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Abstract. Relevance. The use of radiation therapy in the treatment of malignant neoplasms actualizes the study of ways to
protect healthy tissues from radiation damage. Due to the small number of studies aimed at studying structural and functional
changes of kidneys both at their direct irradiation with electrons and at radiotherapy of adjacent organs, it is necessary to carry
out complex research. One of the promising directions of radiation nephropathy treatment is the use of antioxidant preparations,
in particular ascorbic acid. Aim. Morphofunctional evaluation of the kidney after local electron irradiation and ascorbic acid
administration. Materials and Methods. Wistar rats (n=90) were divided into groups: I — control (n=15); II — irradiation, 2 Gy
dose (n=15); III — irradiation, 8 Gy dose (n=15); IV — irradiation, 2 Gy dose + ascorbic acid (intraperitoneal injection; dose
50 mg/kg) (n=15); V — irradiation, 8 Gy dose + ascorbic acid (intraperitoneal injection; dose 50 mg/kg) (n=15); VI — ascorbic
acid (intraperitoneal injection; dose 50 mg/kg) (n=15). Kidney slides were stained with hematoxylin and eosin. In addition,
blood biochemical examination was performed for creatinine, urea nitrogen, C-reactive protein, cystatin C to creatinine ratio
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was calculated, and kidney homogenate for malonic dialdehyde (MDA), superoxide dismutase (SOD), and glutathione (GSH)
concentration levels. Results and Discussion. It was found that pre-radiation administration of ascorbic acid (intraperitoneal
injection; dose 50 mg/kg) in the model of acute radiation nephropathy induced by local irradiation with electrons at doses of 2 Gy
and 8 Gy contributed to a pronounced reduction of pathomorphologic and biochemical changes. Conclusion. Local irradiation
with electrons at doses of 2 Gy and 8 Gy leads to the development of radiation nephropathy. At the same time, pre-irradiation
administration of ascorbic acid reduces the strength of radiation-induced kidney damage, as well as enhances the efficiency of
antioxidant defense.
Keywords: radiation nephropathy, electron irradiation, kidney, ascorbic acid, oxidative stress
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Introduction Radiation damage to the kidneys leads to both acute

In the treatment of malignant neoplasms, isolated
or complex methods: radiotherapy, chemotherapy and
surgery are the key choices. However, early, or late
post-radiotherapy complications are possible with
radiotherapy [1, 2]. Special attention is paid to the
dose-dependent effects of charged particles: electrons
and others [3].

Kidneys are the most important organ involved
in the maintenance and regulation of fluid, acid-base,
and electrolyte metabolism, as well as in the excretion
of metabolites, regulation of blood pressure, synthesis
of erythropoietin to stimulate red blood cell formation
and activation of vitamin D, etc. [4].
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and chronic morphofunctional changes in the glomerular
apparatus and nephrons, which are accompanied by
apoptosis or necrosis of endothelial cells, nephrocytes,
etc., and, in late stages, to the development of fibrosis or
atrophy. The accumulation of toxic metabolites caused
by radiation nephropathy is complicated by chronic renal
failure requiring replacement therapy, including dialysis
or transplantation [5—7]. Therefore, high importance
is attached to the development of effective methods of
radiation complications protection [8].

A few studies have revealed that the use of antioxidants
helps to reduce the level of post-radiation damage to
various organs. One of such drugs is ascorbic acid [9-12].
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Thus, due to the small number of studies aimed
at studying structural and functional changes in the
kidneys, both during their direct irradiation with
electrons, and during radiotherapy of malignant
neoplasms of neighboring organs, it is necessary to
conduct a comprehensive study. It will help to form
an idea about dose-dependent effect and pathogenesis
of radiation damage of kidneys with determination
of optimal mode of radiation therapy. To analyze
the effects of radiation damage and recovery, first,
of the glomerular apparatus, it is necessary to
characterize the main pathomorphological changes,
considering the range of toxic effects, to assess the
state of the life cycle (proliferation and apoptosis),
the degree of fibrosis and others. Separately, it
should be emphasized the importance of developing
methods of prevention of acute and chronic radiation
nephropathy, for example, by the introduction of
drugs with a protective effect.

The aim of the study was morphofunctional
evaluation of the kidney after local electron irradiation
and ascorbic acid administration.

