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Nanocrystalline Cerium Dioxide Affects
Erythrocyte Membrane State Under Blood Hypothermic Storage

Pedrepat: Y poboti gocnimkyBanu [il0 4acToK HaHokpucTaniyHoro pfiokeuay uepito (HOL) Ha ctaH membBpaH eputpouuTi
Ha mopgeni rinoTepmiyHoro 3GepiraHHs 3paskiB KpPOBi 3a BMICTOM MEPBWHHMX MPOAYKTIB MEePeKUCHOro okucHeHHs minigis (MOJ) Ta
remaTornoriYyHMMy MokasHukamu (BiNbHWUIA Ta 3aranbHWA reMornobiH, piBeHb remaTtokpuTy i remonisy). lMicns m'sTu TWxkHIB rinoTep-
Mi4yHOro 36epiraHHsi 3paskiB KpOBi 3HaYyLUOI Pi3HWLi Y reMaTonoriYHMX MOKa3HWKax KNiTUH KOHTPOMbHOI Ta eKCnepuMeHTanbHOi rpyn
He BusiBneHo. Micns rinotepmMiyHoro 36epiraHHsi NPOTArOM ABOX TWXKHIB Y KNiTUH eKCnepuMeHTanbHoi rpynu B npucytHocti HAOL, niasu-
LLyBaBCA BMICT NepeBaxxHO TUX nepBuHHMX npoaykTiB MNOJ1, nonepegHukamm SKMX € NOMiHEHACUYEHi XMPHI KUCMOTK 3 ABOMA MoABi-
HUMUK 3B’A3kamu (OiEHOBI Ta OKCUAIEHOBI KOH'lOraTu), IO € O3HaKoK akTuBaLii BiNbHO paavkanbHWX npoueciB. Micns YOTUPbLOX TUX-
HiB 30epiraHHs y KNiTUH eKCrepuMEHTamnbHOI rPynu 3Hadvylle 3MeHLUyBaBCs BMICT ycix nepBuHHUX npoaykTtiB MOJT Ha BiaMiHy Bifg
KOHTponbHoOi. Ha kiHueBOMy eTani JocnigkeHHs (nicnst m'siTv TWxHIB 36epiraHHs) BMICT ycix nepBuMHHUX npoaykTie MOJ1 ekcnepumMeH-
TanbHOi Ta KOHTPOnbHOI rpyn OyB O4HAKOBMM, WO CBiAYUTL NPO 3AaTHicTb Yactok HALL BnnvBatu Ha MembpaHy epuTpouuTiB Ta
3MiHIOBaTK iIHTEHCUBHICTb Npouecis MOJ1 3anexHo Big TepMiHy 36epiraHHs.

KntouoBi cnoBa: HaHOPO3MipHi YacTku, Aiokcua Lepito, epuTpoLmnTy, rinoTepmiyHe 36epiraHHs, remMonis, remaTokpuT, NepekncHe
OKWCHEHHS NinifjiB, KOH'IOraT XUPHUX KUCMOT.

Abstract: Here, we have studied the impact of nanocrystalline cerium dioxide (NCD) particles on erythrocyte membrane state
in a model of hypothermic storage of blood samples by examining the content of lipid peroxidation (LPO) primary products and hema-
tological indices (free and total hemoglobin, hematocrit and hemolysis levels). After hypothermic storage of blood samples within
5 weeks, no significant difference in hematological indices between the control and experimental groups was revealed. In 2 weeks of hypo-
thermic storage, the cells from experimental group in NCD presence showed an increased content of mainly those primary LPO
products, which precursors were polyunsaturated fatty acids with two double bonds (conjugated dienes and oxidienes), thereby indicating
the free radical processes activation. Four weeks’ storage demonstrated significantly decreased content of all primary LPO products
in the experimental group cells in contrast to the control group. To the final step of the study (5 weeks of storage), the content of
all primary LPO products in experimental and control groups was similar, that was an evidence of the ability of NCD particles to affect
the erythrocyte membrane as well change the LPO intensity depending on storage period.

Key words: nanosized particles, cerium dioxide, erythrocytes, hypothermic storage, hemolysis, hematocrit, lipid peroxidation,
conjugated fatty acids.

Ha pganuii yac BiZIoMOIO OlOJIOTIYHO AKTHBHOIO
CTIIOJYKOK) € HAHOKPUCTAIIYHHNA JIOKCHJ IEepito
(HJLI), gacTKu SIKOTO CKJIaJaroThCs 3 aroMa ILepiro,
OB’ SI3aHOTO 3 JIBOMa aromMamu kwcHio [19, 21, 23].
3naunuit inTepec xo HJIIL o6ymoBnenuii ioro 3mar-
HICTIO TIPOSBJISTH 3aXHUCHY aKTHUBHICTB, sIKa IOIIO-
Ha 10 1ii (EpPMEHTIB CHUCTEMH AHTHOKCHIAHTHOIO
3axucty oprasizmy [15]. Kpim toro, HJIIL € Hetok-
CHYHUM MarepiajioM, 110 Ma€ BUCOKY €(DEeKTHBHICTh
y Tepamii pi3HUX maToyoriyHux cradis [14, 17, 18].
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Currently, the nanocrystalline cerium dioxide
(NCD) is a known biologically active compound,
the particles of which consist of cerium atom
bonded to two oxygen atoms [18, 20, 23]. It attracts
high attention due to its ability of exhibiting
protective activity similar to enzyme effect of
antioxidant defense system in the body [14]. In
addition, as a non-toxic material, the NCD is
highly efficient in therapy of various pathological
states [12, 16, 17].
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VY OGararbox m1a0OpaTopisix CBITY HOCHIIKYETH-
cs 3actocyBaHHa HaHouacTok (HY) mns 30epiranns
kpoBi [7, 24]. Bimomo, ming yac 30epiraHHs KpOBi
B €PUTPOLMTAX BigOyBa€ThCsA HEHTpasi3allis cymnep-
OKCH/I-10HIB, 1110 TPU3BOJNUTEL J0 PYHHYBAHHS KIIITHH.
OpHUM 13 MOXJIMBHX CHOCOOIB 3amoOiraHHs IMiJIBU-
IIEHOMY OKHCHOMY CTpecy y TpoIleci 30epiraHHs
KpoBi € BHKopucTanHsS HY i3 aHTHOKCHIAaHTHUMH
BJIACTHBOCTSIMH.

