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BIOXIMIYHI OCOBJIMBOCTI 3AI'O€HHA BUOXUMHNYECKHE OCOBEHHOCTH 3A)KI/IB.JIEHI/IE’

HICTSONEPANIAHAX PAH IHNKIPH HA ®OHI MNOCJIEONNEPAIIMOHHBIX PAH KOKH HA ®OHE
OYKPOBOTI'O JIABETY Y H1YPIB ITPH PI3HUX CAXAPHOTI'O JUABETA Y KPbIC ITPH PA3JIMYHBIX
CIIOCOBAX 3AKPUTTSA PAH CITOCOBAX 3AKPBITHUS PAH
Jlo3a €.0., Mapymak M.L., lenedias O.B., Jloza E.A., Mapymaxk M.U., lenedpuas O.B.,
AgertikoB /1.C., Kyasnaa O.0. AsetukoB /[.C., Kynsauaa O.0.
JlocnikeHHST TIPHCBSYCHO BUBYEHHIO OCOOIHMBOCTEH HccrnenoBanne  MOCBSAIICHO  M3YYCHHIO  OCOOCHHOCTEH

3MIH BUIBHOpAJMKAJIBHUX IIPOLECIB y TOMOICHATi IIKIpM  W3MEHEHHH CBOOOAHOPAIUKAIBHBIX MPOLIECCOB B TOMOTEHATE KOXKH
IIypiB MPH PI3HUX CIIOCO0AX 3aKPHUTTS ONEPAlifHUX paH, 32  KPBIC IIPU Pa3INIHBIX CII0CO0aX 3aKPBITHS ONEPANOHHBIX PaH, IPH
YMOB ILyKPOBOTO Tia0eTy. AHaji3 OTPUMaHUX pe3yNbTaTiB CaxapHOM AuadeTe. AHaIW3 MONYYECHHBIX PE3YJIbTAaTOB ITO3BOJISET
JIa€ 3MOTY CTBEPIPKYBATH, 1110 3aCTOCYBAHHS IIKIPHOTO KIICI0  YTBEpIKIATh, YTO NPUMEHEHHE KO)KHOTO KJIes IOCTOBEPHO CHIDKAET
JIOCTOBIPHO 3HIDKY€ iHTEHCUBHICTB nepebiry BPO y kiniTHHaX ~ MHTEHCHBHOCTH TEUYEHMSI CBOOOIHO paJMKaJIbHBIX IIPOLECCOB B
PpyOLEBO3MIHEHUX TKAHWH IIKIpU TBAPHH 31 3MOJETbOBAHAM  KIJIETKaX pPyOLOBO-W3MEHEHHBIX TKaHEW KOXH JKHBOTHBIX C
LYKPOBUM [ia0eToM MOPIBHSAHO i3 HaKJIaJaHHAM Ha paHy CMOJCJIMPOBAaHHBIM CaXapHBIM Ma0eTOM 110 CpPaBHEHUIO C

BY3JIOBUX IIBIB 32 aHAJOTIYHUX YMOB. HAJIO’KCHUEM Ha PaHy Y3JIOBBIX IIIBOB IPU aHAIOTUYHBIXYCIIOBHUSIX.
KurouoBi cJjioBa: BimbHOpagMKanbHE OKHCHEHHS, KuroueBbie ciioBa: CBOOOJHO paauKaIbHOE OKHCIICHHE,
OKCHJIATUBHHIA CTpEC, MATOJIOTIYHUIN PyOeIb. OKCHIaTUBHBIICTPECC, ATOJOTMYESCKUMN pyOelr.
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THE ROLE OF ARGININE/CITRULLINE CYCLE DISORDERS IN  THE PATHOGENESIS
OF DOXORUBICIN-INDUCED LIVER INJURY ASSOCIATED WITH NONALCOHOLIC
STEATOHEPATITIS IN RATS
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The article presents the results of an experimesttaly aimed to investigate the features of argirinitrulline cycle
disorders associated with doxorubicin-induced livgary in rats, concomitant with NASH. The studyolved adult fertile
Cutbrid [IbmIr(ts (n=30; m1r(ts=15 (50%); fim[1r(ts=15 (50%)) wlIghtld 160-220 g. The rats were assigned into 3 groups:
GroupI (n=10) involved rats with NASH, administeredth mtr( 1Tt h(11 5 mg/kg d([Trub(ln it 3 d(1s; Grlull1l (n=10)
mv(Ivid rits withCut NOSH, fdmn(st(t(d with mtr[ [Tt h(11d[TTrubin sin It tOGriur[glmih; GrlulJIII (n=10) — control
group. It has been shown that administration obdoticin in rats with NASH leads to disorders afiame/citrulline cycle, which
are characterized by inhibition of arginase agtigind activation of citrulline synthesis.

