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Effect of a glutathione-containing dinitrosyl iron complex on the oxidative metabolic
state and crystallogenic properties of rat blood plasma: a preclinical experimental study
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ABSTRACT

Background: The multifaceted regulatory role of nitric oxide in biological systems predetermines the high value of studying the possibilities
of the external control of the compound level in organs and tissues. There are several fundamentally different ways of exogenous modulation
of nitric oxide metabolism. The most promising option is the use of pharmacological donors. Dinitrosyl iron complexes (DNIC) with various
ligands hold a prominent place among such donors as they are considered as a natural deposited form of nitric oxide. Objective. To study the
effect of a glutathione-containing dinitrosyl iron complex on the oxidative metabolism parameters and crystallogenic activity of rat blood.
Methods. A preclinical experimental randomized study was conducted on 60 sexually mature male Wistar rats weighing about 250 g. The
animals were divided into 6 groups, each consisting of 10 individuals. Group 1 included intact (without any manipulations) individuals. In
group 2, the rats were administered daily intraperitoneal injections of 1 ml. of 0.9% sodium chloride solution for 10 days. The rats included
in the other four groups received daily intraperitoneal injections of 1 ml of dinitrosyl iron complexes with glutathione ligands in an isotonic
sodium chloride solution with different agent concentrations: 0.15 mM for group 3; 0.30 mM for group 4; 0.45 mM for group 5; 0.60 mM
for group 6. The final indicator of the study was the assessment of the oxidative potential and crystallogenic properties of blood under the
conditions of administering various doses of glutathione-containing dinitrosyl iron complexes. The following parameters were used to as-
sess the activity of pro- and antioxidant systems: lipid peroxidation intensity; the total activity of antioxidant systems, and malondialdehyde
concentration. The parameters for intrinsic crystallization assessment included serum facies structural index, crystallizability, assessment
of the marginal facies zone, and the destruction degree of facies elements. The obtained data calculation was performed using the software
packages MS Office 2013 (Microsoft Corporation, USA) and Statistica 10 (StatSoft, USA). Results. The research established that glutathi-
one-containing dinitrosyl iron complexes have an antioxidant effect. Moreover, the manifestation of these properties demonstrates a non-
linear dependence on their dose, with a possible optimum lying in the range of 0.3—0.45 mM. The study also revealed a tendency towards
crystallogenic properties activation induced by this agent, corresponding to concentrations of 0.3 and 0.45 mM. Conclusion. The undertaken
studies indicate the presence of an antioxidant effect in glutathione-containing dinitrosyl iron complexes. The manifestation of these prop-
erties demonstrates a dependence on their dose with a possible optimum varying from 0.3 to 0.45 mM. The research has established the
activating effect of glutathione-containing dinitrosyl iron complex injections on the crystallogenic potential of the blood serum of healthy
rats. This effect consisted in an increase in the density and complexity of crystalline elements. What is more, the maximal manifestation of
this tendency (for metabolic indicators as well) corresponded to concentrations of 0.3 and 0.45 mM.
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AHHOTALUA

