacT 60 cyT), coaeprkaiuecs Ha
CTaHJapTHOM panuone B Teuenue 90 cyt; 2-a (n = 14) — kpbIchl (Bo3pacT 60 cyT), comepxkanecs Ha BYBX/ B
teuenue 90 cyt; 3-5 (n = 14) — uHTAKTHBIE KPBICH (Bo3pacT 450 cyT), comeprKaliecss Ha CTAaHAAPTHOM palloOHE B
teuenue 90 cyt; 4-s1 (n = 14) — kpsicsl (Bo3pacT 450 cyT), conepxammecs: Ha BYBX/] B reuenue 90 cyt. Mcnons-
30BATHCh KIIMHUKO-MHCTPYMEHTaIbHbIH, HMMYHO(EPMEHTHBIH, HIMMYHOTHCTOXUMHYECKHH M THCTOJIOTHYECKHUIT
METO/Ibl HCCIIEIOBAHMSI.

Pe3yabTathl. BoicokoyrieBoiHas BEICOKOXKUPOBAs AueTa NpuBouia y 60-IHEBHBIX KUBOTHBIX K YBEIUYCHUIO
Macchl Tella ¥ ablOMUHAIBHOTO XKUPA, HAPACTAHUIO CUCTOINYECKOTr0 apTePHANIBHOTO JIABICHHUS, TIOSBIICHUIO yMe-
PEHHO BBIPa)KCHHBIX IMCTOJIOTMYECKUX N3MEHEHHUH 1oueK. Y MHTAKTHBIX 450-IHEBHBIX KPBIC IPeodiiajaiy u3me-
HEHUsI, CBSI3aHHBIE C BO3PACTOM: yBEJIMYEHHE Macchl MHOKap/a, ysennuenne TGF-B1 B ceiBopoTKe KpoBH, MOpdo-
JIOTMYECKHEe M3MEHEHHMS IIOYSYHBIX KaHAJIbLEB U KIy0oukoB. Y 450-1HEBHBIX KpbIc, conepkaniuxcs Ha BYBX/I,
0TMeYaaoCch Hanbosee BBIPAKEHHOE HApACTaHHE KaK CHCTOJMYECKOro, Tak M AMACTOIMYECKOTO apTepHallbHOTO
JIaBJICHYSI, 3HAUUTEIILHOE YBEJIMYEHHE KOHLICHTPAuH (UOPOHEKTHHA B CHIBOPOTKE KPOBH, BBIPAXKEHHBIE JIECTPYK-
TUBHBIC U3MEHEHUS B [I0OYEUHOH [TapeHXUMeE.

3akaouenne. PyHKIMOHATBHBIC U OHOXUMUYCCKHE TPU3HAKN apTEPHATBLHON THIEPTEH3HU U MOP(OIOTHIECKHE
N3MEHEHU B ITOYKax OBbUTH Hanbosiee BhIpaskeHs! y 450-THEBHBIX KpHIC, coepkaBinuxcs Ha BYBXK/I.

KiroueBble ci10Ba: aprepuaibHas THIICPTCH3HUI, BO3PACTHBIC H3MCHEHHSI [I0YCK, BHICOKOYTIICBO/IHASI BBICOKOKH-
poBasi ueTa

KondaukT nnTepecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBUE SIBHBIX U MOTEHIMANBHBIX KOH(INKTOB HHTEPECOB,
CBSI3aHHBIX C MyOIUKaIKeil HACTOSIIEH CTaThH.

HUcTounuk qmnancnponamm. ABTOpLI 3asIBJISIIOT 00 OTCYTCTBUU (bPIHaHCI/IpoBaHI/ISI Ipyu OpOBEACHUU UCCIIE0-
BaHUA.

CooTBeTcTBHE MPpUHIMNIAM 3THKH. VccnenoBanue onodpeHo stmdeckum komuterom HUU xapawonornn Tom-
cxoro HUMII (mporokon Ne 201 ot 30.07.2020).

