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TraHeBbIN U YJIbBTPACTPYKTYPHBIN aHAJIU3 MMEYEHU KPbIC
NpenyoepTaTHOro BO3pacra mpu CyOTOKCHYECKOM BO3€HCTBHH
KaJIMUA I CBUHIIA

I1.A. Ensicun, C.B. 3anaBuna, A.H. Mamak, }0.P. PaBuiosa, C.B. Mamaxk, C.B. AfijjarysioBa
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AHHOTAIIA

C IOMOIIbI0 CBETOBOH U 3JIEKTPOHHON MHUKPOCKOIINY U3YUYEHO BIMAHIE HHTOKCUKAINH cysibdarom kaamus (Cd) u arera-
ToM cBuHIA (Pb) B TeueHre 3 HE/l HA APXUTEKTOHUKY MTAPEHXUMBI [IEUeHH U YIbTPACTPYKTYPHBIE OCOOEHHOCTH TeIaToI1-
TOB 40 KPBICAT-caMII0B Bucrap npemnybepTaTHOTO BO3pacTa ¢ y4eTOM MOJIETH KIACCUUECKOH MeYeHOUHOM TOTbKU. JKUBOT-
Hble OB pa3/ieJIeHbl Ha 4 TPYIIBL: 1-s1 — KOHTPOJIb; 2-51 — PACTBOP CyJsib(dara KaJMHUs B JI03€ 0.5 MI/KT; 3-51 — PACTBOP
alerara CBUHIIA 10 MT/KT; 4-s1 — COUeTaHUE YKa3aHHBIX PACTBOPOB. 110 JAaHHBIM CTEPEOJIOTHIECKOTO aHAJIN3A TIOJIyTOHKHIX
CPE30B CTATUCTUYECKU 3HAYMMBbIE TIOKA3aTEN TEPUIIOPTATBHBIX 30H OTPAYKAIOT YBEJIHUYEHHE 00hbeMa TemaTOIUTOB IPH
BospeticTBuu Cd (2-51 1 4-s1 Tpymmel). Bo Beex rpyImnax, 3a uckiaoueHneM 3-i (Pb), BbIsIBJIEHO yBeTUeHHE TapEeHXMMATO3-
HOTO KOMITAPTMEHTA B IOPTO-BEHYJ/ISIPHOM IPaIUE€HTE, CBUETENBCTBYOMIEE 0 GOPMUPOBAHUY «OA/UIOHHOM» TUCTPODHUH.
Bo Bcex OIBITHBIX TPYIIIAX [IJisl EPUITOPTATIHHOM 30HbBI TIEUEHOUHOH TOIBKU XapaKTEPHOU 0COGEHHOCTHIO YABTPACTPYK-
TYPBI TeMaTONUTOB ObLIO CTATUCTUYECKU 3HAUMMOE CHIDKEHUE 00hEMHOHN IJIOTHOCTH SH/OIIA3MAaTUUYECKOH CETH; JJIst
[EHTPOJIOOYJISIPHOMN 30HBI — MUTOXOH/IPUI; /7151 IEPUBEHY/IAPHON 30HBI — MUTOXOH/IPHUH U sI/IeP TenaTtonuToB. opMuUpo-
BaHUe ayTodarocoM ¢ Ipu3HaKaMU YTUIN3AINH MPEUMYIIIECTBEHHO MUTOXOH/IPUH 06paIasio Ha ce0s BHUMaHUE B TPYII-
max c BozzercreueM Pb. ITaTosornueckrie U3MEeHEHHS KOMIIEHCHPOBAHbI YCUIEHUEM TPAaHCCUHYCOUIATBHOTO OOMeHa 1
HaJIMYHEM KOMILJIEKCOB OpraHesuT OMOCUHTE3a.

Kaoueenble cao8a: neveHb, TSKeIble METAJUIbl, KPhIChI IIPEMybepTaTHOTO BO3pacTa, TKAaHEBbIN aHAIN3, YJIBTPACTPYK-

Typa, MOpdOoMeTpH.
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Tissue and ultrastructural analysis of the liver of prepubertal rats
under subtoxic exposure to cadmium and lead

P.A. Elyasin, S.V. Zalavina, A.N. Mashak, Yu.R. Ravilova, S.V. Mashak, S.V. Aidagulova

Novosibirsk State Medical University, Novosibirsk, Russia

ABSTRACT

Using light and electron microscopy, the effect of intoxication with cadmium sulfate (Cd) and lead acetate (Pb) for 3 weeks
on the architectonics of the liver parenchyma and ultrastructural features of hepatocytes of 40 prepubertal male Wistar rats
was studied, taking into account the model of the classical hepatic lobule. Animals were divided into 4 groups: 1st — control;
2nd — cadmium sulfate solution at a dose of 0.5 mg/kg; 3rd — lead acetate solution 10 mg/kg; 4th — a combination of these
solutions. According to stereological analysis of semi-thin sections, statistically significant indicators of periportal zones
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reflect an increase in the volume of hepatocytes when exposed to Cd (2nd and 4th groups). In all groups, with the exception
of the 3rd one (Pb), an increase in the parenchymal compartment in the porto-central gradient was revealed, indicating the
formation of hepatocellular ballooning. In all experimental groups, for the periportal zone of the hepatic lobule, a charac-
teristic feature of the ultrastructure of hepatocytes was a statistically significant decrease in the volumetric density of the
endoplasmic reticulum; for the centrilobular zone — of mitochondria; for the perivenular zone — mitochondria and nuclei
of hepatocytes. The formation of autophagosomes with signs of predominantly mitochondrial utilization attracted atten-
tion in groups exposed to Pb. Pathological changes are compensated by increased transsinusoidal metabolism and com-
plexes of biosynthesis organelles.

Keywords: liver, heavy metals, prepubertal rats, tissue analysis, ultrastructure, morphometry.
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BBEJIEHUE

B pesynbraTe cOBpeMeHHOU WH/YCTpUATU3aINU
merayibl kKaamuii (Cd) u ceunern (Pb), He yuacTByio-
Ige B HOPMaJbHOM MeTabojIu3Me uesioBeKa, BCE
IIUpe PaCIPOCTPAHAIOTCA B DKOCHCTEMAX, UTO IIPHU-
BOAUT K MX OMOAKKyMyJISIIMU ¥ BO3PACTAIOIIEMY
TOKCUYECKOMY BO3ZIEHCTBHIO ¢ (POpMHUPOBAHUEM
psna matosioruii [1—3]. Cozmepskanne Cd B cBsI3U ¢
IIPOMBIIIJIEHHOW U CEJIbCKOXO3SIUCTBEHHOU Jiesi-
TEJIbHOCThIO UeJIOBeKa HEYKJIOHHO IIOBBIIIAETCS B
BOJIE U BO3/yXe, a TAK)KE B PACTEHUSAX U KUBOTHBIX.
Kpome Ttoro, Cd, umesi oueHb HUBKUI IOKA3aTEJh
MTOJTyBbIBeZIeHUsI (25—30 JIET), IOCTYIIAeT B JIETKUE
YyeJIOBEKAa IMpPU AaKTUBHOM M TACCUBHOM KypeHUU,
CII0CcOOCTBYS pA3BUTHIO MHOTHIX 3200JI€EBAHUI, B TOM
YHCJIE OIYyXOJIEBBIX [4, 5]. Takum ke OIacHBIM
3arpsI3HUTEJIEM OKpPY:Kalolel cpesbl sBsiercsa Pb,
[IONAAIONINN B OPraHU3M Yepe3 ABIXaTeJIbHYI0 U
MUIIEBAPUTEJIHHYIO CUCTEMBI, a TAKIKE Uepe3 KoKy U
OKAa3bIBAIOIINI CHJIBHOE TOKCUYECKOE BO3JIEHCTBHE
Ha 4YeJOBEeKa C Pa3BUTHEM IIaTOJIOTUU HEPBHOM,
pecrimpaTopHO# 1 Apyrux cucrem [3]. HezaBucumo
OT TYTH WHKOPIIOpAIMU, 002 TOKCHUKAHTA OKAa3bI-
BAIOT HETATUBHOE BO3/IEHCTBHE HA MT€YEHb, KOTOpAs
UTPaeT BEAYIIYIO POJIb B MeTab0In3Me KCeHOOUOTH-
KOB [4].