Bupuenns nii HAL[ Ha mMeMOpaHy epUTpOLUTIB
HeoOXiHEe IS PO3POOJICHHS HOBUX IMiIXOIB IO
PETYIIOBAaHHS OKHUCHIOBAJILHUX TPOIIECIB, SKi BUHU-
KalOTh MPOTATOM 30epiraHHsl KpoBi, OCKIJIbKH came
MeMOpaHa KIIITHH IEPILIOI0 pearye Ha Jiro Oyab-KuX
HETaTUBHUX YWHHUKIB IiBUIICHHSIM BMICTy TIpO-
IYKTIB TIepekucHoro okucHeHns nininis (I10JI) [24].

Mera poboTH — JOCHIIKCHHS il HAHOKPHC-
TaJIIYHOTO IOKCHIY IEpit0 Ha CTaH MEMOpaHU EPHT-
POIMMTIB y TIPOIECi TIMOTepMIYHOTO 30epiraHHs
KpOBI.

Marepiajau Ta MeTOIH

Y po0OTi BHKOPUCTOBYBAIM BOJHHWIA pPO3YHH
HJL i3 po3MipoM 4acTok 2 HM y KOHLIEHTpaMii 2 1/71
(BUpoOHMK — [HCTHTYT CHMHTWISALIMHUX Mare-
pianiB HAH Vkpainu, M. XapkiB).

st ekciepuMeHTiB Opalii KpoB TOHOPIB IPYITH
II+. Artukoarymssarom 6yB CPDA1, sxuit momaBamu
y 3pas3ku kpoBi (2,5 ma CPDA-1 o 15,5 M kpoBi).
[Ticns orpumanHsA 1 crabimizamii KpoBi JOCITiIKY-
BaHI 3pa3Kd PO3IUBUIA Ha TPYNU: KOHTPOJIBHY —
nmomaBanHs 0,018 mur Bomu st iH ekmiit («I ammd-
dbapm», Vipaina) go 9,0 mMi KpoBi; eKCIIepUMEH-
TanbHy — gomasBaHHA 0,018 mu pozumny HJII
1o 9,0 mut kpoBi (kinneBa kounentparis HALL ckia-
nama 20 wmr/m). Bkazana xonnentparis HJIL =He
YUHUTH TOKCHYHOI Iii [9]. 3pa3ku kpoBi 30epiranmu
Yy CTEpWJIBHHX IUIACTUKOBHX MPOOIpKax MpU TeMIIe-
parypi 4-5°C ynpoaoBx I’ sITH THXKHIB.

Kpog micis 30epiranss 3minryBaid 3 (iziosoria-
HuM po3umHOM (3:1), meHTpubyTryBamu 15 XB mpu
1250g. Y orpuMaHUX oOcamgaxX EPHUTPOIUTIB IIiCIII
eKCTpaKIli y cyMimn renTaHy Ta i3orporanony (1:1)
CHEKTPO(OTOMETPHUYHO BUMIPIOBATN  KOHIICHTPAIIiO
nepBuHHNX TIponykTiB T1OJI, sKy po3paxoByBaym 3a
3akoHoM byrepa-JlamOepra-bepa y HaHOMOMAX Ha
1 MJI epUTpPOLUTIB 3 BUKOPUCTAHHSAM KoedilieHTa
MOJIIPHOT €KCTHHKIIT £0: /Ui Ni€HOBHX KOH IOTaTiB
(AK) € =2,2+10°+ M« cM ', TPUEHOBUX KOH 10-
raris (TK) & =4,34 + 10>« M' » cM', OKcHIi€EHOBHX
xon’toraris (OJIK) € = 2,7 « 10°« M' » cm'. [Jlna
terpacHoBUX KoH torariB (TET) xoedimieHT Momsp-
HOI EKCTHHKIIi He BH3HAYEHUH, TOMY iX BMICT BH-
paXkai¥ y OAWHMIIIX MOJIIPHOI €KCTHHKITIT Ha 1 i
epUTpOIHTIB [2, 3, 6].
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The use of nanoparticles (NPs) for blood storage
is being studied in many laboratories worldwide [2,
24]. The superoxide ions are known to be neutra-
lized in erythrocytes during blood storage, thereby
resulting in cell destruction. One of the possible
ways to prevent an increased oxidative stress during
blood storage is the use of NPs with antioxidant
properties.

The study of NCD effect on erythrocyte membrane
is essential for designing the novel approaches to
regulate the oxidative processes, occurring during
storage of blood, since the very cell membrane
responds first to the effect of any negative factors
by increasing the lipid peroxidation products (LPO)
content [24].

The research aim was to explore whether
the nanocrystalline cerium dioxide affected the
erythrocyte membrane state during blood hypother-
mic storage.

Materials and methods

Here, we applied an aqueous NCD solution
with 2 nm particle size at a concentration of 2 g/l
(manufactured by the Institute for Scintillation
Materials of the National Academy of Sciences of
Ukraine, Kharkiv).

Experiments were carried out with donated
A(ID)+ blood. The CPDA-1, supplemented to blood
samples (2.5 ml of CPDA-1 to 15.5 ml of blood) was
used as anticoagulant. After blood collection and
stabilization, the studied samples were divided into
the following groups: the control was the samples,
supplemented with 0.018 ml of water for injections
(Halychpharm, Ukraine) to 9.0 ml of blood; in the
experimental group there were the specimens with
added 0.018 ml of NCD solution to 9.0 ml of blood
(20 mg/1 final concentration of NCD). The mentioned
concentration of NCD has no toxic effect [6]. Blood
samples were stored in sterile plastic tubes at 4-5°C
for 5 weeks.