BBeaenne. MHororpanHast peryisiTopHasi pojib OKCHJIa a30Ta B OMOJIOTHYECKUX CUCTEMaX IIPeoNpe/iesieT BEICOKYIO IIEHHOCTh N3yUYeHUs
BO3MOXKHOCTEH BHEIIHETO YMPABJIECHHsS yPOBHEM COEAMHEHHS B OpraHax M TKaHsAX. CyIIecTByeT HECKOIbKO MPHUHIMINAIBHO PA3INIHBIX
Iy Teil PK30reHHOH MOAYJISIIMH MeTaboNIn3Ma OKCHIa a30Ta. B wacTHOCTH, HauboJiee IEePCIEeKTUBHBIM SIBIISICTCSl TPUMEHEeHNe (apmMakoso-
TrHYecKuX JOHOpoB. Ocoboe MeCTO Cpefy MOCIeTHUX NPHHAAICKHUT AUHUTPOSMIBHBIM KOMITTIEKCAM jKelle3a ¢ Pa3INYHBIMH JHTaHJaMH,
paccMmaTpuBaeMbIM KaK eCTECTBEHHAs JIeMOHUpoBaHHas popma okcuza azora. Lleap HecaenoBanust — u3ydeHue ASHCTBHS [Ny TaTHOH-CO-
JieprKalero THHUTPO3UIBHOIO KOMILIEKCA JKeje3a Ha IapaMeTphl OKUCIUTEIFHOT0 MeTabonu3Ma U KPUCTAJUIOTEHHYIO0 aKTHBHOCTE KPOBH
kpbic. MeToabl. JJOKITHHIYECKOE SKCIIEPUMEHTAIBHOE PaHJOMH3UPOBAHHOE HCCIIEOBAHNE TTPOBEIEHO Ha 60 TOIOBO3PENBIX KPBICAX-CAMIIAX
nmuarn Wistar maccoit okoso 250 r. JKuBoTHBIe ObUIH pa3zieniensl Ha 6 rpymi, cocTosmux 13 10 ocobeii: rpynma 1 — nHTakTHas (6€3 Kakux-
100 MaHUTTYISAIHN), Tpynmna 2 — B TedeHue 10 qHeil exxeAHeBHO KpBIcaM OCYIIECTBISIN BHY TprOpromnaHoe BBeaeHue 1 M 0,9 % pactBopa
xJyopuza Hatpus. Kpeicam, BKIIIOYCHHBIM B OCTaJIbHbIC TPYIINBI, B TeueHne 10 JHel eXeQHeBHO OCYIIECTRIISIIN BHY TPHOPIONIMHHOE BBEIE-
HHUE | MJI IUHUTPO3MIBEHBIX KOMIIJIEKCOB jKeJle3a C TTy TATHOHOBBIMH JINTAHAaMHU B N30 TOHMYECKOM PAcTBOPE XJIOPH/Ia HATPHS C PA3IUIHOMN
KoHUeHTpanuel arerra: 0,15 MM — rpynmna 3; 0,30 MM — rpynna 4, 0,45 MM — rpynmna 5 u 0,60 MM — rpynna 6. MiToropsim nokasaresnem
HCCIIEIOBAHMS SIBIJIACH OIIEHKAa OKHCIUTEIHHOTO MOTEHIMAIa M KPUCTAJUIOTEHHBIX CBOWCTB KPOBH B YCIIOBUSIX BBEIEHUS Pa3IHYHBIX 103
Ty TATHOH-COAEPKAIINX TUHUTPO3MIBHBIX KOMIIIIEKCOB XKene3a. B kauecTBe OI[eHOUHBIX TapaMeTPOB aKTUBHOCTH ITPO- M AHTHOKCHAAHTHBIX
CHCTEM HCIIOJIb30BAJIN: MHTCHCUBHOCTD IIEPEKUCHOTO OKHUCIICHHUS JINITH/IOB; OOIYI0 aKTHBHOCTh aHTHOKCHIAHTHBIX CUCTEM, KOHLIICHTPALIUIO
MaJIOHOBOTO Auanpaernaa. [lapamerpamu oneHKH cCOOCTBEHHON KPUCTATH3AINH CITYKIJIN: HHIEKC CTPYKTYPHOCTH (ACIUH, KPUCTAIIIN3Y-
€MOCTb, OLICHKA KpaeBOﬁ 30HbI (baCLII/lI/I " CTENECHb ACCTPYKIIUU DJIEMEHTOB d)acuym. Pacuer NOJIYYEHHBIX NaHHBIX IIPOBOAUIIN IIPU UCIIOJIb-
30BaHUM IporpaMMHEIX komiuiekcoB MS Office 2013 (Microsoft Corporation, CIITA), Statistica, v. 10 (StatSoft, CLIIA). Pe3yasraTsl. B xone
IIPOBECHHBIX MCCIIEIOBAHUH YCTAHOBICHO HAINYME AaHTHOKCUAAHTHOTO 3((eKTa y Iy TaTHOH-COACePIKAIUX AUHUTPO3UIBHBIX KOMITIIEKCOB
JkKeJle3a, IPUUeM BbIPAKEHHOCTh 9TUX CBOUCTB AEMOHCTPUPYET HEJIMHEHHY0 3aBUCUMOCTb OT UX JJO3bI C BOBMOXHBIM OIITUMYMOM, JI€KAIUM
B auanaszone 0,3—0,45 MM. Takske BbIABICHAa TEHIACHIMS K AKTHBALUU KPHCTAJIJIOTCHHBIX CBOHCTB AAHHBIM aréHTOM, COOTBETCTBYIOIIAs
xonnentpausm 0,3 u 0,45 MM. 3akarouenne. [IpoBeneHHbIE HCCIEOBAHUS CBUACTEIBCTBYIOT O HAJIMYUU aHTHOKCHIAHTHOTO d(dekra
Y TITy TaTHOH-COJIEprKaIUX JUHUTPO3UIBHBIX KOMIIIEKCOB JKeJle3a, IPHIeM BBIPaKEHHOCTh 3TUX CBOICTB IGMOHCTPHPYET 3aBHCHMOCTD OT UX
JI03bI C BO3MOKHBIM ONTUMYMOM, Jexaumum B auanazone 0,3—0,45 MM. YcTaHOBIEHO aKTHBHpYIOLIEe AeHCTBUE HHBEKIIUN TNy TaTHOH-CO-
JeprKaliuX THHATPO3HIBHEIX KOMIUICKCOB jKelle3a Ha KPHCTAJIJIOTeHHBIH MOTEHIINAN CBIBOPOTKH KPOBH 3I0POBBIX KPBIC, POSIBIISIOIIEECS
B YBEINYEHHUH MJIOTHOCTH KPHCTAJUIMYECKUX 3TIEMEHTOB U UX YCIOKHEHUH, TIPHUEM, KaK H AJIs METaOOINUECKHX MOKa3aTemell, MakCHMab-
Hasl BBIPAXXEHHOCTb JAHHOM TEHAEHIUY COOTBEeTCTBOBAJIA KOHLeHTpauusam 0,3 u 0,45 MM.

KJIFOYUEBBIE CJIOBA: okcuj a3ota, AMHUTPO3UIIBHBIN KOMILJIEKC JKeJie3a, Tia3zMa KpOBH, CBOOOAHOPAAUKAIBHOE OKUCIIEHHE, KPUCTAJI-
T3S
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colepIKaIero TMHUTPO3UIBHOTO KOMITJIEKCA JKejle3a Ha COCTOSTHIE OKMCIUTEIBHOr0 MeTab0In3Ma H KPUCTaIJIOICHHbBIC CBOUCTBA MJIa3Mbl
KPOBH KPBIC: JOKJIUHUYIECCKOE IKCIICPUMEHTAIbHOE UcclenoBanue. Kybanckuil nayunviii meouyunckui gecmuuk. 2023;30(6):28—40. https://
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COOTBETCTBUE NPUHIIUIIAM DTUKU: npoeneHne 3KCIIEPUMEHTAIBHOTO UCCICAOBAHUS 0J00OPEHO Ha 3acelaHUH JIOKAJIBHOTO
9THYECKOTO KOMUTETa (heIepabHOr0 TOCYAapCTBEHHOTO OIOKETHOTO 00pa30BaTEIBHOTO yUPEKIeHHUs BEICIIero oopasoBanus « Hrmxero-
POICKHUI roCyIapCTBEHHBIN arpoTEeXHOIOTHYeCKUil yHIuBepcuTe™ (p. [arapuna, 97, r. Hmwkuuiit Hosropon, 603117, Poccust), mpoTokon
Ne 2 or 17.02.2017 r. YcnoBus copepskaHus KUBOTHBIX U pabOTHI ¢ HUMHU cOOTBeTCTBOBaNU pykoBoacTBy ARRIVE (Animal Research:
Reporting of In Vivo Experiments) u mpaBuiaaM paboThI C JKHBOTHBIMH Ha OCHOBE ITOJIOXKEHHH XeITbCHHKCKON JIeKIapallii ¥ peKOMeH1a-
i, conepxxamuxcs B upextuse EC 86/609/ECC n Konsennnu Cosera EBporsl 110 3amnTe O3BOHOYHBIX KHBOTHBIX, HCIIOIB3YEMBIX
JUTSI OKCTIEPUMEHTAIBHBIX U JIPYTHX HAYYHBIX [EIICH.