Cpeny MeXaHU3MOB U CTPYKTYPHBIX IIPOSIBJIEHUN
JII060TO TOKCUYECKOTO BO3/IEHCTBHUS HA OpraHbl U
TKaHU OOJIBIIYIO POJIb WUIPAaeT BHYTPUKJIETOUHAS
ayrodarus ¢ IOMOIIBIO JIU30COM [6], sABIAIOIIAsACA B
HOpPME BBICOKOKOHCEPBATUBHBIM IIPOIECCOM YTHJIU-
3aI[ MUTOXOHIPUH U MOCJIEIOBATEIbHOH JIerpajia-
MY BKJIIOUEHUH O aMUHOKHUCJIOT, TJIIOKO3BI U CBO-
OOMHBIX KUPHBIX KUCIOT B KAaYecTBE HCTOUHHKOB
sHepruu u (pyHKUME OuocuHTe3a. B rematorurax
ayrodarus y9acTBYeT B OCHOBHBIX TOMEOCTATHIECKIX
dyuknmsax (ryII0KOHeoTeHes3e, IIMKOTEHOIN3e, OKKIC-
JIEHUH KUPHBIX KUCIOT). Hapsmy ¢ aTum ayrodarus
CBsI3aHA ¢ TIATOT€He30M Ps/ia 3a00JIeBaHUN: HEATTKO-

INTRODUCTION

As a result of modern industrialization, cad-
mium (Cd) and lead (Pb) metals, which are not
involved in normal human metabolism, are widely
distributed in ecosystems, which leads to their bio-
accumulation and increasing toxic effects with the
formation of a number of pathologies [1—3]. The
content of Cd in view of industrial and agricultural
activities of man is steadily increasing in water and
air, as well as in plants and animals. In addition, Cd
having a very low half-life rates (25-30 years)
enters the human lungs during active and passive
smoking, contributing to the development of many
diseases, including tumors [4, 5]. The same danger-
ous environmental pollutant is Pb, which enters the
body through the respiratory and digestive sys-
tems, as well as through the skin and has a strong
toxic effect on humans with the development of
pathology of the nervous, respiratory and other sys-
tems [3]. Regardless of the route of incorporation,
both toxicants have a negative effect on the liver,
which plays a leading role in the metabolism of
xenobiotics [4].

Among the mechanisms and structural mani-
festations of any toxic effect on organs and tissues,
an important role is played by intracellular auto-
phagy with the help of lysosomes [6], which is nor-
mally a highly conserved process of mitochondrial
utilization and sequential degradation of inclu-
sions to amino acids, glucose, and free fatty acids
as energy sources and biosynthesis functions. In
hepatocytes, autophagy is involved in major
homeostatic functions (gluconeogenesis, glycoge-
nolysis, fatty acid oxidation). Along with this,
autophagy is associated with the pathogenesis of a
number of diseases: non-alcoholic steatohepatitis,
storage diseases, and toxic, including drug-
induced, liver lesions, studied in the clinic and
experiment, mainly in adults [7, 8]. The toxic
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TOJIbHBIM CTEATOTENaTUTOM, O0JIE3HIMU HAKOTLIEHUS
U TOKCHYECKUMH, B TOM YHCJIE€ JIEKAPCTBEHHBIMH,
MOPaKEHUSIMHU TIeUeHH, UCCIIEZIOBAHHBIMU B KJIMTHUKE
U DKCIEPUMEHTE IIPEUMYIIECTBEHHO Y B3POCIBIX [7,
8]. Toxcuueckoe BIUSHUE TsKEIbIX META/IOB Ha
TeueHb y ieTel TpebyeT 60siee MPUCTATLHOTO BHUMA-
HUSI, TIOCKOJIBKY UMEET He TOJIBKO MEIUITUHCKOE, HO 1
COIMAJIBHOE 3HAUYEHHUE.

IOEJIb NCCJIEJOBAHUA

VisyueHre BJIMSHUS XPOHUYECKOH HHTOKCHKA-
nuu cyabpaToM KagMHSA U alleTaToM CBUHIIA Ha
apXUTEKTOHUKY ITAPEHXUMbI IEYEHU U YIIBTPACTPYK-
TypHBIE 0COOEHHOCTH T'eNaTOIUTOB KPbIC IIperybep-
TaTHOTO BO3pPAaCTa.

MATEPUAJIBI 1 METO/IbI

KpricsiTa-camiel Bucrap mpemnybepTaTHOTO BO3-
pacra (adolescents, 4 Hem) maccoii Tena 80—85 T
OBLTH paszieJIeHbl Ha 4 TPYIIBI 1O 10 KUBOTHBIX B
COOTBETCTBUM C JU3AHHOM 3KcrepuMmeHTa. KoH-
TpoJsibHasA (1-s1) TpyIa HUMeJia JOCTYIl K KOpMy U
Bozie ad libitum; onbITHBIE TPYIIIBL B JIOTIOJTHEHUE K
STOMY per 0S B TeUeHUe 21 CyT MoJydann Jubo pac-
TBOp cysibdara KaaMmMus B 7o3e 0.5 MI/Kr (2-1
rpyiia), 1ubo arerata CBUHIA B 7103€ 10 MT/KT (3-51
rpymma), Jub0 codeTaHWe yKa3aHHBIX PacTBOPOB
(4-s rpynna). JKuBOTHBIX B BO3pacTe 7 HeH BHIBO-
JUJTH W3 BKCIEPUMEHTa IyTeM JIeKAITUTAIU IO/
3(pUPHBIM HapKO30M. Bee KUBOTHBIE HAXOAMINCH B
CTaHAAPTHBIX YCJIOBUAX BUBAPUS B COOTBETCTBUHU C
CAaHUTAPHO-BIIUIEMUOJIOTUUYECKUMHU TPeOOBaHUSIMH
(YyTBEp:KIEeHBI ITOCTAHOBJIEHHEM IJIABHOTO TOCyAap-
CTBEHHOTO CAaHUTApHOTO Bpada Poccuiickoii ®ese-
paruu N2 51 oT 29.08.2014). YX0/1 U cojiep:KaHue, a
TaK’Ke BbIBEJIEHE JKUBOTHBIX U3 DKCIIEPUMEHTA OCY-
IIECTBJISIIUCh COTJIACHO MeXKAyHAapOJHBIM PEKO-
MEHIAIAM o MIPOBEJIEHU IO MeIUKO-
OMOJIOTUYECKUX HCCJIEIOBAHUI C HCIIOJIb30BAaHHUEM
skuBoTHBIX (E9C, Crpacbypr, 1985); EBponetickoi
KOHBEHIIUM O 3allluTe IMO03BOHOYHBIX >KHUBOTHBIX,
HCITOJIb3YEMBIX [JII DKCIIEPUMEHTOB WJIM B HHBIX
Hayunbix 1essax (E9C, Ctpacbypr, 1986); PykoBoz-
CTBAM II0 TIPOBEJIEHUI0 MEIUKO-OUOTOTHUYECKHUX
HCC/IEIOBAHUI U II0 COAEPIKAHUI0 U HCIIOJIb30Ba-
HUIO J1JaOOPATOPHBIX YKUBOTHBIX, B COOTBETCTBUU CO
CTaHAAPTAMU, ONMCAHHBIMU B IUPEKTUBE 2010/63/
EU EBpormeiickoro napjaMeHnTa u coBeta EBpomeii-
CKOTO COI03a OT 22 CeHTSA0psA 2010 T. MO0 OXpaHe
JKUBOTHBIX, HCIIOJIb3YeMbIX B HAyYHBIX I[EJISIX, a
TaKKe IIPaBUJIAMH, YTBEPKIEHHBIMH IIPUKA30M
Munsapasa Poccuu N2 199H oT 01.04.2016 «0O6
VTBEPIK/IEHUH MTPABIJI HaJJIeXKAIel 1abopaTopHOM
MIPAKTUKH».

effects of heavy metals on the liver in children
require closer attention, since they have not only
medical, but also social significance.

AIM OF THE RESEARCH

Studying of the effect of chronic intoxication with
cadmium sulfate and lead acetate on the architecton-
ics of the liver parenchyma and ultrastructural fea-
tures of hepatocytes in prepubertal rats.