After storage, blood was mixed with physiological
saline (3:1), and centrifuged for 15 min at 1250g. In
the obtained erythrocyte sediments after extraction
in heptane and isopropanol mixture (1:1), the con-
centration of primary LPO products was measured
spectrophotometrically, calculated by means of the
Beer-Lambert-Bouguer law in nanomoles per 1 ml
of erythrocytes using the molar extinction coefficient
(€,):€,=22+10°+ M "+ cm for conjugated dienes
(CDs), & = 4.34 ¢« 10° M'+ cm™ for conjugated
trienes (CTs), and & = 2.7+ 10°+ M'» cm™' for con-
jugated oxidienes (COs). For conjugated tetrae-
nes (CTETs), the molar extinction coefficient is not
determined, so their content was expressed in units
of molar extinction per 1 ml of erythrocytes [3, 4, 21].
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OCMOTHYHY PpE3UCTEHTHICTh EPUTPOLUTIB BH3-
Hayany yHigikoBanum wmetogom JI.I. Imenbcona
y Moau@ikamii 3 BAKOPUCTaHHIM (POTOKOIOPUMETPii
npu porxkuHI xBwn 500-560 M. Bmict remorio-
OiHy y KpOBi 1 IIa3Mmi JOHOPIB BUMIPIOBAIA 3a
JOTIOMOT010  Habopy peaktuBiB (ipmu  «DimiciT»
(Ykpaina). [|1s1 BU3BHAYEHHS TEMATOKPUTY Y JTOCIi-
KYBaHUX 3pa3kax BHKOPHUCTOBYBAIM ILEHTPHDYTY
«Haematokrit 200» (Hettich, Himeuuunna).

Craructuyny oOpoOKy pe3ysbTariB 31iHCHIOBAIH
3a 1omoMororo nporpamu «Statistica 10.0» (StatSoft
Inc., CIIIA). MHOXuHHI TMOpIBHSHHA AJS BH3HA-
yeHHs1 3HauymocTi (p < 0,05) moka3HMKIB TIpymn
MPOBOAWIM 3 BHKOPHCTAHHSIM HENapaMeTPUYHOTO
kputepiro Manna-Bitsi [1].

Pe3yabTaTi Ta 06roBopeHHs

Jns BuBuenns BBy HJIIL Ha ctam memOpan
SPUTPOITUTIB ITiCIIS TIMOTEPMITHOTO 30epiraHHs mpo-
TATOM IT’ITH THXKHIB HAMH OyJIH JOCIIHKCHI TeMaTo-
JIOTiYHI TTOKa3HUKHU: BMICT BUIBHOTO Ta 3arajbHOTO
reMOryI001HY, piB€Hb TeMAaTOKPHUTY 1 TEMOMI3Y.

SIk BMAHO 3 TaOMNHIN, I'e€MAaTOJIOTiIYHI IMOKAa3HU-
KA Ha JOCTIIKYBaHHX TepMiHax 30epiraHHs y eKc-
MEPUMEHTAIBHIM Ta KOHTPOJIbHIN Tpymax 3HA4yIIe
HE BiJpi3HUMCSA. BcTaHOBIEHO, IO MICHS 1T’ SATOTO
TIKHS 30epiraHHs 3pasKiB KpOBI BMICT BUIBHOTO TIe-
MOTJIOOIHY CYTTEBO ITJBHILYBABCS (MaiDKe y YOTHPH
pa3u) MOPIBHIHO 3 BIATIOBIMHUMHE 3pa3kaMH Ha MEHII
TpUBAJIOMY TepMiHi 30epiranus. [anwii (akr cBi-
YUTH PO TEMOJIi3 YACTUHH KIIITHH ITICIIS TPHBAIOTO

Erythrocyte osmotic resistance was assessed
by the unified method of L.I. Idelson (modified)
using a photocolorimeter at 500-560 nm wave-
lengths. Hemoglobin content in donated blood
and plasma was measured with a reagent kit of
‘Filisit’ company (Ukraine). We used the Haema-
tokrit 200 centrifuge (Hettich, Germany) to esti-
mate the hematocrit level in the studied samp-
les.

Results were statistically processed using the
Statistica 10.0 software (StatSoft Inc., USA). The
non-parametric Mann-Whitney test was used for
multiple comparisons to assess the significance (p <
0.05) between the group indices [1].

Results and discussion

The following hematological indices such as:
free and total hemoglobin content, hematocrit and
hemolysis levels were studied to eclucidate the
NCD impact on erythrocyte membrane state after
hypothermic storage for 5 weeks.

The Table shows no significant difference between
hematological indices in experimental and control
groups within the studied storage periods. After
week 5 of blood sample storage, the content of free
hemoglobin was established to significantly increase
(almost 4 times) vs. the corresponding samples with
a shorter storage period. This fact evidenced the
hemolysis of some cells after the samples’ long-
term storage irrespective of blood preservative
composition.

MokasHWKM KpOoBi Ha pi3HUX TepMiHax 36epiraHHs
Blood indices at different storage terms

TepmiH 36epiraHHA HRowiwkn fo cepeposuLua Femorno6iH BinbHWiA, r/n Femorno6iH 3aranbHwuii, r/n lemaTtokput, %
Storage term CPDA-1 Free hemoglobin, g/l Total hemoglobin, g/l Hematokrit, %
Supplements to CPDA-1 ! ! !
HAU
NCD 2,18 + 0,44 74,0 + 2,3 17,6 + 0,8
1 noba
1 day B . N
ofa AnA IH ekUuin
Water for injections 2,45 £ 0,32 69,5 + 3,1 16,8 £ 0,9
HAY
NCD 2,46 + 0,30 72,1 +4,7 16,6 + 0,6
2 TWXKHI
2 weeks . N
Bona AnA iH'exuii 2,13 0,35 67,4 + 2,5 16,1 £ 1,6
Water for injections
HAY 13
NCD 9,55 + 0,21 72,30 + 3,2 15,56 + 1,6
5 TWKHiB
5 weeks R
Bopa anA in'exuii 9,16 + 0,2924 70,1 + 1,6 15,7 £1,2
Water for injections
MpuMiTkK: BigMiHHOCTI 3HauyLi (p < 0,001) NopiBHSAHO 3 HacCTyNHUMK BapiaHTamu 36epiraHHs 3paskie: ' — HLL, nepwa
nobGa; 2 — Boaa ans iH’ekuin, nepwa go6a; * — HAL, aBa TwxkHi; 4 — Boda aons iH'eKUii, ABa TWKHI.
Notes: differences are significant (p < 0.001) as compared with the following sample storage options: ' — NCD, day 1;

2 — water for injections, day 1; * — NCD, 2 weeks; 4 — water for injections, 2 weeks.
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30epiraHHs 3pas3KiB HE3aleXHO BiJ CKJIagy rema-
KOHCEpBaHTA.

