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ABSTRACT

Aim. To study the effect of eplerenone on the activity of free radical oxidation and renal function in rats with
experimental diabetes mellitus induced by streptozotocin.

Materials and methods. Experiments were carried out on 36 male Wistar rats. Diabetes mellitus (DM) was
simulated by a single intraperitoneal injection of streptozotocin at a dose of 65 mg / kg. Eplerenone was injected
into the stomach at a dose of 50 mg / kg.

Results. It was found that eplerenone in experimental diabetic nephropathy (DN) significantly attenuated
proteinuria: the concentration of protein in the urine became 4 times lower than in untreated DN (p < 0.001). In
the kidneys, eplerenone therapy normalized the structure and function of renal glomeruli and restored the podocyte
number, which was reduced by 37.8% in the DN model. Free radical oxidation (FRO) in the kidneys of rats
treated with eplerenone increased — the concentration of thiobarbituric acid reactive substances rose by 1.5 times
(»p = 0.009), and changes in the activity of antioxidant enzymes, such as superoxide dismutase (a decrease
by 2.4 times, p = 0.002), catalase (an increase by 1.8 times, p < 0,001), and glutathione peroxidase (an increase
by 1.5 times, p < 0.001) were observed, as opposed to the values in the controls.

Conclusion. In streptozotocin-induced experimental diabetic nephropathy in rats, eplerenone had a nephroprotective
effect, but increased oxidative stress in the kidneys. The increase in FRO could be determined by the nongenomic
effect of aldosterone, which accumulates under conditions of prolonged mineralocorticoid receptor (MR) blockade.
The nephroprotective effect of eplerenone can be associated with the weakening of the genomic effects of
aldosterone, realized with the participation of MR.
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Po/1b cBO60HOpPaAMKaZAbHOrO OKMC/IEHUA B NOYKaxX B HEGPONpPOTEKTOPHOM
AencTBumn 6/10KaTOopa MMHEPA/ZIOKOPTUKOUAHBIX PELLenTOPOB 3M/epeHoHa

npu 3KCNEPUMEHTA/IbHOM CaXapHOM ,a,ua6eTe
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PE3IOME

llenb. I/ISY‘{I/ITL BJIMSTHUEC JIJIEPEHOHA HAa aKTUBHOCTDH csoGom—xopa;mKaanoro OKHMCJICHUA U (I)yHKLU/lI/l ITOYECK KPBIC
IpU SKCIIEPUMEHTAJIBHOM CaXapHOM 111/1366T6, BbI3BAHHOM CTPENTO30TOLIMHOM.

MarepuaJbl 1 MeTOABI. DKCIIEPUMEHTHI IPOBEICHEI Ha 36 camiax Kpsic TuHUK Bucrap. CaxapHblii 1naber Mo-
JIETTMPOBAJIM OJJHOKPATHBIM BHYTPHOPIONIMHHBIM BBEJJCHHUEM CTPENTO30TOLMHA B 7103 65 MI/KT. DIUIEpEeHOH BBO-
JIATA B KETYIO0K B 103¢ SO MI/KT.

Pe3yabTaThl M 00CyKIeHHe. YCTaHOBICHO, YTO SIUICPEHOH IIPU 3KCIIEPHMEHTAIBHON TuabeTHyeckoil Hedpo-
natuu (JIH) cyliecTBeHHO ocliabisieT IPOTEHHYPHIO: KOIMYECTBO Oelka B MOYe CTAHOBHTCS MeHbLIE B 4 pasa,
geMm nipu HeneueHoit JIH (p < 0,001). B moukax mox BIMSIHUEM TEPaNHH SIUICPEHOHOM HOPMAIIU3YIOTCSI CTPYKTY-
pa ¥ QyHKIMH MOYEYHBIX KIyOOYKOB, B TOM YHCIE BOCCTAHABIMBAETCS KOJIMYECTBO IIOJOIUTOB, yMEHBLUICHHOE
npu mogemn JIH Ha 37,8%. AxtuBHOCTH cBoOOgHOpamuKansHOro okucieHns (CPO) B modkax KpbIC, MOTydaB-
IIUX SIUICPEHOH, YCUIIMBACTCS: YBEIHYMBACTCSl KOHIEHTpALUs THOOApOUTYpaTpeakTHBHBIX IPOAYKTOB B 1,5 pasa
(» = 0,009) 1 u3MeHsIeTCS O CPAaBHEHUIO C MOKA3aTENSIMH KOHTPOJS aKTHBHOCTh AHTHOKCHIAHTHBIX (epMEH-
TOB — CYNEpPOKCHAINCMYTa3bl (CHIKaeTcs B 2,4 pasa, p = 0,002), karanassl (yBemmuusaercs B 1,8, p < 0,001) u
[Ty TaTHOHIIEpOKCH a3l (yBenmunBaeTcs B 1,5 pasa, p < 0,001).