Jst mutupoBanus: Mycraduna JI.P., Jlorsunos C.B., Hapeokuaas H.B., Kyp6atos b.K., Macnos JI.H. Biusiaune
BO3pacTa, BHICOKOYTJIEBOIHOH 1 BHICOKO)KUPOBOW JNETHI HA Pa3BUTHE apTEPHAIBLHOI THIIEPTEH3UH U TOPAKEHHS
MOYEK B 3KCIEpUMEHTE. broanemens cubupckot meduyunst. 2022;21(3):73-80. https://doi.org/10.20538/1682-
0363-2022-3-73-80.

74 BionneTteHb cMbupckon megmumHbl. 2022; 21 (3): 73-80



Original articles

INTRODUCTION

Risk factors for arterial hypertension include age,
obesity, and associated pathologies, such as diabetes
mellitus, diabetic nephropathy, and atherogenic dys-
lipidemia. Overweightness and obesity are currently
equated with a global epidemic and are the main fac-
tors underlying a number of metabolic disorders in
organs and tissues, which contribute to progression of
insulin resistance and development of metabolic syn-
drome, increasing the risk of diabetes, cardiovascular
diseases, hyperlipidemia, non-alcoholic fatty liver
disease, and kidney disease [1, 2].

The prevalence of metabolic syndrome and its
components has alarmingly increased over the past
decade, becoming a public health problem. According
to numerous studies, the incidence of metabolic syn-
drome ranges from 7.5 to 42.2% in different countries
[3, 4], which is associated with increased prevalence
of bad habits (smoking, overeating, etc.) and a seden-
tary lifestyle.

Powerful risk factors for the development of kid-
ney disease in metabolic syndrome include not only
diabetic nephropathy and arterial hypertension, but
also obesity, which, due to the direct effect of oxida-
tive stress on the renal parenchyma, is believed to lead
to chronic kidney disease and end-stage renal failure
[5]. The latter is a serious health problem, which may
result in such cardiovascular complications as arterial
hypertension, heart failure, myocardial infarction, and
sudden cardiac death [6]. However, the mechanisms
of kidney disease in obesity are still unclear.

Therefore, the aim of the study was to identify the
structural foundations of the pathogenesis of arterial
hypertension and kidney disease associated with a high-
fat, high-carbohydrate diet and age in the experiment.

MATERIALS AND METHODS

The study was carried out on male Wistar rats aged
60 and 450 days weighing 350—400 g and 400-600 g,
respectively. All procedures were carried out in accor-
dance with the Directive 2010/63 / EU of the Europe-
an Parliament and the FASEB statement on the princi-
ples for the use of animals in research and education.
The animals were divided into 4 groups: group 1
(n = 14) — intact rats (aged 60 days) fed with a stan-
dard diet for 90 days; group 2 (n = 14) — rats (aged
60 days) receiving a high-fat, high-carbohydrate
diet (HFHCD) for 90 days; group 3 (n = 14) — intact
rats (aged 450 days) receiving a standard diet for 90
days; group 4 (n = 14) — rats (aged 450 days) fed with
HFHCD for 90 days.

HFHCD contained 16% proteins, 21% fats, and
46% carbohydrates, including 17% fructose and
0.125% cholesterol [7]. Water was replaced with a
20% fructose solution. The rats of groups 1 and 3 (in-
tact animals) were fed with standard rodent food (24%
proteins, 6% fats, 44% carbohydrates) and pure water
ad libitum. After the end of HFHCD, the animals re-
ceived a standard diet and regular drinking water for
one week in order to exclude osmotic load due to the
consumption of fructose.

Body weight, as well as systolic and diastolic
blood pressure (BP) were assessed weekly by tail cuff
plethysmography using the MP35 data acquisition
system (Biopac Systems Inc., USA). The animals
were removed from the experiment by decapitation
following anesthesia with chloralose (100 mg / kg
intraperitoneally). Before the decapitation, blood
samples were taken from the common carotid artery.
Immediately after the sacrifice, the heart, both kid-
neys, and visceral fat were removed and weighed.
The study was approved by the Ethics Committee at
the Cardiology Research Institute of Tomsk NRMC
(Protocol No. 201 of 30.07.2020).