Material and methods

Animals for in vivo study

Male Wistar rats (220.3+£10.6 g; 9—10 weeks
old; n=90) were kept in a vivarium under controlled
temperature (22 °C) and light period (12L:12D) with
free access to water and standard food. The rats were
divided into six experimental groups:

*  Group I (n=15) — control;

* Group II (n=15) — animals were subjected to
a single local irradiation with electrons at dose of 2 Gy;

* Group III (n=15) — animals were subjected to
a single local irradiation with electrons at dose of 8 Gy;

* Group IV (n=15) — before irradiation with
electrons at dose of 2 Gy, animals were administered
ascorbic acid (intraperitoneal injection; dose 50 mg/kg);

* Group V (n=15) — before irradiation with
electrons at dose of 8 Gy, the animals were administered
ascorbic acid (intraperitoneal injection; dose 50 mg/kg);

* Group VI (n=15) — animals were administered
ascorbic acid (intraperitoneal injection; dose 50 mg/kg).
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Animals of all groups were removed from the
experiment by administering high doses of anesthetic
(intraperitoneal injections of ketamine + xylazine) on
the 7th day of the experiment (the start date of the
experiment was considered the last day of irradiation).
All manipulations were performed in accordance
with the “International Guidelines for Biomedical
Research Using Animals” (EEC, Strasbourg, 1985)
and the Declaration of Helsinki of the World Medical
Association. The study was approved by the Local
Ethics Committee of the National Medical Radiological
Research Center (protocol No. 6 of 27/04/23).

Biochemical assays

Blood levels of creatinine, urea nitrogen, C-reactive
protein, and the ratio of cystatin C to creatinine were
measured. Serum creatinine and urea nitrogen levels
were determined using commercial kits (Pars Azemoon,
Iran), and cystatin C levels were quantified by enzyme-
linked immunosorbent assay using a commercial rat kit
(Cusabio, China).

Oxidative stress markers

Kidney homogenate was obtained by homogenizing
1 g of tissue in 4.5 ml of cold potassium buffer (pH 7.4).
The solution was then centrifuged at 13000 rpm for 10 min
at 4 °C. The supernatant was then stored at — 80 °C. The
levels of malonic dialdehyde (MDA) as a biomarker of
lipid peroxidation, superoxide dismutase (SOD), and
glutathione (GSH) in kidney homogenate were evaluated
using ELISA kits (Lifespan Biosciences, USA).

Morphologic study

After extraction, the appearance of kidneys and
the state of parenchyma on the section were evaluated
(blood filling, inflammatory changes, atrophy, etc.),
weighed (absolute — in grams and relative — in
relation to body weight, in %). Kidney fragments
were fixed in a solution of buffered formalin, after
wiring (histological tissue wiring machine, “Leica
Biosystems”, Germany) were cast into paraffin blocks,
from which serial sections (3 pm thick) were prepared,
dewaxed, dehydrated and stained with Mayer’s
hematoxylin and eosin.
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Considering that radiation nephropathy is
manifested by lesions of tubules (thrombotic
microangiopathy, collapse), nephron tubules and
interstitial component, which lead to glomerulosclerosis
and tubulointerstitial fibrosis by light microscopy
(in 10 random fields of view at magnification x200) we
evaluated vacuolization, dystrophy, atrophy of cortical
tubules and nephron tubules; inflammation; necrosis.

Statistical analysis

All statistical analyses were performed using the
computer program SPSS 12.0 for Windows (IBM
Analytics, USA). All data are presented in the format
of mean + standard deviation (M+SD). Kolmogorov-
Smirnov test was used for each sample separately to test
the hypothesis of normality of distribution of values.
In case of normal distribution, Student’s t-test was
used. Differences between samples were considered
statistically significant at a significance level of p < 0.05,
established before the analysis.

Results and discussion

Body weight of animals of experimental groups
decreased in relation to control (p<0.05). The
introduction of protectors in groups IV and V gave
a statistically significant change in this index compared
to groups II and III.

The kidney weight after electron irradiation decreased
in relation to the control groups (p<0.05). As a result

of ascorbic acid administration, statistically significant
changes in organ weight were observed in groups IV and V
compared to groups II and III. In Group VI no statistically
significant changes in these parameters were observed
compared to the control group (Table 1).