3axmouenue. [Tpu sxcnepumentansaoit J{H, BBI3BaHHOW Y KPBIC BBEACHHEM CTPENTO30TOLMHA, SIUIEPEHOH OKa-
3bIBa€T HE()PONMPOTEKTOPHOE NEHCTBHE, HO YCHIMBAET OKCHUIATHUBHBIN cTpecc B moukax. Ycwienune CPO morio
ObITh 00YCIIOBIEHO HETEHOMHBIM MEMOPAaHHBIM JEHCTBHEM albAOCTEPOHA, KOMIEHCATOPHO HAKAILTMBAIOIETOCS
B YCJIOBHSX JUIMTEIBbHOM O0Kaapl MUHEpanoKopTHKouAHbIX peuentopoB (MKP). HedpomnporektopHoe neiicTue
3IJIEPEHOHA MOKHO CBA3AThH C OcialieHneM TeHOMHBIX 3()(heKTOB allb0CTepOHa, peaan3yeMbIX npu yaactun MKP.

KiaroueBrble ci1oBa: SIUIEPEHOH, He(prHpOTeKTOpHOC HeﬁCTBHe, CBO6OZ[HOpaZII/IKaJII)HOB OKHUCJICHHUE, SDKCTICPUMEH-
TajlbHas }JI/Ia6€TI/I‘I€CKaSI He(i)pOHaTI/IH.

KoHduMKT HHTEpecoB. ABTOPHI ACKIAPUPYIOT OTCYTCTBHE SBHBIX M IOTCHINAJIBHBIX KOH(INKTOB HHTEPECOB,
CBSI3aHHBIX C MyOIUKaKeil HaCTOSIIEeH CTaThH.

HUcTounuk q)HHaHCHpOBaHI/ISI. ABTOpLI 3asIBJISIIOT 00 OTCYTCTBUU (bPIHaHCI/IpOBaHI/ISI IpyU OPOBEACHUU UCCIIE0-
BaHUA.

CooTBeTcTBHE MPHHIMNAM ITHKH. VcciaenoBanue 000peHO JIOKANBEHBIM dTHYeckuM KomuteToM AIMY (mpo-
Tokoi Ne 4 or 30.04.2020).

s mutupoBanus: Xapuxos A.lIO., ®umnnoa C.O., Masko O.H., Makaposa O.I'., bo6pos W.I1., Bproxa-
HOB B.M. Ponb cBOOGOHOpAINKATEHOTO OKHCIEHHS B MOYKAaX B HE(PPOMPOTEKTOPHOM AeicTBHM OGI0KaTOpa MH-
HEPaTOKOPTUKOMIHBIX PEIENTOPOB AIEPEHOHA MPH SKCIIEPUMEHTAIBLHOM caxapHOM auabete. broinemens cubup-
ckoui meouyunst. 2021; 20 (2): 29-35. https://doi.org/10.20538/1682-0363-2021-2-29-35.

INTRODUCTION

Oxidative damage to the kidneys makes a signi-
ficant contribution to the development of diabetic ne-
phropathy (DN) [1], therefore, the study of the me-
chanisms of peroxidation in the kidneys, the search

for new targets for targeted antioxidant therapy, and
the development of new pharmacological approaches
to DN treatment on their basis are relevant.

There are four main mechanisms of oxidative stress
development in the kidneys in DN: direct inhibition of
cellular antioxidant systems by glucose and its metabo-
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lites, accumulation of advanced glycation end products
(AGEs), activation of protein kinase C, and activation
of the renin-angiotensin-aldosterone system (RAAS)
[2]. NADPH oxidase catalyzing the formation of reac-
tive oxygen species (ROS) is activated in the kidneys [3].
When searching for new effective methods of drug the-
rapy in DN, an important question remains unresolved:
which mechanism contributes the most to the oxidative
stress development? The answer to this question would
contribute to targeted and more effective development of
new pharmacological approaches to DN therapy.

We studied the effect of RAAS drug inhibition on
oxidative damage to the kidneys and the course of
DN in experimental diabetes mellitus (DM). For this
purpose, eplerenone was chosen as a pharmacological
tool, which is a non-steroidal aldosterone antagonist
previously studied as a nephroprotector in DN [4].