BKJIAL ABTOPOB: A.K. Maprycesuu, A.B. Cyposernna, B.B. Kononen, A.B. laBsigiok, C.II. Ilepetsirun — pa3paboTka KOHIEI-
LMK U 1u3aiiHa uccnenosanud; A.B. Cyposeruna, B. B. Kononen, A.B. [laBsiaiok — cOop nanubIx; A.K. Maptycesuy, A.B. Cyposeru-
Ha — aHaJu3 U HHTeprpeTanus pe3ynsratos; A. K. Maptycesuy, C.I1. [lepetarun — 0030p nutepaTypsl, IPOBEAEHNE CTATUCTUIECKOTO
ananu3za; A.K. MapryceBuy, A.B. CypoBernna — cocTaBiieHHEe YepHOBHUKA PYKOITUCH M (POPMHUPOBAHUE €T0 OKOHYATEIHHOTO BApUAHTA;
B.B. Konorern, A.B. JlaBsiaiok, C.I1. [lepeTarnn — KpuUTHYECKHH epeCMOTp YepPHOBUKA pyKomucH. Bee aBTops! 0100puinn GpuHanbsHyIo
BEPCHUIO CTAThHU Mepest My OIuKanyeil, BRIpa3HiIi COrIacue HeCTH OTBETCTBEHHOCTH 33 BCE aCHEKTHI paOOTHI, TIOJ[pa3yMEeBaIONIY 0 Ha IeXkKa-
Iee M3y4eHNe U PelIeHre BOIPOCOB, CBSI3aHHBIX C TOYHOCTHIO U T0OPOCOBECTHOCTHIO JIF000H YacTh paboTEhL.
MKOPPECIIOHAUPY IOLMI ABTOP: Maptycesnu Auapeit KHMOBHY, TOKTOp GHONOTHYECKHX HAYK, JOLEHT, PYyKOBOAHTENb JIa-
00paTopuu MEAUIIMHCKOM OMOGHU3UKHN YHUBEPCUTETCKOH KIMHUKH (heepaibHOTO roCcy1apCTBEHHOTO OI0JKETHOTO 00pa30BaTEIbHOTO
yUpeKAeHus Bblcmiero oopasoBanus «IIpuBomKCcKuil uccnen0BaTeAbCKUI MEAUIIMHCKUI YHUBEPCUTET» MHUHHCTEPCTBA 3APaBOOXpa-
HeHus Poccuiickoit ®epepannn; npodeccop kadeapsl GpU3NOIOTUA U OMOXMMHUH JKHUBOTHBIX M aKyliepcTBa (efepalbHOTO Tocynap-
CTBEHHOTO OIOKETHOTO 00pa30BaTENBHOTO YUPEKCHHS BhICIIEro oOpa3zoBaHus « Hikeropoackuii rocyapcTBEHHBINH arpoTeXHOI0-
TUYecKHuil yHuBepcuteT». Anpec: mi. Mununa u [loxapckoro, a. 10/1, r. Huxauit Hoeropox, 603000, Poccus. E-mail: cryst-mart@
yandex.ru.

Honyuena: 10.04.2023 / Ioay4yena mocie nopadorku:28.09.2023 / llpunaTa k nydaukanun: 03.11.2023

INTRODUCTION
The multifaceted regulatory role of nitric oxide (NO) in bi-

The research aims to study the effect of a glutathione con-
taining dinitrosyl iron complex on the oxidative metabolism

ological systems predetermines the importance of examining
the possibilities of controlling the level of this compound in
organs and tissues externally. Besides its most well-known
biological effect, namely vasodilatory activity, the study also
shows the participation of this compound in neurotransmis-
sion, modification of blood coagulation processes, intracellular
killing during phagocytic respiratory burst, membranotropic
activity, and so on [1-4]. Moreover, it is important to note the
extremely short lifetime of a nitrogen monoxide molecule, av-
eraging six seconds in the free state [5]. This imposes strict
requirements on the metabolism regulation of the compound
and highlights the need for the presence of substances that
temporarily deposit NO or create conditions for its synthesis
(if necessary) in the organism [7-8].

Currently, there are several fundamentally different ways of
exogenous modulation of NO metabolism. These include ad-
ministering the L-arginine substrate of NO synthase, using se-
lective inhibitors of this enzyme which influence the release of
the compound, as well as employing a wide range of pharma-
cological donors [9—11]. Dinitrosyl iron complexes (DNICs)
with various ligands hold a special place among such donors
since they are considered to be a natural deposited form of ni-
tric oxide [12—15]. At the same time, the biological effects of
exogenous DNICs are not sufficiently elaborated yet [16]. Ex-
perimental data obtained by in vivo studies suggest that DNICs
have marked antioxidant properties [17,18]. This hypothesis
was confirmed by modeling oxidative stress in vitro (by in-
troducing highly concentrated ozonized saline solution into
bodily fluid samples) and in vivo (by modeling thermal injury
in rats) [19]. On the other hand, the abovementioned data need
to be confirmed in vivo and in healthy animals.

parameters and crystallogenic activity of rat blood.