A significant increase was found in the study of
serum creatinine level in groups II and III, in comparison
with the control group (p<0.05). In group I'V and
V insignificant changes were observed in comparison
with the control (p<0.05). In group VI no statistically
significant changes in these parameters were observed
compared to the control group (Table 2).

The level of urea nitrogen in serum in all groups
exposed to radiation increased significantly compared
to the control group (p<0.05). In groups IV and V, the
amount of urea nitrogen in blood decreased compared
to the groups exposed to electrons (Table 2).

The study revealed a significant increase in the
level of C-reactive protein in the blood of groups II
and III compared to the control (p<0.05). However,
with pre-radiation administration of ascorbic acid the
increase in CRP level was insignificant. No statistically
significant changes in these parameters were observed
in Group VI compared to the control group (p<0.05)
(Table 2).

The ratio of cystatin C to creatinine in serum
significantly increased after irradiation at a dose of 8 Gy
(group IIT) compared to the control group (p<0.05). In
the other groups no statistically significant changes in
these parameters were found (p<0.05) (Table 2).

Table 1
Animal weight and kidney weight of control and experimental groups
Group n Weight of animal, g Weight of kidney, g
Control 15 220,31+10,6 2,1610,03
Irradiation 2 Gy 15 196,414,7a 1,7610,01a
Irradiation 8 Gy 15 181,2+6,1a 1,6240,02a
Irradiation 2 Gy + AA 15 206,4+2,1b 1,83+0,02b
Irradiation 8 Gy + AA 15 193,413,4b 1,7140,03b
AA 15 226,1t5,7 2,2610,02

Note: Data are presented as mean + standard deviation (M+SD). The Kruskal-Walli's test was used to test the statistical significance
of differences between groups. Statistically significant differences compared to the control group are labeled in the Table as

Irradiation (a) and Irradiation + AA (b); p < 0.05.
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Table 2

Levels of creatinine, C-reactive protein, urea nitrogen, cystatin C to creatinine ratio in control and experimental groups

Group Creatinine, C-reaction. protein, Urea nitrogen level, Cyst. C/ creatinin,
mg/dL mg/| mg/dL ng/ml/mg/dl
Control 0,516 = 0,005 2,11 £ 0,031 16,24 £ 0,27 6,0+0,14
Irradiation 2 Gy 0,563 + 0,015a 2,81 +0,029a 18,56 + 0,38a 6,15+ 0,07a
Irradiation 8 Gy 0,641 +0,024a 3,54+021a 22,1 +0,13a 718 +0,1a
Irradiation 2 Gy + AA 0,524 + 0,002b 2,63+0,12b 1718 +0,31b 6,20 + 0,05b
Irradiation 8 Gy + AA 0,537 +0,003b 3,17 +0,095b 19,75+ 0,12b 6,74 £0,18b
AA 0,519 + 0,001 222+0,134 15,88 £ 0,26 6,03+0,12

Note: Data are presented as mean + standard deviation (M+SD). The Kruskal-Walli's test was used to test the statistical significance
of differences between groups. Statistically significant differences compared to the control group are labeled in the Table as

Irradiation (a) and Irradiation + AA (b); p < 0.05.

In the kidney tissue homogenate after a single
irradiation with electrons at doses of 2 Gy and 8 Gy,
an increase in the level of malonic dialdehyde (MDA)
by 3.1 times and 7.3 times was found, respectively.
In addition, in group III, a 31.4 % decrease in
superoxide dismutase (SOD) and a 28 % decrease
in glutathione (GSH) level were observed compared
to the control group (p < 0.01). In groups IV and V,
insignificant changes in MDA, SOD and GSH values
were observed compared to control values. In group
V1, no significant changes in SOD and GSH levels
were found, but MDA level was insignificantly lower
(by 7.1 %) than in the control group (p < 0.05) (Table 3).

At light microscopy of kidney slices of the control
group (intact animals) normal histoarchitectonics was
observed (Fig.).

In kidneys after a single local irradiation with
electrons at doses of 2 Gy and 8 Gy the number of
vascular tubules was reduced, Bowman’s capsule was
dilated, signs of dystrophic changes in the epithelium
of nephron tubules with the appearance of intense
pycnotic nuclei in the proximal part, dissociation
of macula densa cells, as well as perivascular and
paraglomerular edema, abundance of blood vessels
were observed. The deepest kidney damage was
observed in group III, where damaged tubules
accounted for up to 1/5 of the kidney.