The blood samples were centrifuged (15 min 3,000
rpm), the serum samples were stored in a freezer at
—70 °C. Fibronectin and TGFB-1 in the serum were
determined by enzyme-linked immunosorbent assay
(ELISA) using the rat fibronectin (ab108850) and rat
TGFp (ab119558) ELISA kits (Abcam, USA), respec-
tively. Sample measurements were performed using
the Infinite 200 PRO microplate reader (Tecan GmbH,
Salzburg, Austria).

For a histologic examination, kidney samples were
taken, which were fixed in 10% neutral buffered for-
malin and embedded in paraffin according to the stan-
dard technique. The sections were stained with hema-
toxylin and eosin, Van Gieson’s stain, and periodic
acid — Schiff (PAS) stain with nuclear counterstaining
with hematoxylin. Immunohistochemistry (IHC) was
performed using monoclonal antibodies Ki-67 (Ab-
cam, USA). The histologic sections were visualized
and photographed using the Axiostar plus light micro-
scope (Carl Zeiss, Germany) at 400x and 1000x mag-
nification. The percentage of Ki-67* positive cells was
counted in each glomerulus. A morphometric analysis
was performed using the Image] software for image
analysis and processing (National Institutes of Health,
USA); the area of the renal glomeruli and the width of
the Bowman’s space were calculated.

A statistical analysis was performed using the Sta-
tistica 13.0 software package (StatSoft Inc., USA).
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The analysis of the obtained data was carried out
by the methods of descriptive statistics with the cal-
culation of the median and the interquartile range
Me (Q, Q,) for non-normally distributed variables.
For normally distributed variables, the data were
presented as the mean and the error of the mean
(M £ m). The differences between the groups were
determined using the Kruskal — Wallis test. The dif-
ferences were considered statistically significant at
p <0.05;0.05 > p <0.06 was taken as a trend.

RESULTS

Body weight increased in the experimental animals
of groups 2—4 compared with group 1 (Table 1).

Table 1

Weight of the animals, weight of organs and visceral fat

of rats of different age fed with HFHCD, g, M + m
Weight
Body 430.3+5.3|481.2+12.4"|517.3+13.0"| 520.0 + 35.0'

Group 1 Group 2 Group 3 Group 4

Heart 139+ 0.1 | 1.31+£0.053 | 1.54+0.04"2| 1.44+0.1°
Kidneys | 28+0.1 | 2.8+0.1 | 351402' | 3.05+02°
Visceral | ¢ 35411 | 1646+1.6' | 991409 | 1747438

fat

1. 2.3 statistical significance of the differences compared with group
1,2,3,4 (here and in Tables 2, 3).

Note: here and in Tables 2—4: group 1 — intact rats aged 60 days;
group 2 — rats aged 60 days receiving HFHCD; group 3 — intact rats
aged 450 days; group 4 — rats aged 450 days receiving HFHCD.

At the same time, there was a pronounced increase
in the weight of abdominal fat in the groups of ani-
mals fed with HFHCD compared with similar param-
eters in intact animals of different age. When the heart
was weighed, its maximum weight was observed in
450-day-old intact rats, which slightly differed from
the values in the group of 450-day-old rats fed with
HFHCD. The kidney weight was significantly elevat-
ed in the animals of group 3 compared with group 1.

Systolic BP in the rats increased in group 2 and
showed a trend toward an increase in group 4 after the
prescription of HFHCD, while diastolic BP increased
only in group 4 (Table 2).

The study of the blood serum showed a two-fold
increase in the concentration of fibronectin in the rats
of group 4 (Table 3) compared with the animals in
groups 1-3. An increase in the serum concentration of
TGFB-1 was observed in the animals of groups 3 and
4 (Table 3).

The histologic examination of the kidneys revealed
foci of pronounced perivascular and periductal lym-
phocyte and monocyte infiltration of the stroma in
group 3; in the lumen of some distal convoluted tu-
bules and collecting ducts, PAS-positive casts were
observed, while epithelial cells in the nephron tubules
flattened toward the lumen or exfoliated in the lumen.
In single epithelial cells of the proximal tubules, lipo-
fuscin granules and nuclear damage were noted.