MATERIALS AND METHODS

Male Wistar rat pups (4 weeks adolescents)
weighing 80—-85 g were divided into 4 groups of
10 animals in accordance with the design of the
experiment. The control (1st) group had access to
food and water ad libitum; experimental groups in
addition to this for 21 days received per os either a
solution of cadmium sulfate at a dose of 0.5 mg/kg
(2nd group), or lead acetate at a dose of 10 mg/kg
(3rd group), or a combination of these solutions
(4th group). Animals at the age of 7 weeks were
taken out of the experiment by decapitation under
ether anesthesia. All animals were kept under stan-
dard vivarium conditions in accordance with the
sanitary and epidemiological requirements
(approved by the Decree of the Chief State Sanitary
Doctor of the Russian Federation No. 51 dated
August 29, 2014). The care and maintenance, as
well as the withdrawal of animals from the experi-
ment, were carried out in accordance with the
International Guidelines for Biomedical Research
Using Animals (EEC, Strasbourg, 1985); European
Convention for the Protection of Vertebrate Ani-
mals used for Experimental or other Scientific Pur-
poses (EEC, Strasbourg, 1986); Guidelines for the
conduct of biomedical research and for the care and
use of laboratory animals, in accordance with the
standards described in Directive 2010/63/EU of
the European Parliament and of the Council of Sep-
tember 22, 2010 on the protection of animals used
for scientific purposes, and also the rules approved
by the order of the Ministry of Health of Russia
No. 199n of April 1, 2016 “On Approval of the Rules
of Good Laboratory Practice.”

Samples of the right hepatic lobe were fixed for
24 h in a 4% paraformaldehyde solution cooled to
4°C, prepared in Millonig’s phosphate buffer
(pH 7.3). For electron microscopy, the tissue was
additionally fixed in a 1% OsO, solution, dehydrated
in increasing concentrations of alcohols and acetone,
and poured into a mixture of epoxy resins; the blocks
were polymerized in a thermostat at 60°C for 24 h.
Semi-thin (1 um) and ultrathin (30—50 nm) sections
were obtained on an LKB III ultramicrotome. Semi-
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OO0pas1bl 6OJIBIION JTON TTeYeHH (GUKCUPOBATH
B TeUeHHe CyTOK B OxJIaXkJieHHOM /10 4 °C 4% pac-
TBOpe mapadopMasbieruzia, IPUTOTOBJIEHHOM Ha
docharaom Oydepe Mwnonura (pH 7.3). s
3JIEKTPOHHO-MUKDPOCKOIIMYECKON ITPOBOJKU TKAaHBb
JodukcupoBaid B 1% pacTBOpe 0s0,, 00€e3BOKH-
BIN B CHUPTaX BO3PACTAOIIEN KOHIEHTPAIUH U
aneToHe W 3aJUBAJM B CMeCh SIIOKCHUJIHBIX CMOJI;
6JI0KU TTOJTUMEPU30BAIU B TepMocTare rpu 60 °C B
TeueHUe 24 4. [TomyToHKMe (1 MKM) U YIbTPAaTOHKIE
(30—50 HM) cpe3sl oJIyJYaId Ha YIbTPAMUKPOTOME
LKB III. ITonyToHKHE Cpe3bl MOHTHPOBAIM HA 00e-
3KUPEHHbIE ITPEIMETHBIE CTEKJIA U OKPALITUBAIN HA
rucrosiormyeckoMm crosuke (37 °C) B kamte 1% pac-
TBOpA TOJIYUAUHOBOTO CTHETO, U3Y4aJIi C TOMOII[bIO
MuKpockorna Axio Scope.A1 (C. Zeiss) ¢ yueTom mmpe-
CTaBJIEHUSA O KJIACCHYECKOH /J0JIbKe IeUeHH, BblJie-
JIsis IEPUTIOPTAIBHYIO, IIEHTPOJIOOYJISIPHYIO U ITepHU-
BEHYJISIDHYIO 30HBI. YJIBTPATOHKHE CPe3bl KOHTpa-
CTHPOBAIM HACBIIIEHHBIM CIIMPTOBBIM PACTBOPOM
ypaHUIaIeTaTa ¥ IUTPATOM CBUHIIA B Tapax IIeJI0YH
HaTpus 10 PeAHOIBACY U MCCIIE0BAIH B BJIEKTPOH-
HbIX MuKpockornax JEM-100 S u JEM-1400 (Amo-
HUSI) TIPU YCKOPSIOIIEM HampspKeHUn 60 u 80 kBT
COOTBETCTBEHHO.

[l cTepeosIoTHYecKOro HU3y4deHUs 00pasIioB
IIeYEeHU WCIIOJB30BAIM METOIbI, OCHOBAaHHBIE Ha
IIO/ICYETE YHCJIA TOUEK TECTOBON CHCTEMBI, IOIIaB-
IIUX Ha MPOMIIb UCCIelyeMOl cTpyKTyphl. TkaHe-
BBIU aHAJIN3 C U3YyYEHUEM CTPYKTYPHOU IJIOTHOCTH
TenaTONUTOB U CHHYCOUJOB B IIOPTO-BEHYJISIPHOM
rpafiieHTe IIeYeHOYHOH /[OJIbKU IIPOBOJAWIM Ha
IIOJIyTOHKHUX Ccpe3aX, OIeHUBAs 10 5—7 HelePEKPhI-
BaeMBbIX IOJIEH 3pEeHUs B KaXKJOM CJIydae, 1o 50 Ha
IPYIILY, IIPX YBEJIUYEHUH 630 € IIOMOIIIBIO TECTOBOH
cHcTEMBl KOPOTKMX OTpe3koB (n = 36, P = 72,
L = 190 MKM). YIbTPacCTPYKTYPHBIA CTEPEOIOTHIe-
ckui a”Hamu3 (1Mo 50 3JIEKTPOHOTPAMM IEPUIIOP-
TAJIBHBIX, IEHTPOJIOOYJIIPHBIX U TEPUBEHYIIAPHbBIX
TenaTOUTOB COOTBETCTBEHHO HA KAKAYI0 TPYIIILY,
HayaJIbHOE YBEJIMYEHUe OT 4 JI0 8 THIC.) OCYIIecT-
BJISLTA TIPU KOHEUHOM YBEJTUYEHUH B 22 X 103 pa3a ¢
IIOMOIIBIO IporpaMMel Image J 1.7.

CratucTuyecKuil aHAIU3 IMOJIYYEHHBIX JIAHHBIX
BBITIOJTHSUIM TIPU TIOMOIIH MPOTPAMMHBIX ITaKEeTOB
Excel MS Office-2016 u SPSS 22.0. ITosyueHHbIE
BBIOOPKH IIPOBEPSIM HA HOPMAJIBHOCTh PacIpesie-
JIeHUs ¢ ToMOIIbio Kputepues [llanupo — Yuika u
Koamoroposa — CmupHoOBa. B cirydyae HopMasibHOTO
pacrpesesnieHns IpHU3HAKa JaHHbBIE IIPE/ICTABIIEHBI
kak cpemHee (M) U cpelHEKBaJ[paTUUECKOE OTKJIO-
HeHue (SD); cpaBHEHUSs] TPOUBBOJIUIIU C UCIIOJIB30-
BaHueM t-kpurepus CTblofleHTa i1 HeNapHbIX
BBIOOPOK. B ciryuae HeHOPMAaJIbLHOTO paclpeieIeHus

thin sections were mounted on defatted glass slides
and stained on a histological table (37°C) in a drop of
1% toluidine blue solution, studied using an Axio
Scope.A1 microscope (C. Zeiss), taking into account
the concept of a classical liver lobule, highlighting
the periportal, centrilobular and the perivenular
zone. Ultrathin sections were counterstained with a
saturated alcohol solution of uranyl acetate and lead
citrate in sodium alkali vapor according to Reynolds
and examined under JEM-100 S and JEM-1400 elec-
tron microscopes (Japan) at an accelerating voltage
of 60 and 80 kV respectively.

For the stereological study of liver samples, meth-
ods based on counting the number of points of the
test system that hit the profile of the structure under
study, were used. Tissue analysis with the study of
the structural density of hepatocytes and sinusoids
in the porto-central gradient of the hepatic lobule
was performed on semi-thin sections, assessing 5—7
non-overlapping visual fields in each case, 50 per
group, at a magnification of 630 using a test system
of short segments (n = 36, P =72, L = 190 um). Ultra-
structural stereological analysis (50 electron diffrac-
tion patterns of periportal, centrilobular, and peri-
venular hepatocytes respectively for each group, ini-
tial magnification from 4000 to 8000) was performed
at a final magnification of 22 x 103 using Image J 1.7
software.