METHODS
Experimental animals

The experiment was conducted on 60 sexually mature male
Wistar rats weighing about 250 g. The animals were obtained
from the Stolbovaya breeding nursery, a branch of the Scien-
tific Center for Biomedical Technologies of the Federal Medi-
cal-Biological Agency, in the autumn-winter period.

Housing and welfare

The animals were kept in the vivarium of the University Ex-
perimental Biological Clinic at Privolzhsky Research Medical
University of the Ministry of Health of the Russian Federation
(hereinafter referred to as the vivarium) in accordance with the
ARRIVE (Animal Research: Reporting of In Vivo Experiments)
guidelines and the rules for working with animals based on the
provisions of the Declaration of Helsinki, the recommendations
contained in EC Directive 86/609/ECC, and the European Con-
vention for the Protection of Vertebrate Animals Used for Exper-
imental and other Scientific Purposes. The animals were fed the
standard water and food diet with free access to food and water.

Study design

The study was randomized. Drug administration and biolog-
ical material collection were conducted in the vivarium. The
laboratory stage of the research was performed at the Medical
Biophysics Laboratory of the University Clinic at Privolzhsky
Research Medical University of the Ministry of Health of Rus-
sia. Fig. 1 shows the block diagram of the study design.

Sample size
The animals were divided into 6 groups with 10 individ-
uals in each group using the envelope method. Group 1 in-
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cluded intact (without any procedures) individuals. In group
2, the rats were administered daily intraperitoneal injections
of 1 ml. of 0.9% sodium chloride solution for 10 days. The
rats included in the other four groups received daily intraper-
itoneal injections of 1 ml of dinitrosyl iron complexes with
glutathione ligands in saline with different agent concentra-
tions: 0.15 mM for group 3; 0.30 mM for group 4; 0.45 mM
for group 5; 0.60 mM for group 6. The prespecified analysis
of the normal distributions for the age and weight variables
of the rats in the groups using the Shapiro-Wilk test showed
that there is no normal distribution (Gaussian) law in three
age groups (p < 0.05) and in one weight group (p < 0.05). To
prove that the age and weight of the rats were uniform, a non-
parametric comparison method, namely the Kruskal-Wallis
test, was employed. Table 1 presents the central tendency
data in the form of the median and quartiles (Q1 — the first
quartile or the 25™ percentile and Q3 — the third quartile or
the 75™ percentile).

For age and weight, the differences in the median values for
different groups of rats were not statistically significant with
p=0.253 and p = 0.778, respectively.

Eligibility Criteria
Inclusion criteria

Two-month-old male Wistar rats weighing about 250 g,
without visible physical development abnormalities and inju-
ries were included in the study.
Exclusion criteria

Animals weighing more than 250 + 1 g, aged less than 56
and more than 64 days, female individuals, as well as animals
with visualized developmental abnormalities and injuries were
not included in the study.

Randomization

60 animals were selected according to the inclusion and ex-
clusion criteria. The animals were allocated to groups random-
ly, namely by envelope method. Each animal was assigned one
of the six group numbers extracted from an opaque envelope
containing 60 pieces of paper with the group numbers. De-
pending on the group number indicated in the envelope, all
animals were divided into six groups of 10 animals each.

Blinding
The head of the study, A. K. Martusevich, had information
about the allocation of animals to groups. The author team

- Assessed for acceptability (n = 150)
o
13]
= Excluded from the study (n = 90)
@ - Do not satisfy the inclusion criteria (n = 90)
| Randomized (n = 60) |
5 | | | | | |
E Group 1 Group 2 Group 3 Group 4 Group 5 Group 6
B (n=10) (n=10) (n=10) (n=10) (n=10) (n=10)
&)
| | | | |
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chloride injection DNIC injection in 0.9% NaCl solution for 10 days
o 5 for 10 days
L E
Y
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=) Impossibility of further observation (n = 0)
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Fig. 1. Block diagram of the research design

Note: the block diagram was created by the authors (in compliance with the ARRIVE quidelines). Abbreviations: NaCl — saline solution;

DNICs — dinitrosyl iron complexes with glutathione ligands.
Puc. 1. Brnok-cxema gu3aiiHa UCCIIeIOBaHUS

Ipumeuanue: 610k-cxema cocmasnena agmopamiu (coenacto pexkomenoayuam ARRIVE). Coxkpawenus: NaCl— uzomonuyeckuii pacmeop
xaopuoa nampus,; JJHK)K — ounumposunvhbie KOMIIEKChl dHcenesd ¢ 2YMAamuoHO8bIMU TUSAHOAMU.
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Table 1. Medians, first and third quartiles (Me (Q1-03)) for the age and weight of rats in the study groups
Tabnuna 1. Meauansl, nepBbii 1 TpeTuit kBapTuiu (Me (Q1-03)) aiis Bo3pacTa U Beca KpbIC B HCCIIEAYEMbIX TPYIINax

G
Variables roups Kruskal-Wallis
57.0 59.0 57.0 57.5 60.0 58.5
Age(@ays) | (570.603) | (58.0-63.0) | (563-57.0) | (57.0-60.5) | (57.0-62.0) | (57.0-60.5) 0.253
. 249.8  [250.2 (249.8— |250.3 (250.0— | 250.2 (250.0— 250.0 250.2 (250.2—
Weight, g | 9496-2502)|  250.4) 250.4) 250.4) (249.7-250.3) 250.3) 0.778

Note: the table was compiled by the authors.
Tpumeuanue: mabruya cocmasiena agmopami.

assessed the results and analyzed the obtained data without
introducing additional persons.