Key words: arginine, citrulline, arginase, doxorubicin, hejtakic reactions, nonalcoholic steatohepatitis.

The work is a fragment of the research project “Blepment of methods for prevention and treatmernhefdrug-
induced internal organs damages”, state registrathdo. 0115U001087.

Doxorubicin, an anthracycline antibiotic, has beertensively used in oncology and
oncohematology for over 30 years. Currently, itamsidered one of the most effective antitumor drug
with pharmacological feature to accumulate in nmradigt cells. However, the use of doxorubicin is
accompanied by a high risk of side effects duéstbigh toxicity [3, 8, 10, 13].
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From the point of view of studying the toxicity afoxorubicin, certain features of its
pharmacokinetics are important, namely the shdlftlifi@ period lasted for 3-5 minutes, and the long
semiejection period, ranging from 24 to 46 hou®y.[Therefore, the development of toxicity andiégree
is dependent on the rate of administration of dokimin. Upon entry into the blood plasma, doxoruhic
similar to doxorubicinol, binds to blood proteinsenetrates into the cell by passive diffusion and
accumulates in tumor cells in concentrations exiogeiils extracellular ones by 10-1000 times [12]. 15
The high permeability properties of doxorubicin dree to its lipophilicity, and the preservationiagh
intracellular concentrations of the drug is duésd®NA-intercalating and binding characteristi@214].

It has been confirmed that DNA is the major tafgetdoxorubicin. The drug accumulates in the
cell nucleus with intercalation in the double sttari DNA between base pairs, which leads to intdhit
of nucleic acid synthesis. In addition, doxorubidisrupts the function of nuclear proteins, priryari
topoisomerases |, 1l and helicase, which leadshdition of DNA twisting and cell replication [3,5].
Intercalation of doxorubicin into a DNA moleculéehibits the activity of DNA and RNA polymerases,
suspending both DNA replication and RNA transcaptiHence, doxorubicin disrupts the repair of the
DNA molecule, which leads to attenuation of ceNelepment in the G1 and G2 phases of the cell cycle
and initiation of apoptosis [12].

An important element of the toxicity of doxorubicis an antitumor drug, is the impact on both
tumor and healthy cells of the body, which multipdyidly [3, 12, 14, 15]. Moreover, free radicataise
drastic side effects associated with administratibthe drug through the mechanisms that providé hi
antitumor efficacy of doxorubicin [3, 11, 13].

Doxorubicin-induced hepatotoxic reactions can bsigmificant limiting factor in the overall
chemotherapy (CT) in the conventional treatmentasfcer patients. Currently, numerous experimental
and clinical studies have confirmed the toxic @Bexf doxorubicin on tissues of the heart, braidnkys,
liver, pancreas [10, 15]. The probability of deymtwent of cytostatic-induced hepatotoxic reactions
increases significantly in chronic diffuse hepafiseases, including non-alcoholic steatohepatiis [
Pathogenetically, it is the oxidative stress thahe most studied mechanism of liver damage irdibge
doxorubicin and other anthracycline antibiotics][TBxorubicin has been confirmed to be associafidu
an increased risk of hepatotoxic reactions, matgfeby elevated blood serum activity of alanine and
asparagine aminotransferases, alkaline phosphagasema-glutamyltranspeptidase, bilirubin and its
fractions [5]. However, the use of chemotherapedtigys, including doxorubicin, affects a number of
essential liver functions, namely detoxificatiordaregenerative functions, which can be investigéted
determining the content of arginine and ways obitgransformation.