Statistical analysis of the obtained data was per-
formed using the Excel MS Office-2016 and SPSS
22.0 software packages. The resulting samples were
tested for normal distribution using the Shapiro-
Wilk and Kolmogorov-Smirnov tests. In the case of a
normal distribution of the trait, the data are pre-
sented as the mean (M) and standard deviation (SD);
comparisons were made using Student’s t-test for
unpaired samples. In the case of an abnormal sample
distribution, the Mann-Whitney U-test with the Bon-
ferroni correction was used. Descriptive data for
quantitative traits are presented as a median (Me),
interquartile interval (Q1; Q3 — 25th, 75th percen-
tile), minimum (Min) and maximum (Max) indica-
tors in the sample. The critical significance level of
differences was 0.05 [9, 10].

RESULTS AND DISCUSSION

In the light microscopy of semi-thin sections of
the liver of experimental animals, in the experimen-
tal groups, compared with the control group, changes
in the tinctorial properties of hepatocytes and minor
hemodynamic disturbances were revealed. In the
control group, hepatocytes are moderately polymor-
phic, represented by “dark” and “light” cells, while
“light” cells predominated perivenularly. Under
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BBIOOPKHN wucHoJb30Banu U-xpurepuii Manua -
YutHu ¢ nonpaBkoii boHdepponu. OmucaTeabHbIE
JIaHHBbIE V1T KOJIMYECTBEHHBIX MPHU3HAKOB IIPEI-
cTaBJIeHbI B Bujle MenuaHbl (Me), MeXKBapTHIb-
Horo uHTepBana (Q1; Q3 — 25-1; 75-1 NePIEHTIIN),
MuHuMaibHoro (Min) um MaxcumanbHoro (Max)
mokasaresieli B BbIOOpKe. KpuTmueckuil ypoBeHBb
3HAYMMOCTH Pa3IUIUH COCTaBUII 0.05 [9, 10].

PE3YJIBTATBI 1 OBCYXK/IEHUE

[Tpu cBETOOIITUYECKOM HCCIETOBAHUY TTOJYTOH-
KUX CPe30B IeUYeHH 3KCIEPUMEHTAJIBHBIX KUBOT-
HBIX B OIBITHBIX TPYIINAX, IO CPABHEHUIO C KOH-
TPOJIBHOMU, BBISIBJIEHBI U3MEHEHU THHKTOPUAIbHBIX
CBOMICTB renaTOLUTOB U HE3HAUUTEJIbHBIE HapyIlle-
HUS TeMOJAWHAMHUKH. B KOHTPOJIBHOM TpyIiIe rema-
TOITUTBI YMEPEHHO IOJIUMOPGHBI, IPEICTABIEHbI
«TEeMHBIMU» U «CBETJIBIMU» KJIETKAMH, IIPU 3TOM
MIEPUBEHYJISIPHO TPe00JIalaii «CBET/Ible» KJIETKHU.
[Tpu mouoBozaeicTeun Cd (2-s rpymnma) obparianu
Ha cebsi BHHUMaHHE NEPUIOPTAJIBbHASA KJIETOUHAS
UHGWIBTPALIKSA, TIOJTHOKPOBHE U CTa3 SPUTPOIUTOB
B apTEpUAX MOPTAIHHBIX TPAKTOB U I[€HTPATHHBIX
BeHax; NpU MOHOBO3JelcTBUU Pb (3-1 rpymma)
[IEPUTIOPTATIbHbIE U I€HTPOJIOOYJISIPHBIE TermaTo-
OUTHl WHOWIBTPUPOBAHBI MEJIKUMH IIJIOTHBIMH
JIMIIATHBIMEA BKJIIOUEHUSAMU; B 4-U Tpymie (code-
TAaHHOE TOKCHUECKOEe BO3JIEHCTBUE) CPAaBHUTEJIHHO
MeHee BhIpJKEHHAas JIUMUIHASA TUCTPO(US TernaTo-
LIUTOB COIIPOBOXKJAIAch aTpoduell mapeHXxuMaTo3-
HBIX KJIETOK TI€YeHH U YCUJIIEHHEM KJIETOYHOH
nHGWIbTpanuu (puc. 1).

ITo maHHBIM CTEPEOJIOTHYECKOTO HCCIIEIOBAHUS
IIEYEHU C YUETOM IPEJCTABIEHUs O KJIACCUUECKOH
TeYeHOYHOU JTos1bKe (Tabu1. 1) Bo3zericteue Cd mpu-
BeJI0O K CTAaTHUCTUYECKH 3HAYMMOMY YBEJMYEHHIO
00BbEMHOM TIJIOTHOCTH TEIaTOINTOB BCEX 30H: MEPHU-
mopraibHOU (p = 0.001), LEHTPOJIOOYISIPHOM
(p = 0.001) U ¢ HAaUOOJIBPIINMH ITOKA3ATEAMUA —
MIEPUBEHYJIAPHOH (p = 0.002) 30HBL. ITO COIPOBO-
JKJTAJIOCh HEPABHOMEPHBIM PACIIUPEHHEM ITPOCBe-
TOB CHUHYCOUJHBIX KallIJUIIPOB B IEPUIOPTAIBHOMN
(p = 0.0001) 1 IEPUBEHYISAPHOI (P = 0.0001) 30HaX.

[Tpu xpoHUUeCcKOM MOHOBO3/elicTBUU Pb craTu-
CTHYECKU 3HAYMMO BO3pOcja 00beMHasl IJIOTHOCTh
TelaTOIUTOB TOJIBKO IIEHTPOJIOOYJIIPHON 30HBI
(p = 0.001), HO UBMEHEHU TAPAMETPOB MUKPOCOCY-
JIUCTOTO pycJia JI0JeK ObLIM aHAJIOTHMYHBI U3MeHe-
HUSM 2-U TPYIIIBI — ITOKA3aTeId BO3POCIU B IIEPHU-
mOpPTUIBHOU (p = 0.002) W TEPUBEHYJISIPHOM
(p = 0.0001) 3oHax.

ITpu coueTaHHOM BO3/IENICTBUU (4-5 TPYIINA) CTA-
THCTUYECKU 3HAYNMO yBeJIU4YeHa OOBbeMHAs IIIOT-
HOCTH TENaTOI[UTOB ITEPUIIOPTATHLHOMN (p = 0.003) U

exposure to Cd alone (2nd group), attention was
drawn to periportal cellular infiltration, plethora and
stasis of erythrocytes in the arteries of the portal
tracts and central veins; under exposure to Pb alone
(3rd group), periportal and centrilobular hepato-
cytes were infiltrated with small dense lipid inclu-
sions; in the 4th group (combined toxic effects), a
relatively less pronounced lipid degeneration of
hepatocytes was accompanied by atrophy of paren-
chymal liver cells and increased cell infiltration
(Fig. 1).

According to the stereological study of the liver,
taking into account the concept of a classical hepatic
lobule (Table 1), exposure to Cd led to a statistically
significant increase in the volumetric density of
hepatocytes in all zones: periportal (p = 0.001), cen-
trilobular (p = 0.001), and, with the highest indica-
tors, perivenular (p = 0.002) zones. This was accom-
panied by uneven expansion of the lumen of the
sinusoidal capillaries in the periportal (p = 0.0001)
and perivenular (p = 0.0001) zones.

In chronic exposure to Pb alone, the volumetric
density of hepatocytes only in the centrilobular zone
increased statistically significantly (p = 0.001), but
the changes in the parameters of the microvascular
bed of the lobules were similar to those in the 2nd
group: the indicators increased in the periportal
(p = 0.002) and perivenular (p = 0.0001) zones.

In combined exposure (4th group), the volumet-
ric density of hepatocytes in the periportal
(p = 0.003) and perivenular (p = 0.0001) zones of
the hepatic lobule is significantly increased, but the
index of centrilobular hepatocytes decreased
(p = 0.045). Luminal narrowing of the sinusoidal
capillaries in the periportal zone (p = 0.0001) and
ectasia in the centrilobular zone (p = 0.021) were
noted.