Outcome measures

The study outcome was the assessment of the crystallogenic
properties and oxidative potential of blood under conditions of
injecting various DNIC doses.

Experimental procedures

The crystallogenic properties and oxidative potential of
blood were assessed in bodily fluid (blood). In the animals of
all groups, blood samples were obtained from the sublingual
vein. In the rats of the first (intact) group, blood samples were
collected once, whereas in the representatives of the other
groups — twice (before and immediately after the dosing cy-
cle). 1 ml of the studied solutions was administered daily for
10 days.

DNICs with glutathione ligands were synthesized according
to the method of A. F. Vanin [20]. The compound concentra-
tion in the saline solution was determined spectrophotometri-
cally at wavelengths of 310 and 360 nm by known extinction
coefficient and amounted to 3.1 mmol/L.

The activity of pro- and antioxidant systems was studied in
rat blood plasma using Fe?*-induced biochemiluminescence
(BChL-06, Russia). The following evaluation parameters
were used: biochemiluminescence light sum for 30 s, which is
usually considered as an indicator of lipid peroxidation (LPO)
intensity (arbitrary units). The other parameters included the
total antioxidant systems activity (AOA, arb. units) considered
as the intensity criterion, as well as the slope of the chemilu-
minescence kinetic curve tg 26, and malondialdehyde (MDA)
concentration in blood plasma (mmol/L).

The crystallogenic properties of blood serum were studied by
classical crystalloscopy. The results of the bodily fluid intrinsic
structure were criterially evaluated. We used a specialized sys-
tem of parameters [21] including crystallizability (CR, points),
i. e. the density of the crystalline elements in the specimens
mounted on microscope slides; structural index (SI, points),
which characterizes the complexity of emerging structures
(from amorphous solids to highly branched dendrites); the de-
gree of facies destruction (DFD, points), which indicates the de-
struction level of the elements of the specimens on microscope
slide; the marginal zone pronouncedness (M , points).
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Animal care and monitoring

The animals were kept under standard vivarium conditions
with free access to food and water. At the end of the research,
the animals were removed from the experiment under general
anesthesia with tiletamine hydrochloride (60 mg/kg) and xyla-
zine hydrochloride (6 mg/kg) administered intramuscularly.

Statistical procedures
Principles of sample size determination

No preliminary sample size calculation was made.
Statistical methods

The numerical samples were tested for compliance with
the normal (Gaussian) distribution law using the Kolmogor-
ov-Smirnov or Shapiro-Wilk tests. In case of departure from nor-
mality, descriptive statistics were presented as the median and
the first and third quartiles of Me (Q1-Q3). In case of normality,
descriptive statistics were presented as mean and standard devi-
ation (M + SD). When analyzing the influence of a factor on all
groups, one-way analysis of variance (ANOVA) was used ac-
cording to the F-test for normally distributed samples. Pairwise
comparisons were made using Student’s #-test for independent
samples. When analyzing the influence of a factor on all groups,
one-way ANOVA was employed using the Kruskal-Wallis test
for samples with a distribution departing from normality. Pair-
wise comparisons were made using the Mann-Whitney U test
for independent samples. The statistical significance level was
p < 0.05. Calculations were made using software packages MS
Office 2013 (Microsoft Corporation, USA) and Statistica 10
(StatSoft, USA). The values were normalized. The average in-
dicator values for the group of untreated animals are taken as
100%. The data are presented as histograms.

RESULTS

It was found that infusions of saline solution not containing
the studied substance had no significant effect on both the in-
tensity of lipid peroxidation in rat blood plasma and on its total
antioxidant activity. Conversely, employing a physiological ni-
tric oxide donor in all used dosages changed the values of the
abovementioned parameters (Table 2). In particular, the intensi-
ty of lipid peroxidation demonstrated a marked statistically sig-
nificant dependence on the administered DNIC concentration
(according to the F-test for one-way ANOVA with p = 0.049,
where the concentration of the DNIC solution acts as a factor).
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Table 2. Mean values (M + SD) of oxidative metabolism parameters in the compared animal groups
Tabnuna 2. Cpennue 3HaueHus (M + SD) nokaszareseil OKUCIUTEIBHOI0 METa00IM3Ma B CPAaBHUBAEMBIX TPYIIax

JKHUBOTHBIX
Groups Oxidative metabolism indicators
LPO (arb. units) AOA (arb. units) MDA (mmol/L)
Gr. 1 intact (n = 10) 10.57 + 1.89 0.45 £ 0.06 0.96 +0.32
Gr. 2 control (n = 10) 10.88 + 1.98 0.46 +0.07 1.02 +£0.25
Gr. 3 (0.15 mM) (n = 10) 10.32 +2.61 0.48 +0.07 0.89 £0.17
Gr. 4 (0.30 mM) (n = 10) 8.76 +2.24 0.56 +0.12 0.73 £0.10
Gr. 5 (0.45 mM) (n = 10) 7.53 +2.45 0.59 +0.08 0.83 £0.13
Gr. 6 (0.60 mM) (n = 10) 9.61 +3.31 0.51 £0.05 091 £0.11
Significance level p=0.049 p=0.005 p=0.050

Note: the table was compiled by the authors. Abbreviations: Gr. — group; arb. units — arbitrary units of measurement; LPO — lipid perox-
idation; AOA — total activity of antioxidant systems;, MDA — malondialdehyde concentration.