Ocmornyna pesucteHTHiCTh eputpouutis (OPE)
€ OJHHM 3 IIOKAa3HHKIB TXHBOI CTAOUILHOCTI, SIKHAM
BUKOPHCTOBYEThCS JUIS  SIKICHOT ~XapaKTEPHCTHKH
CTaHy CpPHUTPOIUTIB, y TOMY YHCII B yMoOBax mii
HU3BKUX Temmepatyp [5, 26]. Pesymbraté BH3HA-
gennss OPE npencrasieni Ha puc. 1. [Tokaszano, mo
micis mepmioi  o0W  TIMOTEPMIYHOTO 30epiraHHs
y 3pa3Kax KpoBi AOCHIIKyBaHUX TpyIl KOHIEHTpa-
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Erythrocyte osmotic resistance (EOR) is among
the indices of their stability, used to qualita-
tively characterize the erythrocyte state, in particular
when they are exposed to low temperatures [13,
26]. Figure 1 shows the results of EOR assessment.
Blood samples of the studied groups after the day
1 of hypothermic storage showed the concent-
ration of NaCl solution, where the erythrocyte
hemolysis began, to be 0.55% (minimum resistan-
ce). When it was 0.35% (maximum resistance),

120

100 -

80 A

60 -

40

NizoBaHi kNiTMHKU, %
Lysed cells, %
1

20 ~

01 02 03 04 05 06 07 08 09
KoHueHTpauis po3unHy NaCl, %
NaCl solution concentration, %

Puc. 1. OcmOTMYHA PE3NCTEHTHICTbL EPUTPOLMTIB Nicnsi rinoTepMiyHoro 36epiraHHSA KpoBi nicnsi nepwoi gobu (A),
35 ni6 (B); 1 — 36epiraHHsa eputpouunTiB y npucyTtHocTi HOLL; 2 — 36epiraHHa eputpouuTie 6e3 HALL.

Fig. 1. Erythrocyte osmotic resistance after blood hypothermic storage after day 1 (A), day 35 (B); 1 — erythrocyte storage

in NCD presence; 2 — NCD-free erythrocyte storage.

mis pozumny NaCl, 3a sKoi mTOYHMHABCS TEMOJI3
eputpouuTis, craHoBmuia 0,55% (MiHiManbHA pe3uc-
TeHTHICcTh). [Ipn xonnenTparii pozunny NaCl 0,35%
(MakcMMajbHa PE3UCTEHTHICTh) Y 3pa3Kax BCiX JI0C-
JMIKyBaHUX Tpyn BigOyBaBCs TOBHHH TI'e€MOII3
epuTponuTiB. TakuM YUHOM, JOJaBaHHS PO3ZYHHY
H/Ll mo xpoBi Ta momampiue ii 30epiraHHs IIpHU
4-5°C mpotsrom no6u He BImmBajgo Ha OPE. Ilo-
JOBKEHHS TEpMiHy 30epiraHHs KpoOBI 10 II'SITH
TIKHIB He3HauHO 3MeHmryBaio OPE sk 3 moma-
BaHHAM, Tak 1 Oe3 momaBamas HJIIL. Ilpm mpomy
TeMOJIi3 CPUTPOIUTIB BifOyBaBcs 3a OLIBIIOI KOH-
uenrtpanii pozunny NaCl (0,65%), To0To Ha TpuBa-
JUX CTpOKax 30epiraHHss MeMOpaHW EpPUTPOLIUTIB
CTaBaJIM Ypa3jMBIIIUMU HE3AJIEKHO BiJl TPUCYT-
HOCTi KOHCEpPBAaHTA Y PO3UYHHI.

AHaii3 TeMaToNOTiYHUX TOKa3HUKIB MPOTIrOM
TimoTepMiYHOTO 30epiraHHS KpOBI HE BHUSBHUB Bill-
MIHHOCTEH y 3pa3kax 000X TPYIL.

Hocmimkenns BBy HJILL Ha yTBOpeHHS mep-
BuHHMX mnponykriB IIOJI gk TmOKa3HWKa CTaHy
MeMOpaH EpUTPOLUTIB Ha MOJICKYIIPHOMY piBHI
MTOKa3aJi0 pi3Hy IHTEHCHUBHICTh OKCHAATHBHHX IIPO-
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a complete erythrocyte hemolysis occurred in
all the studied group samples. Thus, the supplement
of NCD solution to blood and its further storage
at 4-5°C for a day caused no effect on the EOR.
Prolonging the blood storage period for up to
5 weeks slightly reduced the EOR both with and
without NCD supplement. Herewith, the erythrocyte
hemolysis occurred under higher concentration of
NaCl solution (0.65%), i. e. during long-term sto-
rage, the erythrocyte membranes became more fra-
gile whatever the preservative presence in solution.

Analysis of hematological indices during blood
hypothermic storage revealed no differences between
the samples of both groups.

The study of NCD impact on primary LPO
product formation as an index of erythrocyte
membrane state at a molecular level has found
different intensity of oxidative processes, occurred
during blood hypothermic storage.

Among the investigated conjugated fatty acids,
the CDs were shown to have the highest content
(Figs. 2—4). This might be due to the fact, that the
octadeadienoic acid (18:1 (A9,12)), a CD precursor
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LECiB, SIKi BUHHUKAIOTh MPOTATOM TilOTEPMiYHOTO
30epiraHHs KpoBi.

[TokazaHo, o cepen JOCTiKyBaHUX KOH IOTaTiB
KUPHUX KUCIOT HaiBummii Bmict mamu JIK (puc.
2—4). Ile moxe OyTH TIOB’SI3aHO 3 THM, IO Cepen
KUPHUX KHCIOT y CKJIajai MeMOpaHd E€pUTPOIHTIB
nepeBaxkae (6mu3pko 15%) okTamexamieHOBa KHCIIO-
ta (18:1 (A9,12)), — monepenuuk JAK [12, 16]. BmicT
JK y KOHTpONBHUX 3pa3kax TPHMAaBCS MPHUOIHU3HO

500
450 -
400 -
350 ~

H

300 + +
250 ~
200 A
150 -
100 -
50 ~

0 - T
1 2 4 5
TepmiH 36epiraHHsl, TXKOEHb
Storage term, week

Puc. 2. KoHueHTpauisa AieHoBUX KOH'lOraTiB B yMOBax
rinotTepmiyHoro 36epiraHHa KpOBi: m — KOHTPOMb; O —
HAOL; * — BigMiHHOCTi 3Ha4yLLi NOPIBHAHO 3 NOKa3HUKaMm1
KOHTPOSLHOI rpynu nicnsi BiaNoBiaHOro TepmiHy 36epiraH-
He; p < 0,05.
Fig. 2. Concentration of conjugated dienes under blood
hypothermic storage: m — control, o — NCD; * — differences
are significant as compared with control group indices
after corresponding storage term; p < 0.05.