The aim of the study was to investigate the effect
of eplerenone on the activity of free radical oxidation
and renal function in rats with experimental, strepto-
zotocin-induced DM.

MATERIALS AND METHODS

Experiments were conducted on 36 male Wistar
rats aged 2—3 months and weighing 300-350 grams.
The study was carried out in accordance with Direc-
tive 86/609/EEC, the Declaration of Helsinki, and the
“Rules for Work Using Experimental Animals”. The
study was approved by the local Ethics Committee at
ASMU (Protocol No. 4 of 30.04.2020). The rats were
placed in individual metabolic cages adapted for urine
collection. The animals were kept under natural light
conditions, at room temperature and could freely con-
sume water and “Chara” feed produced by Assorti-
ment-Agro LLC. All manipulations with animals were
carried out from 9 AM to 12 AM.

According to the design of the experiment, the an-
imals were divided into 3 groups: a control group and
an experimental group each consisting of 13 animals
and a group of intact rats containing 10 animals. In
the control and experimental groups, the rats were ad-
ministered intraperitoneally with 1 ml of streptozoto-
cin solution (Applichem, Germany) at a single dose
of 65 mg / kg in the citrate buffer to model DM. For
more accurate modeling of type 2 DM, the rats were
previously injected intraperitoneally with cytoflavin
solution at the nicotinamide rate of 115 mg / kg. The
administration of nicotinamide weakens streptozoto-
cin-induced damage to the islets of Langerhans and
allows for moderate hyperglycemia without massive
cytolysis of pancreatic cells [5].

In the experimental group for DN treatment, eple-
renone (Polpharma, Poland) was injected in the stom-
ach at a dose of 50 mg / kg once a day daily for 3
weeks, starting from the 5th week after the strepto-
zotocin injection. The dose of eplerenone was chosen
according to the results of previous studies on the ne-
phroprotective effect of the drug in the DM model [4].
In preliminary studies, we showed that typical signs of
nephropathy in rats develop only by the end of the 4
week after streptozotocin administration [6].

To assess renal functions in rats of the control and
experimental groups, the concentrations of glucose,
protein, and creatinine in urine were determined and
their excretion with urine was calculated prior to the
start of DM modeling and then weekly. The glucose,
protein, and creatinine levels in the urine were mea-
sured using the DIRUICS-T240 automatic bioche-
mical analyzer (Dirui Industrial Co., Ltd., China) with
biochemical kits (DIACON-DS, Russia).

After 8 weeks of the experiment, the animals were
euthanized by ether, their kidneys were extracted
and washed with isotonic sodium chloride solution.
One kidney was used for morphological studies, the
second one was used to study the activity of FRO. Ac-
cording to the methods given in the manual [7], the
activity of FRO was evaluated by the concentration of
thiobarbituric acid reactive substances (TBARS) and
the activity of antioxidant enzymes, such as catalase
(CAT), superoxide dismutase (SOD), and glutathione
peroxidase (GPx), in the kidneys.

For morphological studies, Sakkura (Japan) devices
were used. The kidneys were fixed in 10% neutral forma-
lin solution. The material was dehydrated in isopropyl
alcohol using the carousel-type machine TISSUE-TEK
VIPTM6 (Japan). The material was poured into pa-
raffin using the paraffin filling station TISSUE-TEK
TEC 5 (Japan). 5-7 pm-thick histological sections
were obtained using the semi-automatic rotary micro-
tome Accu-Cut SRM (the Netherlands) and stained
with hematoxylin and eosin and according to the Van
Gieson’s method in the TISSUE-TEK Prisma automa-
ted slide stainer (Japan). Neutral glycosaminoglycans
were determined histochemically using Schiff reagent
according to McManus. The slides were placed under
film in the TISSUE-TEK Film coverslipper (Japan).

Morphometric studies were performed using a com-
puter image analysis system consisting of the Leica
DME microscope (Germany), the Leica EC3 digital
color camera (Leica Microsystems AG, Germany), a
personal computer, and Video Test Morphology 5.2
software. The area of renal glomeruli and the area of
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capillary lumina were measured, and after special com-
puter processing of digital photos, the total area of the
vascular bed, the area of the mesangium, and the num-
ber of podocytes in the glomerulus were calculated.