In general, the volumetric density of sinusoids in
the control and experimental groups increased in
the porto-central gradient of the hepatic lobule, the
only exception was the 4th group with combined
toxic effects. Statistically significant indicators of
the parenchymal compartment of the periportal
zones of the hepatic lobules reflect an increase in
the volume of hepatocytes in Cd exposure both in
the 2nd and 4th groups. When comparing groups,
no clear dynamics was noted for the centrilobular
and perivenular zones. At the same time, in all
groups, with the exception of the 3rd one, the indi-
ces of hepatocytes in the centrolobular zone
exceeded those in the periportal zone; and in the
perivenular zone — the indices of each of the previ-
ously mentioned zones, which may indicate increas-
ing intracellular edema.
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Koutposs/Control Cd

Pb |

Puc. 1. CBETOONITHYECKOE UCCIIE/OBAHKE [IEUEHN KPBICAT-CAaMIIOB BrcTap mocsie XpOHUYeCKOro MOHO- WIA COUETAHHOTO
Bo3JelicTBUs cybToKcHueckux 103 Cd u Pb. ITosyToHKHe cpe3bl, OKpacKa TOJIyHIUHOBBIM CHHUM. YBennueHue (yB.) X630
Fig. 1. Light microscopy of the liver of male Wistar rat adolescents after chronic single or combined exposure to subtoxic
doses of Cd and Pb. Semi-thin sections, stained with toluidine blue. Magnification (magn.) x630

MEPUBEHYJAPHOH (P = 0.0001) 30H MEYEHOYHOU
JTIOJIBKH, OJTHAKO IIOKa3aTesb IeHTPOJIOOYIIAPHBIX
TenaToIUTOB yMeHbIIWICH (p = 0.045). OTMeueHbI
Cy’KeHHe TIIPOCBETOB CHHYCOW/HBIX KalWUIIPOB
[IEPUNIOPTATIFHON 30HBI (p = 0.0001) U pacuiupe-
HUE — IEHTPOJI00YJIIpHOH (p = 0.021).

B mesom o6beMHas ILUIOTHOCTh CHHYCOW/IOB B
KOHTDOJIPHOM U OIBITHBIX TPYIIax Hapacrajga B
[IOPTO-IEHTPAJIPHOM  TPAJUEHTE  IEYeHOYHOU
JIOJIBKU, UCKJTIOUEHNEe COCTaBIJIA JIUIIb 4-51 TPYIIIIA C
COYETAHHBIM TOKCHUYECKUM Bo37elicTBHeM. CraTu-
CTHYECKU 3HAYNMbIe ITOKA3aTeJd IapeHXUMAaTO3-
HOTO KOMIIAPTMEHTa IEPUIOPTAJIBbHBIX 30H Ileue-
HOYHBIX JIOJIEK OTPAKAIOT YBeINUeHe 00beMa rema-
ToOIUTOB 1pu Bo3zercTeuu Cd — Kak BO 2-H, Tak U B
4-# rpynnax. [lyis neHTpoIo0Y IApPHOHN U IIEpUBEHY-
JIIPHOHN 30H IPU CPaBHEHHUU TPYII YeTKOH JuHa-
MUKH He oTMeueHo. [Ipu 5ToM BO Bcex rpymmax, 3a
HUCKJIIOUeHHEM 3-U IPYIIIbI, IOKa3aTeIu TellaToIu-
TOB IIEHTPOJIOOYJISIPHOM 30HBI IPEBBIIIAIN TOKA3a-
TeJIU MEPUIOPTATIbHON 30HBI, a TIEPUBEHYJIIPHONA —

After that a stereological analysis of the ultra-
structural organization of hepatocytes was carried
out, which, under conditions of chronic toxic expo-
sure, demonstrated pronounced changes to varying
degrees (Fig. 2, Table 2). In the 2nd group, hepato-
cytes of the periportal zone showed a statistically sig-
nificant increase in the volumetric density of nuclei
(p = 0.004), which was due to more numerous binu-
clear cells; in addition, the index of endoplasmic
reticulum (ER) profiles was reduced (p = 0.0001).
The volumetric density of the cytoplasm of hepato-
cytes in the centrilobular zone was statistically sig-
nificantly increased (p = 0.001) compared to the con-
trol group, while the volumetric density of mitochon-
dria decreased (p = 0.0001). In the perivenular zone,
the volumetric density of the cytoplasm of hepato-
cytes increased (p = 0.002), while all other studied
parameters (the volumetric density of nuclei
(p = 0.001), mitochondria (p = 0.0001), and the ER
(p = 0.002)) decreased.
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Ta6smna 1. TkaHeBbIN CTEPEOJIOTHUECKUN aHAIN3 TIeYeHU KpbIcaT Bucrap (Vv, Mm3/cM3) Ipu BO3JEHCTBUU TSAMKEJIBIX
METAJIJIOB C YIETOM MO/IEIH KJIACCHYECKOH IIeYeHOTHOH JOTbKHI

Table 1. Tissue stereological analysis of the liver of Wistar rat adolescents (Vv, mm3/cms3) under the exposure of heavy
metals, taking into account the model of a classical hepatic lobule

Me (Q1; Q3) Me (Q1; Q3) Me (Q1; Q3)
min; max min; max min; max
I'pynma
Group IlepunopraisHas P IleurposoGynsap- P IlepuBenyaspuas P
30HA HasA 30HA 30Ha
Periportal zone Centrilobular zone Perivenular zone
Obvemuasn naomrocms 2enamoyumos / Volumetric density of hepatocytes
Konrpons  685.5(674.575; 696)  — 701.5 (696; 703.825) - 730 (720.5; 738) -
(1-s1) 667; 703 680; 715 713; 738
Control
(1st group)
Cd (2-1) 706.5 (704.25; 707.75) p=0.001  722(710.3;725.75)  p=0.001  751(742.75;752.75) p = 0.002
(2nd group) 697; 715 703; 733 p,=0.008  733;771 p, = 0.0001
p, = 0.0001
Pb (3-1) 681 (668.75; 689.25)  p=0.496 715 (699; 720.25) p=0.082  737(727.5; 745) p=0.199
(3rd group) 664; 689 p,=0.005  697; 725 p,=0.059  720;756 p, = 0.026
p, = 0.002 p, = 0.0001
p,=0.001
Cd + Pb 712 (699.5; 716.425) p =0.003 684 (680; 699.25) P =0.045 803.5(794.5; 809.75) p = 0.0001
(4-51) 687; 723 D, = 0.427 670; 710 p, = 0.0001 784; 821 p, = 0.0001
(4th group) p, = 0.007 p, = 0.003 p, = 0.0001
p, = 0.007 p, = 0.0001
p, =0.0001
Obvemuas naomrocms cunycoudos / Volumetric density of sinusoids
Kontposs  103.5 (99.75; 105) - 117.5 (115.5; 123.5) - 123 (113; 128.75) -
(1-51) 92.1; 107 103; 131 109; 133
Control
(1st group)
Cd (2-51) 118.9 (117; 123) p=0.0001 125 (119.25; 130.225) p = 0.096 146.5 (139.5; 147.75)  p = 0.0001
(2nd group) 115; 127 111; 140 D, = 0.089 136;168 p, =0.0001
p,=0.001
Pb (3-21) 111 (107.5; 112.75) p =0.002 120 (114.25; 122) p =0.705 141.5 (134.5; 146) p = 0.0001
(3rd group) 99; 123 p, = 0.002 106; 122 p,=0.226 131; 163 p, =0.199
p,=0.019 p, = 0.0001
p,=0.001
Cd + Pb 88.5 (85.5; 90.55) p=0.0001 129 (123.25; 134) p = 0.021 129.5 (118.25; 134.5) p =0.112
(4-s1) 79; 99 p,=0.0001 115; 144 p,=0.364 114; 138 p, = 0.0001
(4th group) p, = 0.0001 p,=0.023 p, = 0.005
p, = 0.0001 p, = 0.0001
p,=0.678

11 puMedaHue. p— OorjUdue or KOHTpOJ’[I:HOI/Iu TPYIIbI; p, — OTJIMYHE OT 2-U T'PYIIIbI; D, — oTim4ue OT 3-U I'DYIIIBI; p3 - CRaBHeHI/Ie
C AaHAJIOTUYHBIMH I1IOKa3aTeJIAMU IEPUIIOPTAJIbHOU 30HBI; p4 — CpaBHEHME C aHAJIOTUYHBIMHU IIOKa3aTeJIAMU IIEHTPOJIO6Y.TIHPHOI/I 30HBI.

Notes. p— difference from the control group; p, - difference from the 2nd group; p, — difference from the 3rd group; p

= comparison

with similar indicators of the periportal zone; p, — comparison with similar indicators of the centrilobular zone.

[OKa3aTesJd KaXKAOW W3 HPEABIIYIINX 30H, YTO
MOZKET CBH/IETEJILCTBOBATH O HAPACTAIOIIEM BHYTPH-
KJIETOYHOM OTEKE.