THpumeuanue: mabauya cocmasnena asmopamu. Coxpawenus: I'p. — epynna; y.e. — ycioeHvie eOunuywl usmeperus,; I1OJI — nepexucrnoe
oxucaenue munudos; AOA — obwas akmugHoCmb AHMUOKCUOAHMHBIX cucmem, MI[A — KoHyeHmpayuio MaroHo8020 Oudib0e2uod.

Thus, when the animals were administered a minimal dose
of the compound (1 ml of 0.15 mM solution), no significant
indicator deviations from the indicator for the intact animal
group were observed (p = 0.940). When the concentration of
the compound in the solution (0.3 mM and above) was in-
creased, a decrease in the intensity of lipid peroxidation pro-
cesses was observed, reaching a minimum during a course of
infusions of a 0.45 mM DNIC solution, i. e. in the animals of
group 5 (p < 0.05 by Student’s ¢-test for independent samples
between the indicator pairs for group 5 and the indicators for
the first, second, and third groups of animals, except for groups
4 and 6). A further increase in the dose of the administered NO
donor had a less marked effect on the parameter level, which
may be caused by the formation of an excess of the substance
due to the partial destruction of complexes with nitric oxide
release and the transformation of the latter into peroxynitrite,
one of the most powerful oxidizing bioradicals [19, 21].

The mean values of the total blood plasma antioxidant activ-
ity were found to be dependent on the DNIC solution concen-
tration. In particular, no significant differences in the indicator
were observed in the rats receiving only saline infusions (ac-
cording to Student’s #-test, p = 0.915). When DNIC was added
to it in any of the studied concentrations, an increase in this
parameter value was observed (according to the F-test for one-
way ANOVA, p = 0.005, where the DNIC solution concentra-
tion acts as a factor) (Table 2). This tendency was least pro-
nounced for the minimum compound dose (0.15 mM). Thus,
in the range of 0.15-0.45 mM DNIC, an increase in the total
antioxidant activity of plasma was recorded: for the 0.15, 0.30,
and 0.45 mM concentrations it was 1.07, 1.24, and 1.31 times,
respectively, relative to the indicator values for the group of
the untreated animals. For group 6 the increase amounted to
1.13 times. According to Student’s #-test, the differences are
statistically significant (p < 0.05) for groups 4, 5, 6. A further
increase in the amount of the administered compound (up to
0.6 mM) produced the opposite effect. In this case, the total
antioxidant activity only increased by 13% compared to the
healthy animals (p < 0.05). We believe that the mechanism of

these shifts is similar to the one presented above with regard to
the dynamics of lipid peroxidation processes with the consid-
ered nitric oxide donor.

The biochemiluminescent analysis results characterizing the
oxidative metabolism components were additionally verified
by assessing the concentration of a stable lipid peroxidation
product, namely malondialdehyde (MDA), in the blood plas-
ma of the animals in the formed groups (Table 2). In particu-
lar, we detected no significant dynamics of this parameter in
the rats that only received saline injections (p = 0.655). More-
over, minor changes in the indicator values were recorded in
the group of the animals that were administered the minimal
DNIC concentration (p = 0.533). At the same time, a twofold
increase in the effective concentration of the compound (up
to 0.3 mM) significantly enhanced the malondialdehyde level
reduction in blood plasma (-24%; p = 0.049 compared with
the healthy individuals). Similar behavior was observed when
using a concentration of 0.45 mM (-14%; but p equaled 0.247
and was not statistically significant). What is more, a further
increase in the DNIC dose (up to 4 times the minimal dose)
contributed to a less marked decrease in the level of the stud-
ied metabolite of lipid peroxidation (-5%; p equaled 0.717
and was also statistically not significant). The change in the
malondialdehyde value according to one-way ANOVA, where
the factor is the DNIC solution concentration, is statistically
significant (p = 0.050).

Since the values of oxidative metabolism indicators in
absolute units differed from each other by several orders of
magnitude, all values were normalized. The average values of
the indicators for the group of untreated animals were taken
as 100%. We obtained a histogram (Fig. 2—4) for all oxida-
tive metabolism indicators. The most statistically significant
changes (p = 0.005) were for the AOA indicator (Fig. 3).

It is found that administering saline solution containing no
natural nitric oxide donor to animals had no significant effect
on the intrinsic crystallization parameters of the bodily fluid.
Thus, the differences in the median values for the indicators
between groups one and two were not statistically significant.
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According to the Mann-Whitney U test, p equaled 0.650 for
the ST indicator, 0.705 for the CR indicator, 0.706 for the DFD
indicator, and 0.571 for the M_indicator (Table 3).

At the same time, the use of DNIC solutions changed the val-
ues of these indicators in comparison with the intact animals.
However, the influence of different solution concentrations as
a factor was not statistically significant for all indicators.

For instance, the median value of the serum facies structural
index, or the SI index, differed in the compared groups with
respect to the Kruskal-Wallis test, but p = 0.306 did not show
statistical significance. This parameter reflects the structure
complexity of facies elements. The range from 1 to 2 arb. units
is characterized by the presence of both single-crystalline and
dendritic elements in the specimen on the microscopic slide.
Moreover, the increase in the indicator value testifies to an
increase in the proportion of the latter in the crystallogram.
The maximum median value of the structural index was de-
termined when rats were administered a saline solution con-
taining 0.3 mM of DNIC (Table 3 and Fig. 5). In this case, the
median value of the parameter exceeded the median for the
group of animals with physiological values by 2.0 times (p =
0.029), which is statistically significant. Besides, the indicator
value achieved at an agent concentration of 0.15 mM was also
2.0 times higher, but not statistically significant (p = 0.098). It
should be noted that at a DNIC concentration of 0.6 mM, this
indicator value, on the one hand, was higher than the median
value characteristic of the intact rats. On the other hand, it was

lower than the median value for the group of animals treated
with a 0.3 mM DNIC solution.