Arginase is involved in the final stage of the ucgale, during which arginine is converted to urea
and ornithine. Arginase is considered as a markbepatotoxicity induced by pharmacological drugs;
altered activity is more sensitive test of livesflynction compared to traditional ones. A compatipathway
for the metabolism of L-arginine is the formationndric oxide (NO) and citrulline under the infinee of
NO synthases (NOS). Arginine / citrulline cycldeets the features of the competitive interactibarginase
and NOS activity [2, 4]. Given the fact that thdugible form of NOS promotes the production of Naa
cytotoxic and anti-inflammatory agent, the studyhaf balance of arginase and NOS activity may beial
in studying the pathogenesis of cytostatic-indUned damage, including the use of doxorubicin.

The purpose of the paper was to study the features of argidire#trulline cycle disorders
associated with doxorubicin-induced liver damageais, concomitant with NASH.

Materials and methods The study involved adult fertile outbred albiratsr (n=30; male rats=15
(50%); female rats=15 (50%)) weighted 160-220 dpe $tudy was carried out in two stages. At the firs
stage 10 rats (5 males and 5 females) were exgosewdeled NASH, induced by a high-calorie diet,
containing 42.8% fats (per one animal a day: coatimn fodder-concentrate granulated 0.04 kg, 72.5%
butter 0.01 kg, refined sunflower oil 0.01 kg, paih0.01 kg; 4% aqueous solution of fructose wssdu
as the sole source of liquid) for 9 weeks (from dato day 63). 20 rats received a regular rations o
vivarium (per one animal a day: combination foddencentrate granulated 0.04 kg, low-fat cheeset0.00
kg, carrots 0.02 kg, cabbage 0.015 kg) for 9 we¢kks day 1 to day 63). Experimental rats were dibd
into 3 groups:

GrouplI rats (n=10; males n=5; females n=5) were expasetbdeled NASH, induced by a high-
calorie diet from day 1 to day 63, followed by adisiration of intraperitoneal 5mg/kg doxorubicinm ®
days (from day 64 to day 66) to reach the cumwtativze of 15 mg/kg;

GrouplI rats ( n=10; males n=5; females n=5) were on alaggations of vivarium from day 1 to
day 63, followed by administration of intraperit@ah&mg/kg/day doxorubicin from day 64 to day 66 to
reach the cumulative doze of 15 mg/kg;
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GrouplII rats (n=10; males n=5; females n=5) were on alaegations of vivarium from day 1
to day 63, followed by administration of intraperieal 0.9% sodium chloride solution at a dose ofl 1
for 3 days (from day 64 to day 66).

Decapitation of rats was performed under thiopegmaisthesia on day 67 of the observation. The
concentration of arginine [6], citrulline [9] anthinase activity [1, 7] were determined in 10% hgemate
of rat liver and blood.

The statistical program GraphPad Prism Version §&@phPad Software, Inc., San Diego, CA,
USA) was used for statistical processing of theltegy data and to carry out parametric and nonpatec
statistical analysis. With the normal distributmirdata, the results were presented in the foraridimetic
means (M) and their mean accuracy (m). Significarfa#ifferences was calculated using Student st-te
Paired nonparametric methods of Wilcoxon and Maririthiéy tests were used in the distribution that
differs from the normal one. The relationship betwé¢he studied values was evaluated using Speasman
correlation analysis. The differences were congidasignificant when p <0.05.

Results of the study and their discussionRats of experimental Group | and Il, which were
administered with doxorubicin, showed increasedceatration of blood arginine by 2.3 and 2 times,
respectively, compared to the control group (p SP{@able 1). This fact can be explained both by th
increased formation of arginine during the actimatof protein catabolism, and by the violation tf i
availability to enzymes involved in biotransfornuaiti Arginine reuptake by cells might be inhibiteg b
ornithine as well as NOS inhibitors [2, 4]. Undoedlly, the most important in inhibiting arginine
metabolism is arginase, which is a regulatory erezythat determines the predominance of arginine
biotransformation pathways for the formation of N® ornithine as a substrate for the synthesis of
putrescine, spermidine and spermine [4].