Jlasiee GBLI IPOBEJIEH CTEPEOJIOTUYECKUH aHAIIN3
VJIBTPACTPYKTYPHOH OpPTaHU3AIlUU TelaTOIUTOB,
KOTOpbIE B YCJIOBUSAX XPOHUUYECKOTO TOKCHYECKOTO
BO3/IENICTBUS JIEMOHCTPUPOBAJIN B PAa3JINYHOU CTe-
IIeHU BhIpaKeHHbIe U3MeHeHusI (puc. 2, Tabi. 2). Bo
2-§ TpyIIle B renaTONHUTAaX NEPUIOPTAIBHON 30HBI
BBISIBJIEHO CTATUCTUYECKU 3HAYNMOE YBEJIMUEHUE

In the 3rd group (exposure to Pb alone), ultra-
structural changes in hepatocytes of the periportal
zone were represented by a decrease in the volumet-
ric density of ER profiles (p = 0.001). The central zone
of the lobules was characterized by a decrease in the
volumetric density of mitochondria (p = 0.0001). In
the perivenular zone, similarly to the previous group,
the volumetric density of hepatocyte nuclei
(p = 0.003), mitochondria (p = 0.005), and the ER
(p = 0.005) was statistically significantly reduced.
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Koutposs/Control | Cd

Pb Cd +Pb

Puc. 2. IIeKTPOHHO-MUKPOCKOITHYECKOE UCCIIEI0BAHIE TEUEHH KPBICAT-CaMIIoB Bucrap
[IOCJIE XPOHUUECKOTO MOHO- UJIM COYETAaHHOTO Bo3/iercTBus cyoTokcnyeckux 03 Cd u Pb
C YYETOM JIOKQIU3AI[UH B KJIACCUUECKOM JI0JIbKe. DJIEKTPOHOIPAMMBL. YB. X4000
Fig. 2. Electron microscopy of the liver of male Wistar rat adolescents after chronic single or combined exposure
to subtoxic doses of Cd and Pb, taking into account localization in the classical lobule. Electronograms. Magn. x4000

00beMHOH TIOTHOCTU Azep (p = 0.004), 4TO 00y-
CJIOBJIEHO 00JIe€ MHOTOYHCIEHHBIMU JABYSIIEPHBIME
KJIETKaMH; KpPOME TOrO, ObLI CHUIKEH II0Ka3aTeshb
npodumeir sHAomIazMaTuuecko cetu  (DIIC)
(p = 0.0001). O6beMHas IJIOTHOCTh ITUTOTLIIA3MBI
TeNaToIUTOB [EHTPOJIOOY/IAPHON 30HBI CTATUCTHU-
YecKH 3HAYMMO yBesndeHa (p = 0.001) IO cpaBHe-
HUIO C I[TOKA3aTeJIsAMU KOHTPOJIBHOM TPYIIIBI, IIPH
9TOM CHHU3WIACh OOBEMHAs IJIOTHOCTb MHUTOXOH-
npuii (p = 0.0001). B mepuBeHy ISIpHOH 30HE YBEJIU-
YUIach 00bEMHASI IIOTHOCTh IIUTOIIA3MBI ['elaTo-
nuToB (p = 0.002), TOrJja KaK BCe OCTaJIbHbIE U3y4a-
eMble IOKa3aread — OObeMHasl IIOTHOCTDH SIEP
(p = 0.001), muroxouzpuii (p = 0.0001) u IIIC
(p = 0.002) — CHUBWIHCE.

B 3-i1 rpymme (MoHOBO3feicTBue Pb) ysbTpa-
CTPYKTYPHbIE H3MEHEHUs] TEeMaTOIUTOB IIEPUIIOP-

In the 4th group with prolonged combined expo-
sure to toxins, a statistically significant decrease in
the volumetric density of mitochondria (p = 0.001)
and the ER (p = 0.005) of periportal hepatocytes, as
well as nuclei (p = 0.011), mitochondria (p = 0.0001)
and the ER (p = 0.016) of hepatocytes of the centri-
lobular zone. In the perivenular zone, the volumetric
densities of nuclei (p = 0.0001) and mitochondria
(p = 0.049) decreased, while the parameters of the
ER (p = 0.004) and cytoplasm (p = 0.002) increased,
which may be associated with the induction of xeno-
biotic metabolism on smooth ER membranes in
presence of intracellular edema and a decrease in
protein synthesis.

In general, in all experimental groups for the
periportal zone of the hepatic lobule, a characteristic
feature of the ultrastructure of hepatocytes was a sta-
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TaGauna 2. YIbTpacTPyKTYPHOE CTEPEOIOTHYECKOE UCCIIEI0BAHYE TENATOIUTOB KpbicaT Bucrap (Vv, mm3/cm3)

[IPY TOKCHYECKOM BO3/IEHCTBUU B 3aBUCHMOCTH OT JIOKQJIU3AINY B KJIACCUIECKON IEYEHOUHOM T0JTbKE

Table 2. Ultrastructural stereological study of hepatocytes of Wistar rat adolescents (Vv, mm3/cms3) in toxic effects depending
on localization in the classical hepatic lobule

Me (Q1; Q3) Me (Q1; Q3) Me (Q1; Q3)
min; max min; max min; max
I'pymma
p IlenTpo0OyIaAp- p p
Group IlepunopraibHana HAS 30HA IlepuBenyasspHasn
sona Centrilobular soxa
Periportal zone zone Perivenular zone

Ob6vemuas naomuocms sdep / Volumetric density of nuclei

KonTposs (1-51)
Control

52.55 (51.25; 53)
48; 56

52.5(49.8; 56.5)
45; 59

52.2 (48.75; 54.75)
45; 56

(1st group)
Cd (2-1) 57 (55; 59.25) p=0.004 48 (46.25;53.75) p=0.151  43.5(39.75;45.75)  p =0.001
(end group) ~ 49; 63 43; 58 p,=0.008 3747 p,=0.001
p, =0.001
Pb (3-1) 55 (53; 55) p=0.059 515(46.5; 55.75) p=0545  43.5(38.75;47.75)  p=0.003
(3rd group) 51; 58 p,=0.121  45;59 p,=0.45 34; 51 p,=0.678
p,=0.151 p, = 0.0001
p,=0.008
Cd +Pb(4-1) 54.5(53;55) D =0.096 47 (45.25;49.5) p=0.011 40 (38.25; 44) D =0.0001
(4th group) 49; 59 D, =0.054 44;52 D,=0.406  37;46 D, =0.326
p,=0.705 p,=0.064 p,=0.345
p, = 0.001 p, = 0.0001
p, =0.002
Ob6vemHan nromrocms yumonaasmut / Volumetric density of the cytoplasm
Kontposs (1-1) 102.5 (99; 109.25) - 134.5 (130; 136.75) - 133 (127.8; 136.5) -
Control 89; 114 124; 147 124; 141
(1st group)
Cd (2-51) 106 (101.25; 112.55) p=0.364 152.7(146;156.75) p = 0.001 144 (140.75; 147.75) p = 0.002
(2nd group) 97; 116 138; 160 D, = 0.632  131; 152 p,= 0.632
p, =0.001
Pb (3-51) 107.5 (99; 120.5) p=0.385 141.5(136.5;149.5) p=0.082  139.5(136.5; 144.75) p = 0.089
(3rd group) 95; 125 p,=0.821 127;159 p,=0.041  117;161 p,=0.199
p, = 0.0001 p, = 0.001
p,=0.597
Cd+Pb(4-s1) 107.5(101.25;120.25) p=0.241 132 (124.75;133.75) p = 0.162 146 (138.25; 152) P =0.002
(4th group) 99; 126 p,=0.545 109;139 D, = 0.0001 135;162 D, =0.597
p,=0.705 p,=0.006 p,=0.174
p,=0.004 p, = 0.0001
p, =0.001
O6vemHas naromruocms IIIC / Volumetric density of the ER
Kontpons (1-1)  35.5 (34; 37.275) - 33 (29.25;36.525)  — 23.5 (20.35; 27) -
Control 29; 40 24; 38 18; 32
(1st group)
Cd (2-51) 25 (23.775; 28) p=0.0001 28.65(26.7;32.25) p=0.14 18.5 (16.25; 19) p = 0.002
(2nd group) 19; 30 25; 37 p,=0.001 12521 p, = 0.0001
p, =0.0001
Pb (3-n1) 20 (25.25; 30.75) p=0.001 31.5(27.25; 33) p=0.345 18.1(17.25;19.75)  p=0.005
(3rd group) 20; 33 p,=0.257 24;37 p,=0.623  16; 22 D, =0.571
p,=0.121 P, =0.0001
p, = 0.0001
Cd + Pb (4-21) 27 (25.25; 31) p=0.005 26.5(25.05;29.25) p=0.016 31 (28.25; 35.75) p =0.004
(4th group) 22; 41 p,=0.326 23;32 p,=0.151 27; 39 p,= 0.0001
p,=0.91 p,=0.07 p, = 0.0001
p,=0.705 b, =0.064
p,=0.01
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Oxonyanwue tabJ1. 2 / Table 2 ending