We also recorded changes in relation to the crystallizabili-
ty of blood serum facies, or the CR index, which is the main
quantitative criterion for assessing the intrinsic crystallization
of'blood serum (Table 3 and Fig. 6). For this indicator, changes
in accordance with one-way ANOVA using the Kruskal-Wallis
test showed greater statistical significance of the influence of
the DNIC solution concentration factor (p < 0.001).

In this regard, it is significant that the structural index and
crystallization changes manifested in an increase in both pa-
rameters during intraperitoneal administration of DNIC to an-
imals are unidirectional and indicate activation of the bodily
fluid crystallogenic properties. At the same time, if the highest
median value of the structural index was observed when using
DNIC at a concentration of 0.3 mM, then the highest median
value of crystallizability was registered with the introduction
of 0.45 mM of DNIC. Thus, the difference in the crystalliz-
ability median between group 5 and the intact animals is sta-
tistically significant, p = 0.002. It should be noted that when
using other agent concentrations, this indicator changes are
significant.

The effect of the concentrations of the physiological nitric
oxide donor on the destruction degree of crystalloscopic fa-
cies, or the DFD indicator in the form of medians, appears to
be not statistically significant according to the Kruskal-Wallis
test as p = 0.102 for all comparison groups (Table 3 and Fig. 7).
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Fig. 2. Normalized lipid peroxidation values relative to those of the intact group animals
Note: the figure was created by the authors. Abbreviation: Gr. — group.
Puc. 2. HopMupoBaHHBIE TTOKa3aTENN NEPEKUCHOTO OKHUCIICHHS JINMTUIO0B OTHOCUTENIBFHO MOKa3aTelel >KNBOTHBIX HHTAKTHON

TPYIIIBL

Ipumeuanue: pucynox svinoanen asmopamu. Coxpawenue: I'p. — epynna.
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Fig. 3. Normalized values of the total activity of antioxidant systems relative to the values of the intact group animals
Note: the figure was created by the authors. Abbreviation: Gr. — group.
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Ipumeuanue: pucynox evinoanen asmopamu. Coxpawjenue: I'p. — epynna.
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Fig 4. Normalized values of malondialdehyde concentration relative to the values of the intact group animals
Note: the figure was created by the authors. Abbreviation: Gr. — group.
Puc. 4. HopmupoBaHHBIC TIOKa3aTeNId KOHICHTPAIIMH MaJIOHOBOTO JIeallbJCTHIa OTHOCHTEIIEHO ITOKa3aTelicH KUBOTHBIX

WHTAKTHOW TPYTIITBL.

Tpumeyanue: pucynox svinoanen asmopamu. Coxpawenue: I'p. — epynna.
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Table 3. Medians, first and third quartiles (Me (Q1-03)) of intrinsic crystallization values in the compared animal groups
Tabnuna 3. Menuansl, nepBblid v Tpetuit kBapTuiau (Me (QI-03)) nokaszaresieil cOOCTBEHHOI KpUCTAITH3AINH B

CpaBHHUBACMBIX I'PYIINax )XUBOTHBIX

Groups Intrinsic crystallization indicators

SI (points) CR (points) DFD (points) M_(points)
Gr. | intact (n = 10) 1.0 (0.0-2.0) 0.0 (0.0-1.0) 0.0 (0.0—-0.8) 3.0(2.3-3.0)
Gr. 2 control (n = 10) 1.0 (1.0-2.0) 0.5 (0.0-1.0) 0.0 (0.0-1.0) 2.5 (2.0-3.0)
Gr. 3 (0.15 mM) (n = 10) 1.0 (1.0-2.0) 1.0 (1.0-1.8) 1.0 (0.0-1.0) 2.0 (2.0-3.0)
Gr. 4 (0.30 mM) (n = 10) 2.0 (2.0-2.0) 1.0 (1.0-2.0) 1.0 (0.3—1.0) 3.0 (2.3-3.0)
Gr.5 (0.45 mM) (n = 10) 1.5 (1.0-2.0) 1.5 (1.0-2.0) 1.0 (0.0-1.0) 2.5(2.0-3.0)
Gr. 6 (0.60 mM) (n = 10) 1.5 (1.0-2.0) 1.0 (1.0-2.0) 1.0 (1.0-1.0) 3.0 (1.5-3.0)
Significance level p=0.306 p<0.001 p=0.102 p=0.258

Note: the table was compiled by the authors. Abbreviations: Gr. — group; arb. units — arbitrary units of measurement; SI — structural
index; CR — crystallizability; DFD — degree of serum facies destruction; M_— pronouncedness of the marginal facies zone on the micro-

scope slide.

Ilpumeyanue: mabnuya cocmasnena aemopamu. Coxpawenus: I'p. — epynna;, y.e. — ycioeuvie eounuysvt usmepenus;, UC — unoexc
cmpykmyprnocmu, KP — kpucmannuzyemocms; CH® — cmenenv Oecmpykyuu ¢ayuu; K3 — 6vipasicenHocms Kpaesoil 30Hbl
MuKkponpenapama.
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Fig. 5. Normalized values of intrinsic crystallization relative to the values of the intact group animals. Structural index indi-

cator

Note: the figure was created by the authors. Abbreviations: Gr. — group, SI — structural index.
Puc. 5. HopMupoBaHHBIe MTOKa3aTenn COOCTBEHHON KPHUCTANIN3alNA OTHOCHTEIBHO MOKa3aTeNel >KMBOTHBIX MHTAKTHOM

rpynnsl. [loka3arens nHIEKCa CTPYKTYPHOCTH

Ipumeuanue: pucynox evinoanen asmopamu. Coxpawenus: I p.— epynna; UC — unoexc cmpykmypHocmu.