Table 1
The rates of arginine, citrulline concentration andarginase activity in rat blood with doxorubicin-induced
liver damage associated with NASH (M = m)

Groups Arginine, mmol/L Arginase, pmol/mL Citrulé, pmol/mL
I (n=10) 0.14+0.035* 13.90+1.53*& 423.4+22.40*
II (n=10) 0.12+0.01* 19.18+1.38* 439.4+13.00*
III (n=10) 0.06+0.01 41.24+6.51 627.8451.72

Note: significant differences:3<0.05 — between the experimental Group | and lltaeccontrol group; &<0.05 — between the values
of Group | and II.

In addition, arginase is considered a marker ofdnduced liver damage, which may be more
sensitive than generally accepted rates used tmsodlinical practice. Apparently, rats of Grougrid II,
which were administered intraperitoneally with doxuicin, showed that the activity of blood arginase
was by 2.9 and 2.1 time, respectively, lower, compao Group Il (p <0.05) (Table 1). It has been
established that in rats of Group I, which werdiafly exposed to modeled NASH upon reaching
cumulative dose of 15 mg/kg doxorubicin, the atyiwf blood arginase was by 1.4 times lower comgare
to rats of Group Il (p<0.05) (table 1). Therefatés obvious that NASH leads to more severe dokimin-
induced liver damage.

0.15- Citrulline is a by-product of NO in the
metabolism of arginine with the involvement of
NOS. In rats of Group | and Il, blood citrulline
concentration was by 1.5 and 1.4 times,
respectively, lower, compared to the control
group (p<0.05) (table 1). The arginase / citrulline
ratio in rats of Group | with diet-induced NASH
was by 2 times lower, compared to controls
(0.03£0.01 vs. 0.06+0.01; p<0.05) and by 1.3
times lower compared to rats of Group Il
(0.03+0.01 vs. 0.04+0.003; p=0.05), which were
administered with doxorubicin in the intact liver

0.10

0.054

Arginase/Cinrulline

0.00

O O
S $ © .
h / Q I qbl d of fwi (fig. 1).
Fig. 1. The arginase / citrulline ratio in blood of ratsthwi o : :
doxorubicin-induced liver damage associated witfSANote: *p<0,05 In rats of GrOUp I, the arginine [ citrulline

— significant differences of values in rats of Gedwand Il compared to the ratio was by 1.5 times lower compared to
control group. controls (0.04+£0.003 vs. 0.06+0.01; p<0.05).
Consequently, the progression of NASH creates teegmditions for the development of doxorubicin-
induced liver damage with violation of its detogétion function.

In the liver homogenate of rats of Group | and nb significant deviations in arginine
concentration, compared to the controls, were tite¢iowever, arginase activity in rats of Grougmd
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Il was by 1.6 and 1.7 times, respectively, lowemnnpared to Group Il (p=0.01) (Table 2). Thus, the
activity of arginase in the homogenate of liver &habd of experimental animals was reduced in equal
proportions regardless of the presence of NASHc¢kwhidicates the high toxicity of doxorubicin withe

risk for the development of hepatotoxic reactions.

However, in rats of Group | the concentration tfutiine in the liver homogenate was by 1.2 times
higher compared with Groups Il and Il (p<0.05) ifla2). Inverse correlation was found between the
concentration of arginine and arginase activityhia liver homogenate of Group | rats (r =-0.77; 1950,
as well as a direct correlation between the cortémrginine and citrulline (r=-0.77; p<0.05). THat
may indicate that NASH-related administration okolabicin is associated with the activation of @S-
synthase pathway of arginine metabolism in livesue, primarily due to its inducible isoform, which
creates an additional factor in hepatocyte damage.

Table 2
The rates of arginine, citrulline concentration andarginase activity in liver homogenate
of rats with doxorubicin-induced liver damage assdeated with NASH (M £ m)

Groups Arginine, pmol/mL Arginase, pmol/mL Citrali, pmol/mL
I (n=10) 0.31+0.03 1.62+0.23* 68.54+3.37*
II (n=10) 0.29+0.04 1.54+0.12* 57.77+2.41
I (n=10) 0.27+0.02 2.61+0.21 55.67+1.23

Note: *p<0.05 — significant differences between the expenital groups | and Il and control Group pkQ.05).