OK, Hmonb/n
CDs, nmol/L

Ha OJHAKOBOMY pPiBHI MPOTATOM BCHOTO TEPMIiHY
30epirannas (muB. puc. 2). Xupni kuciaota ¢doc-
domimimiB MeMOpaH EpPUTPOLUTIB, SKI € TOMepen-
Hukamu JIK, Ha 9BepTh MOBKWHM KOPOTIII 3a THX,
IO MarOTh YOTHPH 1 OUIBII MOABIMHMX 3B’ A3KiB. AK-
TUBHI (DOPMU KUCHIO, IO JOCSATAIOTh HETITHOOKUX
mapiB JinigHoi MeMOpaHu, IMOBIpPHO, BUTPa4aroTh-
cs came Ha yrtBopeHHs JIK. 3a Oinbmn TpuBamoro
rimoTepMidHoOro 30epiraHHsi KpoOBi yTBOPEHHS IPO-
IYKTIB BUILHOPAJIMKAIBHOTO OKUCHEHHS CATa€ OUTBII
3aHYpEHUX y MeMOpaHy epUTPOIUTIB aihaTHIHUX
(hparMeHTiB JXUPHUX KUCJIOT.

Ilicns m’siToro THOKHS 30epiraHHs 3pa3KiB KPOBi
YTBOPEHHSI aKTHBHMX (OpM KHCHIO, MOXKIIHBO,
cTae OLIBIN IHTCHCHBHHM, ITI0 IPHWBOAWTH 0 3HAY-
HOI TeHepamii Bcix mepBHHHHX MpomykTiB [10JI,
y TOMy 4Hchi OuIbII BigganeHWx ixHiX (opm —
OIK, y sxux mo amiaTHIHOTO JNaHIIOra 3 KOH IO-
TOBaHUMH 3B’SI3KaMH TPUETHYETHCS MOJIEKYJa KHC-
HIO.
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[10, 15], was predominant (about 15%) among
fatty acids within the erythrocyte membrane. The
CDs content in the control samples remained
at approximately the same level throughout the
storage period (see Fig. 2). Erythrocyte membrane
phospholipid fatty acids, being CDs precursors,
are a quarter of their length shorter than those with
four or more double bonds. Reactive oxygen species,
that can reach the shallow lipid membrane layers
are probably spent precisely on CDs formation.
During longer blood hypothermic storage, the
formation of free radical oxidation products comes
to the fatty acid aliphatic fragments more immersed
in erythrocyte membrane.

After week 5 of blood sample storage, the ROS
formation appeared likely to proceed more inten-
sively, resulting in a significant generation of all
the primary LPO products, including their more
distant forms: COs, where an oxygen molecule adds
to the aliphatic chain with conjugated bonds.

An ordered molecule packaging within the
erythrocyte membrane, which limits the interaction
between the substrate and peroxidation catalysts, is
a structural antioxidant. Due to this structure, the
reactive oxygen species cannot freely pass through
the lipid bilayer, thereby preserving physiological
structure of cell membrane [19]. Double bonds
within this structural antioxidant at an initial stage
of reactive oxygen impact on lipid bilayer result in
radical neutralization. However, when free radical
processes are activated, the potential of structural

300

*

u s

O[K, Hmonb/n
COs, nmol/L
- - N N
o I3 o a
o o o o
,_|_|

(&)
o
1

0 I T
1 2 4 5
TepMiH 36epiraHHs, TWXAEHb
Storage term, week

Puc. 3. KoHueHTpauis okcuaieHOBUX KOH'toraTiB B yMOBax
rinotTepmiyHoro 36epiraHHa KpOBi: m — KOHTPOMb, O —
HAOL; *— BigMiHHOCTI 3HaAuyLLi NOPIBHAHO 3 MOKa3HWKaMu
KOHTPOSLHOI rpynu nicnsi BiaNoBiaHOro TepmiHy 36epiraH-
H4, p < 0,05.
Fig. 3. Concentration of conjugated oxidienes under
blood hypothermic storage: m — control; o — NCD; * —
differences are significant as compared with control
group indices after corresponding storage term, p < 0.05.
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YropsiiKoBaHa yIiakoBKa MOJICKYIN Y CKIIai MeMO-
paHH EpUTPOLUTIB, SKa OOMEKYye B3aEMOIiI0 CyO-
CTpaTy 1 Karaji3aTopiB NEPEOKHCHEHHS, € CTPYK-
TYPHUM AaHTHOKCHUIAAHTOM. 3aBISKA Takiii OymoBi
aKTHUBHI (DOPMHU KMCHIO HE MOXYThb BUJILHO IPOXOJIH-
TH Kpi3b JIMITHUN Oimrap, THM caMHM 30epiraeThCst
¢iziomoriuna cTpykTypa MemOpanu wmiTaHH [20].
[TompiitHi 3B’S3KM y CKIadi IOTO CTPYKTYPHO-
TO aHTHOKCHJIAHTa Ha TOYaTKOBOMY €Talli BIUIUBY
aKTMBHOTO KUCHIO Ha JMiAHWEI Oilmap NpUBOASTH
0 HeWTpamizamii paaukaniB. OfHaK 3a aKTUBAIl
BIJIBHOPAAMKaIbHUX IPOLECIB MOTEHLiany CTpyK-
TypHOTO AHTHOKCHJAHTA MOXE HE BUCTAYUTH IS
30epekeHH CTPYKTYpH JimigHoro Oimapy memOpa-
HU KIITHH. Y pe3ynbTari BigOyBa€eTbcs TeHepallis
BTOpUHHUX TIpoAykTiB [10OJI, HampukIam, MaToOHOBO-
ro mianpaerigy. OnqHuM 3 ¢(eKTUBHUX KOMITOHEHTIB
3aXHCHHUX CyMimeid Moke OyTH TaK 3BaHa «IacT-
Ka» aKTUBHUX ()OpM KHCHIO, SIKa 3/1aTHAa MpUHAMATH
Ta BiJJaBaTH CJIEKTPOH paguKaabHINA (Gopmi KHUCHIO
(pemokc-akTMBHUK KOMIIOHEHT). 3a (hi3UKO-XiMiu-
HUMU BJIACTUBOCTSMHU Ta Oi0JIOTIYHOIO aKTHUBHICTIO
JI0 TaKUX MaTepianiB moxkHa BigHectr HILL [22].