The results were processed statistically using
the Statistica 13.3.1 software (license JPZ906I-
448517FAACD-K). The results of the biochemical
studies are presented by the median and the interquar-
tile range (Me (25%; 75%)). The results of the mor-
phometric studies were presented by the mean and the
standard error of the mean (M + m). Statistical com-
parisons between the groups were carried out using
the nonparametric Mann — Whitney U-test, compari-
sons within the group were performed using the non-
parametric Wilcoxon test [8].

RESULTS

The experiments showed that during 8 weeks
in rats of the control and experimental groups, the
amount of excreted urine and renal excretion of glu-
cose and creatinine statistically significantly exceeded
the initial levels and did not differ between the groups
(not shown in the tables and figures).

In the control and experimental groups during
the first 28 days of DM modeling, renal excretion

of protein significantly increased (Fig. 1): in the
control group — from 2.7 (1.8; 8.7) to 11.0 (5.9;
15.3) mg / day (p = 0.004), in the experimental group —
from 3.0 (0.6; 3.8) to 10.2 (9.9; 13.4) mg / day (p =
0.002). Statistically significant differences between
the groups were not recorded. From the 5th to the 8™
week of the experiment, protein excretion in the con-
trol group continued to increase and peaked by the end
of the experiment — up to 36.0 (28.6; 43.2) mg / day,
which was 13.3 times higher than before the exper-
iment (p = 0.001). After the start of eplerenone ad-
ministration, the increase in renal protein excretion
stopped, and until the end of the experiment, the
excretion did not change compared to the indicator
measured on the 28th day. As a consequence, at the
6-8™ week of eplerenone administration, renal pro-
tein excretion was statistically significantly lower
than in the control group during the specified periods
of time: after 6 weeks, it decreased by 2.3 times to
5.0 (3.2; 7.5) mg / day as opposed to 11.6 (5.3; 14.8)
mg / day (p = 0.018), after 7 weeks — by 1.8 times
to 7.7 (2.6; 10.3) mg / day as opposed to 13.8 (11.6;
16.0) mg/ day (p = 0.002), after 8 weeks — by 4 times
to 9.0 (3.5; 15.0) mg / day as opposed to 36.0 (28.6;
43.2) mg/ day (p < 0.001).
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Fig. 1. Dynamics of protein excretion in urine: * indicates statistically significant differences compared to the initial level, the sign
# indicates statistically significant differences between the groups

Morphological studies of the kidneys of experi-
mental animals allowed to establish that in the control
group, renal glomeruli were enlarged and the inter-
capillary space in the glomeruli increased due to the
accumulation of periodic acid-Schiff (PAS)-positive
material in the mesangium (Fig. 2). The lumina of the
glomerular capillaries were narrowed, the basement
membranes of the capillaries and the Browman’s

capsule were thickened. Podocytes increased in size,
swelling of their nuclei occurred. In the renal intersti-
tium, foci of nephrosclerosis were found; in these ar-
eas, the tubular basement membranes were thickened.
The tubular nephrocytes were flattened, the tubular
lumen was dilated. Most nephrocytes were in a state
of hyaline-drop dystrophy. In some regions, lympho-
cytic-plasmacytic infiltration was identified.

32 Bulletin of Siberian Medicine. 2021; 20 (2): 29-35



Original articles

In rats of the experimental group who received
eplerenone, the area of renal glomeruli decreased
(Fig. 3). A focal increase in the intercapillary space
and deposition of PAS-positive material were weak-
ly pronounced. The lumina of the glomerular capi-
llaries were mostly wide, congestion of the capilla-
ries was noted. Podocytes were small in size, with

Fig. 2. Rat kidney tissue in the control group: a — increase in

the size of glomeruli, staining with hematoxylin and eosin,

x100; b — increase in the intercapillary space and narrowing of
the capillary lumina, McManus staining, x1,200

rounded small nuclei. In the renal interstitium, ne-
phrosclerosis phenomena were minimal. The mor-
phological structure of nephrocytes approached nor-
mal one, hyaline-drop dystrophy phenomena were
absent at most sites. The intergroup comparison of
quantitative morphometric parameters is presented

in Table 1.