From this point of view, it is of particular intesteto determine the arginase / citrulline ratiahe
liver homogenate. Hence, in rats of Group | andhB arginase / citrulline ratio was by 1.9 times
(0.025+0.004 vs. 0.047+0.003) and 1.7 times (0.02084 vs. 0.047+0.003), respectively, lower comgare
to Group Il (p<0.05) (fig. 2). Therefore, admimaion of doxorubicin contributes to activation tbe
NOS-synthase mechanism and inhibition of the asgimthway of arginine biotransformation in theiiv
tissues.

0.08- Thus, in the blood of rats administered with
doxorubicin intraperitoneally with a cumulative
0.06- dose of 15 mg / kg, an increase in arginine
* concentration was detected, which might be
associated both with an increase in catabolic
processes in the body and impaired reuptake of
arginine by cells due to transport system
dysfunction.

The meaningful finding of our study is the
: established inverse dynamics of doxorubicin-

N induced changes in the concentration of citrulime
N the blood and liver tissue. Thus, concentration of
_ i AT I_Q‘m f blood citrulline was decreased, whereas in the live
i e o cline a1 lverogenaief 23 homogenate it was increased. Given that citruline

Note: * p<0.05 — significant differences of values in rafs 0@ DYy-product of NO in the reaction of arginine

Group | and Il compared to the control group. biotransformation under the action of NOHAR,
we can assume that doxorubicin accumulates in Itissue, where the NOS pathway of arginine
metabolism is activated, which creates a preretguisir generating aggressive forms of oxygen as a
powerful mechanism of pathogenesis of both NASHdmdrubicin-induced liver damage. Reducing the
concentration of the blood citrulline may indirgatéduce the synthesis of NO in the endotheliunh wie
formation of endothelial dysfunction as an addiibfactor in the occurrence of doxorubicin-induced
lesions of organs and systems.

Administration of doxorubicin is associated witlil@crease in arginase activity in the blood
and liver homogenate, accompanied by a decreagkeirarginase / citrulline ratio. Importantly,
NASH potentiates the disruption of the arginasenpaly of arginine biotransformation, leading to
impaired detoxification function of the liver. Thate of arginase activity can be used in the chhic
practice to evaluate detoxification function of theer and diagnostics of drug-induced hepatotoxic
reactions.

0.044

0.024

Arginase/Citrulline

0.00

1. Administration of doxorubicin to rats with NASklads to a decrease in arginase activity in the
blood by 2.9 times and in the liver homogenate IBytimes, compared with the controls.
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2. In the liver homogenate of rats administerechvdbxorubicin associated with NASH, an
increase in the concentration of citrulline byrgs compared to the control group and rats witN#(gH,
administered with doxorubicin.

3. Decreased arginine / citrulline ratio in thedadoand liver tissues of rats administered with
doxorubicin indicate activation of the NOS mechani arginine metabolism, which is most associated
with NASH.
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POJIb MIOPYHIEHDb APTTHIH/IIUTPYJIIHOBOT O POJIb HAPYIIEHUU APTUHUH/IIUTPYJINHOBOT O

UKJIY B TATOTEHE3I JOKCOPYBIIUH-

IHAYKOBAHOI'O YPAKEHHS NEYIHKHA

HA ®OHI HEAJIKOT'OJIBHOT' O
CTEATOT'EITIATUTY VY IIIYPIB
MacJgosa I'.C., Ckpunnuk P.I., T'onko O.®.,
Cxpunnuk .M.