The values of this indicator became higher with increasing the
DNIC dose, but they did not exceed the mean value of the
indicator (0.7 arb. units) at all concentrations except 0.6 mM.
Such a parameter level indicates a weak pronouncedness of
destructive processes during the formation of crystalline facies
elements, indirectly showing the absence of a significant toxic
effect of the compound. Moderate destruction of the sample
structures was observed only when the highest concentration
of the used compound (0.6 mM) was administered to the rats.

36 2023 | Vol. 30 | Ne 6 | 28—-40

We also revealed uniform pronouncedness of the margin-
al protein zone of the specimen on the microscope slide un-
der the action of different DNIC concentrations (Table 3 and
Fig. 8). Thus, at all doses of the compound used, a decrease
in the median values of this indicator was recorded. However,
the statistical significance of the influence of the factor in the
form of DNIC concentrations on the marginal protein zone of
the specimen, or the M_ indicator, was not revealed, because
p equaled 0.258.
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Fig. 6. Normalized values of intrinsic crystallization relative to the values of the intact group animals. Crystallizability index
Note: the figure was created by the authors. Abbreviations: Gr. — group;, CR — crystallizability.
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Fig. 7. Normalized values of intrinsic crystallization relative to the values of the intact group animals. Degree of facies de-
struction

Note: the figure was created by the authors. Abbreviations: Gr. — group; DFD — degree of facies destruction.

Puc. 7. HopmupoBaHHBIC MTOKa3aTeId COOCTBCHHON KPUCTAIM3AIMA OTHOCUTEIBHO TOKa3aTeNell )KUBOTHBIX WHTAKTHOMN
rpynmnbl. CTeneHb AeCTpyKIuU haruit

Ipumeuanue: pucynox svinoanen asmopamu. Coxpawenus: I p.— epynna; CJ® — cmenens decmpykyuu ¢payuil.
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Note: the figure was created by the authors. Abbreviations: Gr. — group; M_— pronouncedness of the marginal facies zone.
Puc. 8. HopmupoBaHHBIC TIOKa3aTeIM COOCTBEHHON KPHUCTAJUTU3AIMA OTHOCHTEIIBHO MOKa3aTelel )KUBOTHBIX WHTAKTHOMN

rpynnsl. BeIpakeHHOCTh KpaeBOi 30HbI

Tpumeuanue: pucynox svinoanen asmopamu. Coxpawenus: I p.— epynna; K3 — @vipasceHnocms Kpaesoui 301bl.

DISCUSSION
Interpretation / scientific significance

Despite the already established numerous biological effects
of DNICs associated with their ability to release nitrogen mon-
oxide [1, 22-28], relatively little attention has been paid to the
antioxidant effects of the compound. They were first discov-
ered by us earlier in experiments performed on a thermal in-
jury model [19, 21]. The present study conducted on healthy
laboratory animals as a test bio-object, enabled us to visualize
this effect. We believe that it includes two components, namely
the direct antioxidant properties of dinitrosyl iron complexes
themselves and the corresponding activity of glutathione li-
gands. Together, they can ensure the functioning of DNIC as a
pharmacological agent with marked antioxidant potential.

Research limitations

Within the framework of the study, we considered the factor
of injecting animals with saline solution without the studied
agent (dinitrosyl iron complexes). Nevertheless, we chose a
limited range of doses of the compound for testing (from 0.15
to 0.60 mM). Based on previous studies, it was assumed that
this range corresponds to the most intense bioregulatory activ-
ity of the compound. Nevertheless, going beyond this range
may provide additional information about the biological ef-
fects of DNICs over a wider dose range. Additionally, due to
the need to minimize the number of animal groups for bioeth-
ical reasons, we only used 4 concentrations of the compound.
By increasing the number of points within the considered

range, additional data can be obtained to clarify the identified
dose-effect relationships.

Extrapolation

It is known that DNICs, which are used as a natural nitric ox-
ide donor, can stimulate antioxidant status correction through
qualitative inhibition of free radical oxidation of lipids [18, 19,
21]. Our experiment has revealed that lipid peroxidation in-
tensity values decreased dose-dependently in comparison with
those in the intact animals as the DNIC agent concentration in-
creased. However, the exception was the highest concentration
used (0.6 mM), which affected the lipid peroxidation indicator
in the blood plasma to a lesser extent than the previous DNIC
dose (0.45 mM). Nevertheless, in this case there was also a
decrease in the indicator values in comparison with those in
the intact rats.

Blood plasma malondialdehyde tests also confirmed a de-
crease and weakening of LPO intensity with an increase in
the administered DNIC concentration. A similar tendency was
recorded in relation to the total antioxidant activity of blood
plasma. The ability of DNIC to produce antioxidant effects is
due to the ability of complexes to intercept free radicals in con-
junction with the subsequent recovery of the oxoferryl form
of myoglobin. Interception of O,- formed during superoxide
decomposition is characteristic of DNIC with thiol-containing
ligands [29-30].

In regard to the crystallogenic properties of rat blood serum,
we registered changes indicating a positive effect of adminis-
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tering DNIC at concentrations of 0.3 and 0.45 mM. This was
manifested in an increase in the key parameters, namely the
structural index and facies crystallizability. At the same time,
the indicators of the possible toxic effects of the agent used
(the degree of facies destruction and the pronouncedness of the
marginal protein zone) showed moderate deviations in com-
parison with those in the intact animals.

CONCLUSION
In general, the conducted studies indicate the presence of
an antioxidant effect in glutathione containing DNICs. The
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