Ha puc. 24 nHaBemeHo naHi LIONO YTBOPEHHS
PI3HUX KOH’IOTaTiB y JOCHTIHKYBaHUX 3pa3Kax KpOBi
3aJIe)KHO BiJ CKJIagy T€MOKOHCEpPBAaHTA Ta CTPOKIB
30epiranns. Jomasanus HJIL mo kpoBi BUKIHMKa-
JI0 BIPOIOBX IBOX TIDKHIB 30€piraHHS ITOCTYIIO-
Be 30UIBLICHHS BMICTY IEPEBaXKHO THUX IMPOAYKTIB
[IOJI, momepenHWKaM{ SKHX € TOJiHEHACHYICHI
JKUPHI KHCIIOTH 3 JBOMA TOABIMHUMH 3B’ S3KaMHU
(IK ta O/IK). Ile omocepenkoBaHO BKa3zye Ha IJIH-
Oouny 3anypenHs HY y mimigauit map, ska Biaro-
BiJja€ pO3MipaM 3aJMIIKiB YKHUPHHUX KHUCIIOT 3 JBOMa
MOABIMHAMH 3B’ sa3KkaMu. Jluine dyacTrHa OLIbII JOB-
IUX TOMEPETHUKIB 3 TphOMa Ta YOTHUPMa TMOABIH-
HUMHU 3B’a3kamu neperBoproeTscsi B TK Ta TET,
Mpo IO CBiAYUTH iXHi BMicT. OJHaK BXKe MiCIs
YOTHPBHOX THKHIB 30epiranHs epurpouutis 3 HILI
BHABIISUIOCS 3HAYYIE 3HWKEHHS TeHeparlii MmepBUH-
Hux mponykTiB [1OJI y mopiBHAHHI 3 KOHTPOJIHHOIO
rpymoro. Ilicas ATy THXKHIB 30epiraHHs BMICT YCixX
KOH'IOTaTiB y 3pa3kaxX CEKCIIEPUMEHTAIBHOI TPYITH
i IBUIIMBCA 0 KOHTPOJIBHOTO MOKa3HUKA.

OkpeMo cJiJi OIMCaTH 3MiHM KOHIICHTpaIlii
TET-inTepMeniaTiB ~ JTOBTOJAHIFOTOBUX  SKUPHHUX
KHCJIOT, HAINpPWKIAJ, apaxiJJOHOBOi. SIk BHIHO Ha
puc. 5, micis JOBOX THXKHIB 30epiraHHs epUTpo-
uTiB y cepenosuii 3 H/IIL xonnentpariis TET-iH-
TepMeiaTiB 3HaUHO 301NbIIyBanacs, Micias YOTUPHOX
THXKHIB 3MEHINyBaJacs, a IMCAS TI'SATOTO THXKHSA
HE BIJIPI3HSJIACS BiJl KOHTPOITIO.

TakuM 4YMHOM, MPOTATOM TIMOTEPMIUHOTO 30€epi-
ragas KpoBi micis momaBaHHs HJIL mposiBisiBest
HOTO PI3HOCIPSIMOBAHHMM BIUIMB HAa CHCTEMY aHTH-
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Puc. 4. KoHueHTpauisa TpueHOBUX KOH'loraTiB B yMOBax
rinotepmiyHoro 36epiraHHs: m — KoOHTponb, o — HAOLL;
* — BiAMIHHOCTI 3Ha4yLLi NOPIBHAHO 3 MOKAa3HMKaMW KOHT-
pornbHOi rpynu nicns BignoBigHOro TepMiHy 36epiraHHs,
p <0,05.

Fig. 4. Concentration of conjugated trienes under hypo-
thermic storage: m — control; o — NCD; * — differences
are significant as compared with control group indices
after corresponding storage term, p < 0.05.

antioxidant may be insufficient to preserve the
lipid bilayer structure of cell membranes. As a
result, the generation of secondary LPO products,
malondialdehyde in particular, occurs. One of the
efficient components of protective mixtures can
be the so-called ‘trap’ of reactive oxygen species,
which is able to accept and give up an electron to ra-
dical oxygen species (redox-active component). The
NCD may be referred to these materials based on its
physicochemical properties and biological activity
[22].

The Figs. 2—4 presents the data on formation of
various conjugates in the studied blood samples
depending on blood preservative composition and
storage terms. During two weeks of storage, NCD
supplement to the blood caused a gradual increase
in the content of mainly those LPO products, the
precursors of which were polyunsaturated fatty
acids with two double bonds (CDs and COs). This
indirectly indicated the depth of NPs immersion
into the lipid layer, which corresponded to the size
of fatty acid residues with two double bonds. Only
a part of longer precursors with three and four
double bonds is converted into CTs and CTETs, as
evidenced by their content. However, even after
4 weeks of erythrocyte storage with NCD, a signi-
ficant decrease in the primary LPO product gene-
ration as compared with the control group, was
revealed. After 5 weeks of storage, the content of
all the conjugates in experimental group samples
increased up to the control indices.
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OKCHAAHTHOTO 3axucTy. CXOoXy mif0 Oyao BUSB-
JICHO y JESIKUX HU3bKOMOJEKYISPHUX «MACTOK» IS
BIJIBHUX paJWKaliB, Hampukiax Toxodepomy [13].
Ha mamy mymky, mocmimkenns aii HJILl y skocTi
«TACTKW» IS BUIBHUX PaIUKAIIB € OlIBIIT TIEpCIIeK-
THBHUM, OCKUTBKM Ha BiAMIHY BiJ BiTamiHIB MoO-
nmekyna HJILl «caMOBITHOBIIOETHCSY» TICHS IHKITY
OKHCHEHHS.