At pre-radiation administration of ascorbic acid
in groups IV and V, the degree of pathomorphologic
changes was reduced. No significant differences in renal
structures were found between the groups of ascorbic
acid mono-injection and the control group.

Table 3

Levels of malonic dialdehyde (MDA), superoxide dismutase (SOD) and glutathione (GSH)
in kidney homogenate of control and experimental groups

Group MDA SOD GSH
Control 11,2+0,3 63,9+4,6 11,20,6
Irradiation 2 Gy 34,6+2,7a 53,413,1a 9,4+0,5a
Irradiation 8 Gy 79,5t4,2a 42,1+2,2a 8,1+0,3a
Irradiation 2 Gy + AA 26,8+3,1b 57,5+1,7b 10,4+0,7b
Irradiation 8 Gy + AA 38,8+2,1b 48,8+3,6b 9,1+0,3b
AA 10,4+0,4 59,8+2,8 12,8+0,8

Note: Data are presented as mean + standard deviation (M+SD). The Kruskal-Walli's test was used to test the statistical significance
of differences between groups. Statistically significant differences compared to the control group are labeled in the Table as

Irradiation (a) and Irradiation + AA (b); p < 0.05.
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Control

IRe-2 Gy + AA

IRe- 2 Gy

IRe-8 Gy

IRe- 8 Gy + AA AA

Fig. Kidneys of control and experimental groups. Hematoxylin and eosin staining, magnification. x 200. In kidneys after
irradiation at doses 2 Gy and 8 Gy, a decrease in the number of tubules, dystrophic changes in the epithelium of nephron tubules,
and abundance of blood vessels were found, especially at dose 8 Gy. At doses 2 Gy + AA and 8 Gy + AA groups the degree of
pathomorphologic changes was reduced

Notes: IRe- 2 Gy — experimental group irradiated with electrons at a single focal dose of 2 Gray; IRe- 8 Gy — experimental group
irradiated with electrons at a single focal dose of 8 Gray; IRe- 2 Gy + AA and IRe- 8 Gy + AA — experimental groups irradiated with
electrons at a single focal dose of 2 and 8 Gray); AA — ascorbic acid.

The present work is devoted to the structural and
functional study of the protective effect of ascorbic
acid on kidney structures in a model of acute radiation
nephropathy induced by single electron irradiation at
doses of 2 Gy and 8 Gy.

Radiotherapy, in particular electron irradiation, is
one of the effective methods of treatment of malignant
tumors of the kidney and retroperitoneum [13,
14]. However, its use is accompanied by the risk
of radiation-induced organ damage development,
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including two subsequent phases — inflammation and
fibrosis [15, 16]. Therefore, the most important task
of modern radiation therapy is to improve the safety
of radiation exposure and minimize the associated
side effects.

To date, there is limited data on the issue of electron
irradiation. Most studies in specialized literature are
devoted to other types of radiation. For example, after
X-, gamma-exposure deep degenerative changes of
nephron tubules and tubules are observed, etc. [17, 18].
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The observed development of acute vascular
reactions after local irradiation with electrons may
indicate dysfunction due to damage of the renal tubular
apparatus, which are most pronounced after exposure to
a dose of 8 Gy. However, the revealed pathomorphologic
changes were less pronounced compared to other types
of irradiations.

To assess the severity of oxidative stress as well
as the independence of antioxidant defense, GSH,
MDA and SOD markers were analyzed. Exposure to
electrons initiates the formation of reactive oxygen
species as well as lipid peroxidation. These biochemical
changes are accompanied by an increase in the level
of malonic dialdehyde, which reflects the degree of
lipid peroxidation, a decrease in the level of superoxide
dismutase (one of the key participants of the protective
antioxidant system of the body), and changes in the
level of glutathione [19-21].

Thus, one of the elements of kidney damage after
electron irradiation is oxidative stress caused by the
exponential release of large amounts of free oxygen
radicals, nitrogen radicals, and lipid peroxidation
products. Due to the lack of sufficiently effective
methods to protect genetic material from the direct
effects of radiation, the fight against oxidative stress
turns out to be the key direction of action of protective
agents. This concept became a determining factor in
the choice of ascorbic acid as a protector.