Me (Q1; Q3) Me (Q1; Q3) Me (Q1; Q3)
min; max min; max min; max
I'pynma .
Group Ilepunopranbaaa P E:;{:ggzoﬁymp p IlepuBenyasapuas P
30HA . 30HA
Periportal zone ;}::::rllobular Perivenular zone

Ob6vemHas naomrocms mumoxouopuit / Volumetric density of mitochondria

Koutpornsb (1-5) 162.2 (157.5; 164.75)  — 157.5 (153.925; - 135 (125.25; 138.975) —
Control 151; 174 160.5) 111; 147
(1st group) 142; 167
Cd (2-51) 164 (160.5; 170.5) p=0.385 128(122.5;133.65) p =0.0001 100.7(95.75; 106.25) p = 0.0001
(2nd group) 154; 181 119; 136 D, =0.0001 87; 123 b, =0.0001
P, =0.0001
Pb (3-51) 158.5 (152.5; 163.5) p=0.385 128.5(127;135.25) p=0.0001 109.5(99.75;111.5) p = 0.005
(3rd group) 147; 174 Dp,=0.096 121;145 D,=0.473 89;145 p,=0.174
P, =0.0001 D, = 0.0001
p,=0.005
Cd +Pb(4-1) 140.5(137; 144) p=0.001 125.5(123.25; p =0.0001 109.5(99.5;130.25) p = 0.049
(4th group) 132; 164 p,=0.001 129.18) p,=0.473 98;146 p,=0.082
p,=0.002 117;131 D, =0.199 p,=0.521
p, = 0.0001 D, = 0.009
p,=0.241

IIpumeuyaHue. p— OTJIMYUE OT KOHTpO.HbHOI/I TPYNIBL; P, — OTIMYHE OT 2-H IPYIIIbL; p, — OTIAMYHE OT 3-1 TPYIIbL; p, — CPABHEHHE
C aHAJIOTMYHBIMU I0KA3aTe AIMH IEPUIIOPTAIBHOM 30HBI; D, — CPABHEHUE C AHAJIOTHYHBIMU [OKa3aTesAMH ueHTponoﬁmepHou 30HBI;

IIIC — sHpoIIa3MaTHYeCcKas CeTh.

Notes. p - difference from the control group; p, — difference from the 2nd group; p, — difference from the 3rd group; p, — comparison
with similar indicators of the periportal zone; p, — comparison with similar indicators of the centrilobular zone; ER — the endoplasmic

reticulum.

TAJIBHOH 30HBI ITPEJICTABIIEHBI CHIKEHHEM OObeMHON
mwiotHocTH podueit AIIC (p = 0.001). LenTpos1oby-
JIIpHAs 30HA JI0JIEK XapaKTepU30BaJIaCh CHIKEHUEM
00BEMHOH TUIOTHOCTH MUTOXOHAPHH (p = 0.0001).
B mepuBeHy IApHON 30HE, aHAJIOTUYHO ITPEbIIyIIeH
TpYIIIEe, CTATUCTUYECKH 3HAYNMO YMEHbIIIEHA 00'beM-
Hasl TUIOTHOCTb siZIEp TeNaTonuToB (p = 0.003), MUTO-
xouapui (p = 0.005) u AIIC (p = 0.005).

B 4-1i rpynme c [IUTEIbHBIM COUETAHHBIM BO3-
JIEICTBEM TOKCHHOB BBISIBJIEHO CTaTHCTHYECKH
3HAYMMOE CHIDKeHUE 00heMHOM IIJIOTHOCTH MHTO-
xoHzpui (p = 0.001) u JIIC (p = 0.005) nepunop-
TQIHHBIX TENaTOIIUTOB, a TakXke sAxep (p = 0.011),
MuTOXOHAPUi (p = 0.0001) u AIIC (p = 0.016) rena-
TOITUTOB II€HTPOJIOOYJIAPHOU 30HBI. B mepuBeHy-
JIIPHOY 30HE YMEHBIIWJINCh OOBEMHBIE TIJIOTHOCTU
anep (p = 0.0001) ¥ MUTOXOHJIpUH (p = 0.049), Ipu
3TOM yBenuumiauch nmokasaresu IIIC (p = 0.004) u
OHUTOILIa3MBI (P = 0.002), UTO MOKET OBITh CBA3aHO
C MHAYKINEeH MeTabon3Ma KCeHOOMOTHKOB Ha MEM-
6panax mrankout IIIC Ha PoHE BHYTPUKIIETOUHOTO
OTeKa U CHUKEHUsI CHHTe3a OEJIKOB.

B 11e710M BO BCeX OIBITHBIX TPYIIAX JJIs IEepPHU-
MMOPTAJIbHOW 30HBI MEYEHOUHOU JIOJIBKU XapaKTep-
HOU OCOOEHHOCTBIO YJIBTPACTPYKTYPHI TE€IaTOIUTOB
OBLIO CTATUCTUYECKU 3HAUNMOE CHIIKeHHE 00heM-
vHoit twrotHoctn OJIIC; 11 UEHTPOSIOOYIAPHOM

tistically significant decrease in the volumetric den-
sity of the ER; for the centrilobular zone — mitochon-
dria; for the perivenular zone — mitochondria and
nuclei of hepatocytes, which indicates the dystrophic
nature of the response of parenchymal liver cells of
prepubertal rats to chronic exposure to toxic metals
with a decrease in the functions of protein and ATP
biosynthesis.

Lipid infiltration of the cytoplasm of hepatocytes
was noted in the 3rd group and to a greater extent it
is characteristic of the periportal and centrilobular
zones. The formation of autophagosomes attracted
attention in the 3rd and 4th groups (with exposure to
Pb), with signs of predominantly mitochondrial utili-
zation, as well as vacuolated ER profiles. In all exper-
imental groups, the stereological parameters of the
organelles free cytoplasm increased statistically sig-
nificantly, reflecting cytoskeleton disorders, collapse
of intracellular membrane structures, and matrix
edema, which underlies hepatocellular ballooning.

It should be noted that in animals of the experi-
mental groups, in addition to changes in the coat, no
other visual differences from the rat pups of the con-
trol group were found; in addition, animals of groups
2—4 gained body weight, which indicates the pres-
ence of compensatory mechanisms. Electron micros-
copy of liver samples revealed the expansion of
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30HBI — MHTOXOHJIDUH; JUIs TIEpPUBEHYIAPHOU
30HBI — MUTOXOH/IPUH U sifiep TeNaTOIUTOB, YTO CBU-
JIETEJIbCTBYET O TUCTPOPUUECKOM XapaKTepe pearu-
pOBaHUs TMAPEHXUMATO3HBIX KJIETOK IEUYEHHU KPbIC
MpenybepTaTHOTO BO3pacTa Ha XPOHHUYECKOE BO3-
JIECTBHE TOKCUYHBIX METAJJIOB CO CHIKEHHEM
dyarnui 6uocuHTe3a 6eyka u ATO.

JluntugHas HHQUIBTPALIMA IUTOILIA3MbI TeaTo-
OUTOB OTMEYEHA B 3-U IpyIIe, IpudYeM B OOIbIIEH
Mepe OHa XapaKTepHA JJIs EPUIIOPTAIBHBIX U IIeH-
TPOJIOGYJISIpHBIX 30H. DOpMUpOBaHUE ayTOdHarocom
obparmasno Ha ce6s BHIMaHUE B 3-U U 4-U Ipymmax
(c BosmetictBuem Pb), ¢ mpu3HAKaMU yTHIH3AIAN
MIPENMYIIECTBEHHO MHUTOXOHAPUI, a TaKKe BaKyoO-
su3upoBaHHbIX poduien IIIC. Bo Bcex ONMBITHBIX
TPYIIIaxX CTATUCTHYECKH 3HAYMMO BO3POC/IU CTEPEO-
JIOTHYECKHEe IIOKa3aTeJIu CBOOOJHON OT OpraHeul
[UTOILUIA3MbI, OTpa)kasi HApyIIEHUs ITUTOCKEJETa,
KOJUTATIC BHYTPUKJIETOUHBIX MEMOPAHHBIX CTPYKTYP
U OTEK MaTpPUKCa, JIEXKAIINH B OCHOBE «0aTIOHHOM »
nuctpodun.