Fig. 3. Ratkidney tissue in the experimental group: a — decrease
in the size of glomeruli, staining with hematoxylin and eosin,
x100; b — decrease in the intercapillary space and dilation of

the capillary lumina, McManus staining, x1,200

Morphometric parameters of renal glomeruli in experimental animals, M + m

Table 1

Parameters Intact rats Control group Experimental group
4,810.4 +£202.6
i 9
Area of renal glomeruli (um?) 6,174.7 £257.5 7,758.65 £329.5 p <0.001
P, <0.001 ¢
in P, <0.001
1,148.5 £ 107.65 1,569.65 + 282.05
2 + > El
Total area of the glomerular vessels (um?) 2,900 £27.4 p,.<0.001 P, <0.001
. 2425+ 1.65 314+24
2 +
Area of glomerular capillary lumen (um?) 47.5+3.7 P, <0.001 p.=0.004, p_=0.001
Area of the glomerular mesangium (um?) 4,738.7+43.3 5,609.9 + 823.1 3,733.3+505.9
Podocytes 7.4+0.6 11.8+£0.5
+
(particles) 102+020 P,,,<0.001 p,<0.001

Note. p, — level of statistical significance as opposed to intact rats, p_ — level of statistical significance in the experimental group as opposed

to the control group (here and in Table 2).
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Table 2

Activity of free radical oxidation in the kidneys of rats in experimental groups, Me (25%; 75%)

Intact rats

Control group Experimental group

TBARS concentration (pmol / mg) 6.1 (5.4;6.9)

8.5 (6.2;9.9)

6.0 (4.8; 6.6) p..= 0,005, p. 0.009

32.7(23.0;37.7) 60.1(30.5:64.0)

CAT activity (%) 14.4 (10.2;15.6) p,,<0.001
Py 0:001 .<0.001
. 8.8 (7.7;10.3) 3.7(3.4;5.5)
0, .
SOD activity (%) 18.2 (13.0; 18.5) . =0.003 p,.<0.001, p. = 0.002

GPx activity (%) 38.5(25.2;41.6)

In the kidneys of rats in the control group, CAT ac-
tivity increased by 2.3 times, GPx — by 1.5 times, SOD
activity decreased by 2.1 times as opposed to values in
the intact animals (Table 2). The TBARS concentra-
tion did not change.

In the experimental group of animals receiving
eplerenone, contrary to expectations, FRO increased:
TBARS concentrations increased by 1.4 times com-
pared to the value in the intact and control rats; CAT
activity became 4.2 times higher than in the intact rats
and 1.8 times higher than in the controls. SOD activity
decreased by 2.4 times compared to the value in the
control group and by 4.9 times compared to the in-
tact rats. GPx activity was 2.3 times higher than in the
intact animals and exceeded the value in the control
group by 1.5 times.

DISCUSSION

The rats with the DN model developed oxidative
stress. A month after the streptozotocin administra-
tion against the background of FRO, the activity of the
main antioxidant enzymes (GPx and SOD) increased
[9]. This appears to be compensatory in response to
ROS generation. Two months after the DM mode-
ling, the SOD activity decreased, whereas the GPx
and CAT activity increased. It is possible that as FRO
intensity progresses, the activity of SOD is depleted,
and the GPx and CAT activity undergoes substrate
stimulation by a large amount of ROS. The treatment
cycle with eplerenone in experimental DM increased
oxidative stress in the kidneys, but had a nephropro-
tective effect. This allows us to conclude that RAAS
inhibitors normalize the functions of the renal glome-
ruli and their filtration barrier, regardless of the effect
on FRO activity in the kidneys in DM.

FRO enhancement in the kidneys upon eplerenone
administration can be explained by a compensatory

58.7 (57.5; 60.3) 89‘; (8<8(‘)463 11'2)

int
,,<0.001 < 0,001

increase in aldosterone production and a rise in its le-
vel in the kidneys [10]. Under the conditions of mi-
neralocorticoid receptor blockade, aldosterone ex-
hibits nongenomic activity in the form of membrane
effects [11]. One of such effects is known to be activa-
tion of protein kinase C [12]. This enzyme triggers a
cascade of ROS generating reactions [2].

The mineralocorticoid receptor antagonist eplere-
none can weaken the genomic effects of aldosterone
upon prolonged administration. The main reason for
proteinuria development in DN is a decrease in the
number of podocytes and weakening of their functions
[13]. Numerous studies indicate a direct link between
mineralocorticoid receptor activation and damage to
podocytes [14]. In our study with the DN model, eple-
renone normalizes the number of podocytes and their
functional state and, therefore, reduces proteinuria.

CONCLUSION

In the DN model, the nephroprotective effect of
eplerenone is determined by the blockade of the geno-
mic effects of aldosterone and is not associated with the
effect on FRO activity in the kidneys. Eplerenone en-
hances FRO in the kidneys following the accumulation
of aldosterone and its nongenomic membrane effect.
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