BpaxoBytoun BUSABICHI 3aKOHOMIPHOCTI 3MEH-
meHHs Bmicty npoxaykriB IIOJI y 3paskax excre-
PUMEHTAIBHOI TPYNH Ha YETBEPTOMY THXHI 30epi-
raHHs, MOxkHa npunyctutd, mo HJIl moBoguThes
K CTPYKTYpPHHH aHTHOKCHIAHT, HEIIHOOKO pO3-
TalIOBaHWK y JimigHoMy Oimapi memOpaHu epu-
TPOLUTA Ta 3AaTHUH OOMIHIOBATHCS €NEKTPOHAMHU
3 Oyab-SIKHMH paguKaTbHUMH cyOcTparamu. OTKe,
H/IL[ BucTymae mocepeaHUKOM MiX OpraHIIHUMH
pamuKaIbHUMU (GopMaMHU 3aJHINKIB JKUPHUX KHC-
JIOT 1 HEOPTaHIYHUMHU aKTUBHUMH (DOPMaMH KUCHIO.
B cBiTOBIl MiTepaTypi onmucaHi MaTeMaTHIHI MOIETI
JUUTs BU3HA4YeHHs Takux BiaactuBocTeir HJIL 3anexHo
BiJ pi3HUX MeTaboniyaux dakropis [19].

Jnst po3yMiHHS MeXaHi3My 3aXHCTy KIITHH Bif
HECTPUATIAMBOTO BIUIMBY IOBKULIS CIii BpaXxoBYBa-
TH TOW (hakT, IO KIITHHHA MeMOpaHa € MOOLITBHOIO
CTPYKTYpOIO, sika Oepe ydacTh y MeTabomi3mi Ta
MDKKIITHHHIA TpaHCAYKUil, IO NPHUBOOUTH A0 ii
Momudikallii Ta morpedye mepiogudHol nepeOyI0BH.
3a JIOMOMOTOI0 METOMy AaTOMHO-CHJIOBOI MIKpPOC-
Komii Oyno MoOKa3aHO, MO0 y Tpolieci 30epiraHHs
CPUTPOLIUTIB 3MIHIOETHCSI MOPGOJIOTIYHA CTPYKTypa
MemOpaH. Y OymoBi MemOpaH Ha 5—6-y moOy 3’sB-
nsmucst eexTH, SKi PO3BHUBAIUCS TPOTATOM TIO-
naneioro 30epiranHs Kposi, Ha 30-Ty noOy BoHH
BUKJIMKAJI HE3BOPOTHY AECTPYKLil0 MeMOpaH Kili-
TiH [4]. Jleski aBTOpH BiTHOCATH IIi 3MIiHH JO
LWIKIIIMBUX, ajie ICHye iHIIa Teopis, ska Oyna
JIOBE/IeHa SIK TEOPETUYHO, TaK 1 eKCIIEPUMEHTAIBHO:
3a yMOB MeTaOOJIYHUX 3MiH B OpraHi3Mi KIITHHHI
Ta CyOKmMiTHHHI OimapoBi MeMmOpaHHI CTPYKTypH
3MaTHI TIEPETBOPIOBATHCS HAa TaK 3BaHI KyOidHi
MemOpanu [10, 25], ski cipusroTh amanTariii MemO-
paHHOTO anapary 0 HETaTHBHUX YMOB iCHYBaHHS.

Otxe, ofepkaHi HaMU PE3YJAbTaTH JOBEIH, IO
gactkun HJIL| 3matai BrmmmBatm Ha mpomecu 110JI
MeMOpaHu EpUTPOLMTIB MPOTATOM TPUBAJIOTO Tillo-
TepmiyHoro 30epiranus. Ilpo me cBimuHMTH 3MEH-
LIeHHs BMicTy nepBUHHUX npoaykTis I1OJI y 3pas-
Kax KpoBi Ha yerBepToMy TIKHI. [Ipucytnicts HLL
y 3pa3Kax KpoBi, fiKi 30epiraiucs BiJ OXHOTO 10
JIBOX THWXKHIB, BHUKJIMKAJla aKTUBAIIO BLIEHOPAIIH-
KaJIbHAX TIPOIIECiB, TPO SKY CBIAYMIIO ITiIBHINCH-
HA BMICTY KOH IOTaTiB JKUPHUX KHCJIOT y CYCIICH-
311 epUTpOIUTIiB. MOXINBO, Ha OUIBII KOPOTKHX
CTpokax 30epiramns 3paskiB kpoBi HUY OepyTth
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N

Puc. 5. KoHueHTpauia TeTpaeHOoBKX KOH'loraTtis B yMoBax
rinotTepmiyHoro 36epiraHHa KpOBi: m — KOHTPOMb, O —
HAOLL;, BigMiHHOCTI 3HauyLli MNOPIBHAHO 3 MOKa3HWKaMu
3paskiB KOHTPOMbHOI rpynu nicnsa BignoBigHOro nepiogy
36epiraHHs (3), ogHoro TwXHs 36epiraHHs (*), Ta NOpPIBHS-
HO 3i 3paskamu 3 gogaBaHHam HILL nicna ogHoro TWXHA
36epiraHHs (*), p < 0,01

Fig. 5. Concentration of conjugated tetraenes under
blood hypothermic storage: m — control; o — NCD; § —
differences are significant as compared with indices of
control group samples after corresponding storage term;
* — differences are significant as compared with control
group indices after 1 week of storage; # — differences
are significant as compared with indices of samples
with NCD supplement after 1 week of storage, p < 0.01

Changes in concentration of CTET-interme-
diates of long-chain fatty acids, such as arachidonic
acid, should be described separately. Fig. 5 shows
a significant increase in their concentration after
2 weeks of erythrocyte storage in NCD-supple-
mented medium, its decrease after 4 weeks, and no
difference from the control after 5 weeks.

Thus, during blood hypothermic storage after
NCD supplement, its versatile effect on antioxidant
defense system was manifested. A similar effect was
found in some low-molecular ‘traps’ for free radicals,
such as tocopherol [9]. We believe that the study
of NCD effect as a ‘trap’ for free radicals is more
promising, since, unlike vitamins, the NCD molecule
may ‘self-restore’ after oxidation cycle.