N CTaTTi HpeCcTaBIeH] pe3yibTaTu
SKCIICPUMEHTAJILHOTO JIOCHIDKEHHST METOI0 SIKOTO  OyJIo
JOCTINTH OCOOIMBOCTI MOPYIICHb ApTiHiH/IUTPYIIiHOBOrO
OUKITy Ha (OHI JOKCOPYOINMH-IHAYKOBAHOTO YPaXKCHHS
MeYiHkH y  IypiB 13  ypaXyBaHHAIM  CYIyTHBOTO
HeankoroipHoro crearorenaruty (HACT). JlocmimkeHHs
npoBeneHi Ha 30 OiMX HEMIHIHHUX CTATCBO3PLIKX IIypax, i3
nux 15 (50%)camuis, 15 (50%) —camok Baroro 160-220r.
lypu Gymu posnoxineni Ha 3 rpymu: I (n=10) —urypu i3
HACT, sxum BHponoBk 3-X [IHIB BHYTPIIIHBOYEPEBHO
BBOAMIIM JIOKCOPYOIlMH i3 po3paxyHKy 5 mr/kr/mo0y; II
(n=10) —urypu 6e3 HACT, kMM BBOJMIH JOKCOPYOILUH
anasoriuo I rpymi; IIT (n=10) —rpymna kouTtposto. [TokasaHo,
mo BejeHHs fokcopyOinuHy Ha ¢oni HACI npusBoauts 1o
MOPYIICHB y UK apriHiH/UTPYIIiH, SKi XapaKTePU3YIOThCA
MIPUTHIYEHHSIM aKTHBHOCTI apriHa3y Ta aKTHBALI€I0 CHHTE3Y

LUTPYIiHY.

KnrouoBi cyioBa: aprinid, wuTpyiiH, apriHasa,
JIOKCOPYOIlMH, TeMmaTOTOKCHYHI pPEeakilii, HEeaTKOroJbHUI
CTeaTorenarur.

Crarrs Hagitinuia 14.05.2019 |

IAKJIA B TATOTEHE3E TOKCOPYBUIINH-
UHAYIUPOBAHHOI'O ITOBPEXKIEHUS
NEYEHU HA ®OHE HEAJIKOT'OJIBHOT'O
CTEATOTI'EITIATHUTA Y KPbIC
MaciioBa A.C., Ckpsinnuk P.U., I'onko A.®.,
Cxpbimnauk U.H.

B cratbe mpencTaBiieHBl  Pe3yJbTaThl  AKCIIEPH-
MEHTAJIBHOTO HCCIICIO0BAHMU, LEJIb0 KOTOPOrO HCCJICAOBATh
0COBEHHOCTH HAaPYIICHH apTHHHUH/ TPy INHOBOTO LIUKJIA Ha
(oHe TOKCOPYOULIMH-UHIYLIMPOBAHHOTO TIOPYKEHUS ICYCHH Y
KpBIC C  YY4eTOM  COIYTCTBYIOIIETO  HEaJIKOTOJIBHOTO
crearorenaruta (HACT). Hccnenoanus nposeaeHsl Ha 30
OeJIbIX HENMHEHWHBIX MMOJI0BO3PENBIX Kpbicax, u3 Hux 15 (50%)
camios, 15 (50%) —camok, Becom 160-220r. Kpbich! Obun
pasaenenst Ha 3rpymmst: [ (N=10) —kpeics ¢ HACT, koTOphIM
B TeYeHHe 3-X JHEW  BHYTPUODPIOIIMHHO  BBOIMIIH
nokcopybuimH u3 pacuyera 5 mr/kr/cytku; I (n=10) —kpbich
6e3 HACI', KoTOpbIM BBOJMIN JOKCOPYOUIIMH aHAJOTrH4YHO I
rpymmne; III (n=10) - rpynma koHtpois. IlokaszaHo, 4TO
BBeleHUE JaokcopyOurmHa Ha ¢oHe HACI mpuBomut X
HAapyIICHWSIM B LHUKIC apTHHHUH/LIUTPYJUINH, KOTOpbIE
XapaKTepH3yIOTCs yrHETCHHEM aKTUBHOCTH apruHasbl U
aKTUBAIMEN CHHTE3a UTPYJUIHHA.

KiioueBble cji0Ba: apruHMH, LUTPYJUIMH, apruHasa,
JOKCOPYOHIINH, TeaTOTOKCHYECKHE PEAKIMH, HeaIKOT OJIbHBIN
CTEaTOrernaTur.

Penensent Kocrenko B.O.
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