Table 2
Blood pressure in rats of different age fed with HFHCD, mm Hg, Me (Q -0.)
BP Group 1 Group 2 Group 3 Group 4
Systolic 129 (124-136) 141 (137-143)" 133 (129-136)* 140 (135-144)"3
Diastolic 87 (83-89) 85 (77-89) 86 (80-88) 97 (95-101)"-23

Table 3
Concentration of fibronectin and TGFp-1 in the blood serum of rats of different age fed with HFHCD,
M+Em
Parameter Group 1 Group 2 Group 3 Group 4
Fibronectin, mg / dl 2123 +1.55 27.58 +1.78 29.89 +2.38 43.00 +3.12%23
TGFB-1, ng / ml 14.0+3.0 19.1£2.6 353+£52! 31.9+4.1

Morphological changes in the rat kidneys in
groups 2 and 4 included pronounced plethora in the
vessels of both renal glomeruli and stroma with signs
of stasis. In group 2, moderate perivascular fibrosis
was noted, while in group 4, both perivascular and fo-
cal peritubular fibrosis in the stroma with surrounding
lymphoid infiltration and thickening of the outer layer

of the Bowman’s capsule were identified. Damage to
the brush border of the epithelial cells in the proxi-
mal tubules was observed in both groups fed with
HFHCD, which was the most extended in group 4
(Fig. 1). The distal convoluted tubules in group 4 con-
tained PAS-positive casts, which was accompanied by
flattening or death of the epithelial cells (Fig. 2).
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Fig. 1. Damage to the brush border of the epithelial cells in

the proximal tubules (indicated by arrows) in the kidneys of

450-day-old rats after the prescription of HFHCD. Staining
with PAS and hematoxylin, x400

A quantitative assessment of changes in the renal
glomeruli showed an increase in their size both with
age and with the prescription of HFHCD (Table 4).
However, the area of the glomeruli in the animals fed
with HFHCD was significantly smaller than in the an-
imals receiving a standard diet.

Fig. 2. PAS-positive casts (indicated by asterisks) and exfoliated

epithelial cells (indicated by arrows) in the lumen of the distal

convoluted tubules of 450-day-old rats after the prescription of
HFHCD. Staining with PAS and hematoxylin, x400

The width of the Bowman’s space, located be-
tween the inner and outer layers of the Bowman’s
capsule, also increased with age in all groups, while
the urinary space in groups 2 and 4 was significant-
ly wider than that in groups 1 and 3, respectively
(Table 4).

Table 4

Area of the renal glomeruli and width of the Bowman’s space in rat kidneys, pm 2/ pm, Me (Q —Q.)

Parameter Group |

Group 2 Group 3 Group 4

The area of the renal glomeruli,x10® | 23.54%3(19.94-27.21)

20.41-4(16.98-22.52)

27.041(2332-32.03) | 24.71°(21.67-29.32)

The width of the Bowman’s space 9.36%3(7.59-11.77)

1.2.3.4significance of the differences compared with group 1, 2, 3, 4.
Ki-67 THC staining was detected in cells of the

renal glomeruli (in mesangial cell processes and flat-
tened endothelial cells) (Fig. 3, 4). At the same time,

12.54"%(10.45-15.10)

12.21-4(9.88-15.37) | 15.42>3(12.98-17.16)

a rise in the number of Ki-67-positive cells was re-
vealed, which coincided with an increase in the age of
the animals fed with HFHCD (Fig. 5).

Fig. 3. Ki-67" cells (indicated by arrows) in the glomeruli of
60-day-old intact rats. IHC staining with Ki67 antibodies and
hematoxylin, x1000

Fig. 4. Ki-67" cells (indicated by arrows) in the glomeruli of
450-day-old intact rats after the prescription of HFHCD. IHC
staining with Ki67 antibodies and hematoxylin, x1000
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DISCUSSION

The HFHCD used in this study corresponds to the
so-called cafeteria diet, which, along with obesity,
causes a decrease in glucose and insulin tolerance,
dyslipidemia, an increase in lipid peroxidation, a de-
crease in antioxidant activity of the liver, kidneys, and
brain, as well as interstitial nephritis [8]. The increase
in body, heart, and kidney weight in 450-day-old rats
fed with HFHCD and a standard diet could be a con-
sequence of not only a diet, but also an age-related
increase in organ mass, while a significant increase
in the weight of visceral fat in the rats receiving
HFHCD, obviously, was the result of only HFHCD.