Ascorbic acid can block the key biochemical
components of oxidative stress, preventing the formation
of toxic radicals. Protective properties contribute to
the protection not only of nephron tubule epithelial
cells, but also of endothelial cells of the vascular
tubule. In groups IV and V, where ascorbic acid was
administered before electron irradiation (at doses 2 Gy
and 8 Gy, respectively), a decrease in the degree of
pathomorphological changes characteristic of radiation
damage to the kidneys was found.

Analysis of malonic dialdehyde (MDA), superoxide
dismutase (SOD) and glutathione (GSH) levels in kidney
homogenate demonstrates a potential protective effect of
ascorbic acid to reduce radiation-induced nephropathy.

Thus, based on morphofunctional and biochemical
analysis of kidneys after irradiation with electrons

PHYSIOLOGY. EXPERIMENTAL PHYSIOLOGY

at doses of 2 Gy and 8 Gy and pre-irradiation
administration of ascorbic acid we can speak about its
possible protective effect, for confirmation of which it
is necessary to conduct further studies.

Conclusion

Local irradiation with electrons at doses of 2 Gy and
8 Gy leads to the development of radiation nephropathy.
At the same time, administration of ascorbic acid reduces
the strength of radiation-induced kidney damage, as well
as enhances the effectiveness of antioxidant defense.
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AnHoTanmsa. AkmyaabHocmb. VIcronp30BaHKe JTyUeBO Tepariy MpH JIedeHnH 3/10KaueCTBeHHBIX HOBooOpa3zoeanuii (3HO)
aKTya/JM3upyeT U3yueHre CrIoCOO0B 3alUTHI 30POBBIX TKaHeld OT pajvaljuOHHOTO MOBPeXeHus. BBHIy Majioro KojM4ecTsa
WCCIIe/0OBaHUM, HAalpaB/IeHHBIX Ha M3yueHre CTPYKTYPHO-(QYHKIIMOHAIBHBIX H3MeHEeHWH 1ouek, KaK Py UX HeroCpe/jCTBeH-
HOM 00/TyueHUH 37eKTPOHAMMU, TaK U MpH paguorepanuy 3HO cocefHuX opraHoB HEOOXOAUMO TIPOBE/IEHHE KOMITIEKCHOTO
nccnenoBanusi. OHUM U3 TIePCIIeKTUBHBIX HAllpaB/IeHUH JleueHus] paJialluOHHON HedponaTru sIBsieTCsl UCI0/Tb30BaHNe
TIperiapaToB-aHTUOKCHU/JAHTOB, B YaCTHOCTH acCKOPOMHOBOI KUC/I0THI. Llesb: MopdodyHKIMOHaIBHAs OLjeHKa [TOYKH I10CIe
JIOKa/IbHOTO 00/TyueHUs 3/1IeKTPOHAMU U BBeJleHHs1 ackopOMHOBOM KUC/IOThl. Marepurainsl U MeToabl. Kpbics! Wistar (n=90)
6bUTH pa3fesnieHsl Ha rpynmbl: [ — koHTposbHas (n=15); 1T — o6nyuenue, PO/ 2 I'p (n=15); III — obnyuenue, PO/ 8 I'p (n=15);
IV — obnyuenue, PO/I 2 T'p + ackopOuHOBasi KUC/IOTA (MHTpanepuToHea bHast UHbeKIs; fo3a 50 mr/kr) (n=15); V — obnyueHue,
PO/ 8 T'p + ackopOuHOBast KUCI0Ta (MHTpariepuToHeaibHast MHbeKus; fo3a 50 mr/kr) (n=15); VI — ackopbuHOBast Kuciota
(vHTparnepuTOHeabHast MHbeKLHS; fo3a 50 Mr/kr) (n=15). Mukpornpenapars! MoyeK OKpallyiBaIi reMaTOKCUIMHOM U 503UHOM.
Kpome Toro, nmpoBouiv 6rOXUMIYeCKoe UCC/Ie[0BaHre KPOBY Ha YPOBEHb KpeaTHHHHA, a30Ta MOYeBHUHbI, C-peakTHBHOTO Oerika,
pacCUMTHIBA/IM OTHOLIeHHe HycTaTiHa C K KpeaTWHHUHY, a TakKe rOMOreHara ITOYKHM Ha YPOBEeHb KOHIIeHTPaLjy MaJIOHOBOTO
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muansaeruga (MDA), cynieporcugarcmyTassl (SOD), a Takke ryTtarioHa (GSH). Pe3sysbraThl v o0cyskzaeHue. ViccienoBanue
T0Ka3asio, uTo MpeJTyueBoe BBeJjeHHe ackopOMHOBOW KUC/IOThI (MHTpariepuToHeanbHasi MHBEKLUS; A03a 50 MI/KT) B MOJeu
OCTpO¥i TyueBoU He(hpONaTHH, UHYLIMPOBAaHHOM JIOKAIBHBIM 001ydyeHueM 3nektpoHamu B PO/I 2 T'p u PO/] 8 I'p, cniocob-
CTBOBAJIO BEIPA)KEHHOMY CHYDKEHHIO TIaTOMOP(OIOTHUeCKMX U OMOXUMIUeCKUX 3MeHeHuH. BeiBogpl. JIoKkanbHOe o0bmyueHne
anekTpoHamMu B PO/] 2 I'p u PO/] 8 I'p mpuBOUT K pa3BUTHIO paZUaliuoHHON Hedponatuu. B To ke BpeMsi rpefiyueBoe
BBe/leHre aCKOPOMHOBOM KHUCIOThI CHWKAET CUTy PaJiUallMOHHO-UH/[YLIUPOBAaHHOTO TIOBPEX/IEHHS TTI0U€eK, a TaK)Ke YCUIUBAeT
3¢ deKTUBHOCTb aHTUOKCUJAHTHOM 3aIIUTHI.