Bearing in mind the revealed patterns of
a decreased LPO product content in the experimental
group samples to the week 4 of storage, the NCD
may be assumed to behave as a structural antio-
xidant, located shallowly in the lipid bilayer of
erythrocyte membrane and capable of exchanging
electrons with any radical substrates. Therefore, the
NCD acts as a mediator between organic radical
species of fatty acid residues and inorganic reactive
oxygen species. Mathematical models to detect
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y4acTh y BHWIyYCHHI TOMIKO/KCHUX KIITHH Ta
nofanemoMy epuntosi [11], mpo 1o moxe CBi-
YUTH PIBEHb BUIBHOTO TemornoOiny. [licisa m’stu
THXHIB 30epiraHHs piBeHb BUIBHOIO TIeMOIIOOIHY
3HAYHO 3pOCTaB, TOOTO YACTHHA CPUTPOIIHUTIB
pydHYyBajacs, aje KIITHHH 3pa3kiB 000X IOCHTia-
KYBaHHX TpyI 3a BMICTOM 3arajbHOTO TEMOTJIO-
0iny, remarokputry Tta OPE Manm HesHauymii Bin-
MIHHOCTI TTOPIBHSHO 3 TIEPIITAM TH)KHEM 30epiraHHs.

Kpim Toro, BiacytHicts Tokcmunoi mii H/LI,
sika OyJ1a JIOBE/ICHA I10 BiTHOIICHHIO JI0 TeIaTOIUTIB
[8], mo3BONIAE FIOTO BUKOPUCTOBYBATH y NMPOTOKOJIAX
KOHCEpPBYBaHHSI iIHIINX BUAIB KIITHH.

OTpuMaHi pe3ynabTaTH BKa3ylOTh Ha TIEPCICK-
THBHICTh TMOAAJBIINX JOCHiMKeHb dwacTok HJIL
3 METOIO IOIIYKY HOBHX Ta TiJBHUINCHHS €¢(PEKTHB-
HOCTI Cy4YacHHUX METOMIB 30epiraHHS JTOHOPCHKOI
KpOBI.

BucHoBku

1. Tloka3HWKHM BITPHOTO Ta 3arajbHOTO TEMO-
100iHy, TEMaTOKPUTy Ta TEMOJi3y 3Hadylle He
BIPI3HIMCH y 3pa3Kax KpoBi SK 3 JOJaBaHHSM,
Tak 1 6e3 momaBanHsa HJIL] mpoTsaroM m’sTH THKHIB
rimoTepMiYHOTO 30epiraHHs

2. Ilicna 30epiranHsl KpoOBi MPOTATOM ABOX THXK-
HiB (4-5°C) 3 nomaBanusm HJIII 3Hauyme migBuiry-
BaBCS BMICT MEPEBAKHO THX MEPBUHHHUX IMPOAYKTIB
[TOJI, monepeTHUKaMH SIKUX € TIOJiHEHACHICHI JKHP-
Hi KHUCJIOTH 3 JBOMa ToaBiHMMH 3B’s3kamu (K
1 O1K).

3. Ilicns momoBXeHS TepMiHy 30epiraHHs KpOBi
0 YOTHPHOX TWXKHIB 3 pomaBanHsM HJIIL 3Hady-
me 3amkyBaiacs rerepais JAK, OJJK, TK Tta TET
0 BiJHOILIEHHIO JI0 3pa3KiB KOHTPOJIGHOI TPYIIH.

4. HanpukiHmi m’sSToro THXHs 30epiraHHs KpoBi
BMicT mepBuHHUX mponykriB [1OJI y 3paskax ekc-
MEPUMEHTAIBHOI T'PYyNH BIiJMNOBIAB TMOKAa3HUKAM
KOHTPOJIBHIHN.

5. Hpucyraicte HJIl y 3pa3kax KpoBi I
gac TIMOTePMIYHOTO 30epiraHHs TMPOTATOM II SITH
THXKHIB BIUIMBaB Ha mepebir mporeciB ITOJI, 3mi-
HIOIOYA 1HTCHCHBHICT, HAKONMUYCHHS IPOAYKTIB
[TOJI 3anexHO BiJ TEpMiHy 30epiraHHsI.
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such NCD properties depending on different me-
tabolic factors are described in foreign reports [18].

For understanding the mechanism of cell pro-
tection against adverse environmental effects, we
should bear in mind the fact that cell membrane is
a mobile structure, involved in metabolism and
intercellular transduction, resulting in its modification
and requiring periodic re-arrangement. Using ato-
mic force microscopy, we showed the membrane
morphology to undergo changes during erythrocyte
storage. To days 5-6, the defects in membrane
structure appeared, that developed within further
blood storage, and caused irreversible destruction of
cell membranes to day 30 [11]. Some authors con-
sider these changes to be harmful, but there is another
theory, that has been proven both theoretically and
experimentally, i. e. under metabolic changes in a
body, the cellular and subcellular bilayer membrane
structures are able of transformation into the so-
called cubic membranes [7, 25], facilitating the mem-
brane adaptation to negative living conditions.

So, our findings proved the ability of the NCD
particles to affect the LPO processes of erythrocyte
membrane during long-term hypothermic storage, as
evidenced by a decreased content of primary LPO
products in blood samples to week 4. The NCD
presence in blood samples, stored for one to two
weeks caused the activation of free radical proces-
ses, confirmed by an increased content of conju-
gated fatty acids in erythrocyte suspension. During
shorter terms of blood sample storage, the NPs
were likely involved in damaged cell removal and
further eryptosis [8], as might be evidenced by
free hemoglobin level. After a 5-week storage, it
was significantly increased, i. e. some erythrocytes
were destroyed, but cells of the samples from both
studied groups had insignificant differences in total
hemoglobin, hematocrit, and EOR contents as
compared with the first week of storage.

Also the absence of NCD toxic effect, which was
proven in hepatocytes [5], enables using it in the
protocols for cryopreservation of other cell types.

These results show the prospects for further
studies of NCD particles aimed at finding the novel
methods for donated blood storage and improving
the efficiency of the current ones.

Conclusions

1. Indices of free and total hemoglobin, hema-
tocrit and hemolysis did not significantly differ in
blood samples both with and without NCD supple-
ment during 5 weeks of hypothermic storage

2. After blood storage for 2 weeks (4-5°C) with
the NDC supplement, there was a significant in-
crease in the content of mainly those primary lipid
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products, whose precursors were polyunsaturated
fatty acids with two double bonds (CDs and COs).

3. After extending the blood storage term up to
4 weeks with the NCD adding, the generation of CDs,
COs, CTs and CTETs was significantly decreased
vs. the control group samples.

4. At the end of 5 weeks of blood storage, the
content of primary LPO products in experimental
group samples corresponded to the control group
indices.

5. The NCD presence in blood samples du-
ring hypothermic storage within 5 weeks affected
the LPO processes, by changing the intensity of
LPO product accumulation depending on storage pe-
riod.
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