Changes in the systolic and diastolic BP values
in the animals fed with HFHCD might be caused by
an increase in the load on the myocardium associat-
ed with obesity, while a rise in diastolic BP may be
associated with impaired renal function, which might
lead to a decrease in the kidney mass in the animals
fed with HFHCD. The histologic signs of kidney dis-
ease that we established in aged animals were aggra-
vated by the prescription of HFHCD: a decrease in the
area of the renal glomeruli combined with an increase
in and thickening of the Bowman’s capsule might
indicate glomerular hyperfiltration.

A similar negative effect on the kidney structure
was also demonstrated when studying the effect of
long-term intake of fructose with glucose or sucrose
[9]. The main pathophysiological mechanism under-
lying the negative effect of fructose is associated with
a by-product of its metabolism — uric acid, which has a
direct effect on endothelial cells and vascular smooth
muscle cells. In this case, the bioavailability of endo-

thelial nitric oxide is inhibited, and the renin — angio-
tensin system is activated, which results in glomerular
hypertension and tubulointerstitial injury [10]. Subse-
quently, renal vasoconstriction and systemic hyper-
tension develop. The latter develops due to an increase
in the reabsorption of salts and water and may also be
accompanied by inflammation and tubulointerstitial
injury [11].

Expression of the proliferation marker Ki-67 was
observed in mesangial and, probably, endothelial cells
of renal glomerular capillaries, since proliferation
is not typical of podocytes [12]. The increase in the
number of Ki-67" cells in the group of aged animals
that were fed with HFHCD can also be associated with
both the age-related accumulation of advanced glyca-
tion end products and the damaging effect of uric acid,
which causes glomerular hyperfiltration and hyperpla-
sia of mesangial cells after 2 weeks of feeding ani-
mals with fructose, as shown in the experiments [13,
14]. The process was accompanied by the accumula-
tion of extracellular matrix proteins, thickening of the
glomerular basement membrane, and the development
of glomerular hypertension.

Proliferation of mesangial cells and an increase
in synthesis of the extracellular matrix are stimu-
lated by a-SMA and TGF-B1, so both factors were
identified as the key mediators of glomerular and tu-
bulointerstitial pathology in chronic kidney disease
[15]. An increase in the concentration of TGF-B1
was observed in nephropathy caused by induced di-
abetes mellitus in rats [16]. However, in our study,
the increase in the serum concentration of TGF-$1
occurred in all 450-day-old rats, regardless of HFH-
CD. Therefore, this parameter is more likely associ-
ated with age-related changes. Mesangial cells them-
selves can produce extracellular matrix proteins,
including fibronectin, which leads to renal fibrosis in
pathological conditions [17]. In our study, in the aged
animals fed with HFHCD, the increase in the Ki-67
expression in mesangial cells was combined with the
increased serum levels of TGF-B1 and fibronectin,
which also supports the hypothesis on the develop-
ment of glomerular hypertension.

The results obtained are comparable with the stud-
ies that established a relationship between an increase
in the concentration of fibronectin and diabetic ne-
phropathy [18], increased concentration of fibronectin
in the blood plasma and type 1 diabetes mellitus [19],
hypertension, nephropathy [20], as well as obesity and
triglyceridemia in patients with type 2 diabetes melli-
tus [21].
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CONCLUSION

The revealed histologic changes in the kidneys
may indicate an aggravating effect of HFHCD on ag-
ing and, subsequently, cause development of renal
hypertension associated with disruption of the normal
structure and functioning of the kidneys. The results
obtained suggest that serum fibronectin level can be
used as a marker of kidney disease in diabetes melli-
tus in elderly patients, however, this assumption needs
clinical confirmation.
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