KiroueBble cji0Ba: /iyueBast HeponaTusi, 00/1yueHHe 3/1eKTPOHAMH, TIOYKU, aCKOPOUHOBAsK KUC/IOTA, OKCUIATUBHBINA CTPeCC

HNudopmanus o hpuHaHCHPOBaHUH. ABTOPEHI 3asiB/ISIIOT 06 OTCYTCTBUHM Kakoro-mb0 (GHHAHCHPOBAHMUSL.

Bkiap aBropoB. JemsiiukuH [LA., Kopskun C.H. — KoHuenums u gu3aiid ucciegosanust; [letpymmH K.C., YpycxaHosa XK.3.,
[MapuenkoB M.A., [lutkoea A.A. — c6op u o6paboTka marepuanos; Ierpyumn K.C., ¥pycxanosa K.D., [TapiieHkoB M.A.,
[MuTkoBa A.A., ITeunnkoBa E.®. — aHanu3 noJiydeHHBIX JaHHBIX, HaMMcaHue TekcTa; JdemsmkuH [A. — perjeH3upoBaHue. Bce
aBTOPLI BHEC/IM CYIIleCTBEHHBIN BKJI/| B pa3paboTKy KOHIIEMIIH, TIOTOTOBKY CTaTby, IPOWIX U 0j00pHIM GUHATBHYIO BEPCHIO
niepe[ myOIMKaLuen.

Mudopmanus 0 KOHQIHMKTe HHTEPecoB. ABTOPHI 3asB/ISIIOT 00 OTCYTCTBUY KOHGJIMKTA UHTEPECOB.

JTHUeCKOe yTBep)KAeHHe. Bce MaHUMTY/ISILIYM TIPOBO/IMJIU B COOTBETCTBUM C «MeXXIyHapOIHBIMY PEKOMEH/IAIUsAMU 110 Orome-
JUILIMHCKKAM UCC/eioBaHusaM Ha xuBoTHbIX» (EEC, CtpacOypr, 1985 r.) u Xe/lbCUHKCKOH fleKiaparyeii BceMUpHOUM MeTULIMHCKON
accormariyu. ViccnenoBanue o06peHo JIOKaibHbIM 3THUECKUM KoMUTeTOM HaljioHaIbHOTO MEAUIIMHCKOTO UCC/Ie/I0BATETbCKOTO
LleHTpa paanosioruu (potokos Ne 6 ot 27.04.23).

BaarogapHoCcTH — HEIIPUMEHUMO.
HNudopMupoBaHHoe coriacue Ha My0IMKaLMI0 — HETIPUMEHUMO.
ITocrynuna 07.12.2023. ITpunsra 15.01.2024.
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