Crnenyer OTMETUTH, YTO Y KUBOTHBIX OITBITHBIX
TPyII, TOMUMO HW3MEHEHHs MIePCTHOTO MOKPOBa,
JIDYTUX BU3YAJTIBHBIX OTJIMYUH OT KPBICAT KOHTPOJIb-
HOU TPYNIIBl HE BBISIBJIEHO; KDOME TOTO, JKUBOTHBIE
2—4-# TPYII YBEJIMUUBAJIK Maccy Teja, YTO CBU/IE-
TEJILCTBYET O HAJIMYUHU KOMITEHCATOPHBIX MEXaHU3-
MOB. [IpHu 371€EKTPOHHO-MHUKPOCKOITTYECKOM HCCIEe-
JIOBaHUH 00Pa3IloB IIeUeHHU 00paliaIn Ha ce0st BHU-
MaHHe paclIupeHue MPOCTpPaHCTB Jlucce U rumep-
IUTa3Usl MHUKPOBOPCHUHOK BaCKYJISAPHOTO IIOJIIOCA
remaTonuTOB, OTPasKaoIue yCUIeHHe O0OMEHHBIX
mporeccoB. MUTOXOHAPUHM OBLIM  MPEUMyIle-
CTBEHHO MeJIKHE, C IVIOTHBIM MaTPUKCOM H IIPUYPO-
YeHbl K IIJIa3MOJIEMMAaM BACKYJISIPHOTO IOJI0Ca, a
Takke (opMUpOBaM IEpUHYKJIeapHbIE KOM-
IUIEKCHl BMECTE€ C KOPOTKHMH IapaslieJIbHbIMH
nucrepHamu rpanysisipHoi DI1C — Tak Ha3bIBaeMbIe
(oxychl BHYTPHUKJIETOYHOU pereHepanuu. Kpome
TOTO, TIOYTH BO BCEX sI/[PaX ONBITHBIX T'PYIII HMe-
JIUCH SAAPBINIKU. [lepeunciieHHble YAbTPACTPYKTyP-
HbIe 0COOEHHOCTH TeMaTOIUTOB MOKHO PacCMaTpH-
BaTh KaK CTEPEOTUIIHBIE KOMIIEHCATODHBIE pPeak-
WU, OMMCAHHbIE, HAIPUMED, ITPU BUPYCHBIX Tema-
TuTax [11].

Kak usBecrHo, TokcuuHoctb Cd u Pb o6ycios-
JIeHa MX CIIOCOOHOCTHIO 3aMEHATh B MOHHBIX KaHa-
Jax MeMOpaH >KU3HEHHO HeOOXOUMbIe IOJIHBa-
JieHTHBIe KaTnoHbI Ca, Zn u z1p. [12]. Kpome Toro, Cd
u Pb HEraTUBHO BIUSIOT HA CHCTEMY aHTHOKCHU/IaHT-
HOU 3al[UTHI, HAPYIIasi MOJIEKYJIIPHYIO CTPYKTYPY B
(pYHKIIMY CYTIEpOKCUATUCMYTA3bl, [JIyTaTHOHIIEPOK-
CH/Ia3bl U KaTalasbl, CIOCOOCTBYS PA3BUTHIO XPOHU-
YEeCKOT0 OKHCJIUTEJIBHOTO CTpecca U IOPaKEHHIO

Disse’s spaces and hyperplasia of the microvilli of the
vascular pole of hepatocytes, reflecting an increase in
metabolic processes. Mitochondria were predomi-
nantly small, with a dense matrix and confined to the
cell membranes of the vascular pole, and also formed
perinuclear complexes together with short parallel
cisterns of the granular ER — the so-called foci of
intracellular regeneration. In addition, almost all the
nuclei of the experimental groups had nucleoli. The
listed ultrastructural features of hepatocytes can be
considered as stereotypical compensatory reactions,
described, for example, in viral hepatitis [11].

As is known, the toxicity of Cd and Pb is due to
their ability to replace vital polyvalent cations Ca, Zn,
etc. in the ion channels of membranes [12]. In addi-
tion, Cd and Pb negatively affect the antioxidant
defense system, disturbing the molecular structure
and functions of superoxide dismutase, glutathione
peroxidase, and catalase, contributing to the devel-
opment of chronic oxidative stress and damage to
mitochondria [13]. Apparently, the effects of both
toxicants are dose-dependent and are also deter-
mined by the duration of exposure.

CONCLUSION

Intoxication for 3 weeks with cadmium sulfate
(Cd) and lead acetate (Pb) in prepubertal male Wistar
rats (4 weeks adolescents) led to changes in the ultra-
structural organization of hepatocytes. Taking into
account the model of classical hepatic lobule, tissue
stereological analysis revealed a statistically signifi-
cant increase in the volume of hepatocytes in the
periportal zones when exposed to Cd (groups 2
and 4). In all groups, with the exception of the 3rd
(Pb), an increase in the parenchymal compartment
in the porto-central gradient was revealed, reflecting
the formation of hepatocellular ballooning. In all
experimental groups for the periportal zone of the
hepatic lobule, a characteristic feature of the ultra-
structure of hepatocytes was a statistically significant
decrease in the volumetric density of the ER; for the
centrilobular zone — of mitochondria; for the peri-
venular zone — mitochondria and nuclei of hepato-
cytes. The formation of autophagosomes with signs
of predominantly mitochondrial utilization attracted
attention in groups exposed to Pb. Pathological
changes are compensated by increased transsinusoi-
dal metabolism and complexes of biosynthesis
organelles.
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vutoxoHapwuii [13]. Ilo-Bunumomy, apdekTsr 060mx
TOKCUKAHTOB JI0303aBHUCHUMbBI U  OIPEEISAIOTCA
TaKKe JIJTUTEIbHOCTHIO BO3/IEHCTBUS.

3AK/IIOYEHUE

WHTOKCUKALIHSA B TEUEHUE 3 HEJ| CyIbHATOM Kajl-
must (Cd) u aneratom cBusiia (Pb) KpbicsaT-caMIlOB
Bucrap npemnyb6epraTHoro Bo3pacra (4 HeJr) IpuBesia
K U3MEHEHUSAM YJIbTPACTPYKTYPHOH OpraHU3aI[UuH
rematoruToB. C y4eToM MOMENH KJIaCCUUEeCKOH
TIEYEHOYHOU JIOJTbKY, TKAHEBBIU CTEPEOJIOTHIECKUHN
aHaJIU3 OOHAPYKHJI CTATHCTHYECKH 3HAYHUMOE yBe-
JuyeHre obbeMa TemaTOIUTOB IEPUIOPTATHHBIX
30H mpu Bo3zeiictBuu Cd (2-1 u 4-s rpynmsl). Bo
Bcex TPYIIax, 3a uckirouenuem 3-i (Pb), BeisiBiIeHO
yBeJIMUeHNEe MapeHXMMAaTO3HOTO0 KOMIIApTMEHTA B
MMOPTO-BEHYJIIPHOM TpajlieHTe, oTpakaroiiee Ghop-
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MHUpOBaHHE «0aJsTIOHHOW» Jjuctpoduu. Bo Bcex
ONBITHBIX TPYNIIaX JJIs I[EPUIIOPTATbHOU 30HBI
MEYEHOUHOU JOJIbKH XapaKTepHOU O0COOEHHOCTHIO
VJIBTPACTPYKTYpPhI TelaTONHUTOB OBLIO CTAaTHCTHYE-
CKM 3HAYMMOE CHIKEHHE OOBEMHOU IIOTHOCTH
AIIC; nnst MEeHTPOJOOYAAPHON 30HBI — MHUTOXOH-
JIPUH; U1l IEpUBEHY/IIPHON 30HBI — MUTOXOHPUH
u szep renatonuToB. ®opMHpoBaHe ayTodarocom
C TpU3HAKAMHU VTWIN3AIUH MPEUMYIIECTBEHHO
MHUTOXOHAPUI obparmano Ha cebs1 BHUMAHHE B TPYII-
max ¢ Boszericrsuem Pb. IlaTosiornyeckue n3meHe-
HUsI KOMIIEHCUPOBAHBI YCUJIEHUEM TPAHCCHUHYCOU-
JIAJIBHOTO OOMeHa M HAIMYHEM KOMILJIEKCOB Opra-
HeJUT OMOCUHTE3A.

KoH@IuKT nHTEpECOB. ABTOPHI 3a5BJISIOT 00
OTCYTCTBUM KOH(JINKTA HHTEPECOB.
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