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Pe3rome

OPUTPOLUTHL SABJIAIOTCA HauboJjiee BOCTpeOOBAaHHBIM IIPOLYKTOM [JIsI IEpeIMBaHUs KPOBU BO BCEM
Mmupe. [Tpu 9TOM Boripoc 6e3omacHoCTH U 9(h(HEKRTUBHOCTU reMOTPAHC(HY3UH OCTAETCS aKTyaIbHBIM. HesicHa
MIpUYMHA U [TaToTeHe3 BO3HUKHOBEHMUA MOCTTPAHC(HY3UOHHBIX OCTOKHEHH.

IleJsis 0630pa — 0000OIINUTE JaHHBIE KINHUYECKUX M HAYIHBIX UCCIeOBAaHNHN 110 9 (HeKTUBHOCTH IeMO-
TpaHcdy3uu s5pUTPOLUTAPHON B3BECHU PA3JIMYHBIX CDOKOB XpAHEHU .

MarepwuaJ. B 6a3ax manubix Web of Science, Scopus u PUHII oTo6pasiu 76 HCTOYHUKOB, COIEP>KaBIITUX
aKTyasIbHbIe TaHHbIe KINHUYECKUX 1 HayYHBIX NCC/IeJOBAaHU 110 TeMe TaHHOT0 0630pa, a TaK:Ke peKOMeH-
JaIMX 110 IepeIMBaHNI0 KPOBU.

Pe3yneraThl. PaccMOTpesd OCHOBHBIE 3TaIlbl 3aTOTOBKU U YCJIOBUSA XpaHeHUs (PUIBTPOBAHHBIX 9PUTPO-
I[MTOB; OIIMICAJIN OMOXUMUYECKHE U CTPYKTYPHBIe N3MeHEeH!sI, KOTOPhIe IIPOMCXOIAT BO BpeMs ee XpaHeH!Us;
NIpUBeJIU KJINHUYECKHe TaHHble, Kacalolyecs IOCTTPAHC(Y3NOHHBIX 0CJI0KHEHNH; IPOaHaIN3UPOBaId
KJIMHUYECKUe IOCIeCTBUS U HapyLUIeHUsI MOJIEKYJISIDHON CTPYKTYPbl 9PUTPOLUTOB B 3aBUCUMOCTHU OT
CpOKa UX XpaHEeHHUs.

3akiroueHnue. Bo BpeMs AIUTEIbHOTO XpaHEHM s 3pUTPOLUTHI IOIBEPraloTCs 3HAYUTEJIbHBIM CTPYK-
TYPHBIM U MeTa00/IN4YeCKUM U3MeHeHUsM. VIcrIo/Ib30BaHNe B KIIMHUKE OTHOCUTEIBHO «CTaphbIX» IPUTPO-
IIUTOB YBEJTMYNBAET PHCK BOSHUKHOBEHHUS ITOCTTPAHC(HY3NOHHBIX 0C/IOKHEHNH. OTHAKO OCTAETCs HEsICHO,
B Y€M COCTOSAT ITaTo(hU3NOJIOTTIECKIE OTIMINS «MOJIOABIX» M «CTapbIX» 9PUTPONUTOB. [IpoBeneHme 601b-
LINX KIMHAYECKUX U HayYHBIX MCCIeJOBAHUN HAa MOJIEKY/IIPHOM YPOBHE B COBOKYIIHOCTU MOTYT HAaWTH OT-
BeThI HA 9TU BOIIPOCHI.

Kntoueevle crosa: xparenue IpumpoyumapHoli 636ecu; 2eMompanc@y3us; nocmmpanc@hy3uoHHbsle
OCOAHCHEHUS.

KOH(I)JII/IKT HHTEpPECOoB. ABTOpLI 3asIBJIAIOT 00 OTCYTCTBUU KOHqJJII/IKTa HHTEPECOB.

Summary

Red blood cells are the most required blood transfusion products worldwide. Safety and efficacy of blood
transfusion are still relevant issues. Clarification of the causes and mechanisms of post-transfusion complica-
tions requires additional research.

Aim of the review is to summarize the data of clinical and research studies on transfusion of red blood cell
suspension with various storage times.
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Material. We selected 76 sources from Web of Science, Scopus, and RSCI databases containing pertinent
clinical and scientific research data, as well as blood transfusion guidelines.

Results. We reviewed the main stages of preparation and storage of filtered red blood cells, described bio-
chemical and structural alterations occurring during blood storage, summarized clinical data on post-trans-
fusion complications, and analyzed clinical consequences and molecular structure abnormalities of red blood

cells in relation to their storage time.

Conclusion. During long-term storage, red blood cells undergo significant structural and metabolic changes.
The clinical use of relatively «old» red blood cells increases the risk of post-transfusion complications. However,
the pathophysiological differences between «young» and «old» erythrocytes remain unclear. Large clinical and
molecular research studies may add to our understanding of the complex issues related to blood transfusion.

Keywords: storage of packed red blood cell; blood transfusion; post-transfusion complications
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BBenenue

Vske Ha mpoTsiKeHUn 6oJ1ee 200 JIeT MeTUITI-
Ha KPUTUUYECKUX COCTOSTHUM HeMmbIcauMma 0e3
TpaHcdy3un KpoBu. EskeroqHo MUIIMOHBI MaIlN-
€HTOB HY’KIIAIOTCsI B IepeJIMBAaHUN KPOBU U ee
KOMIIOHEHTOB. O}IHI/IM 13 caMbIX BOCTpe6OBaHHBIX
KOMIIOHEHTOB KPOBH JIJ151 Iepe/IMBAaHUA ABJIAIOTCA
9PUTPOIUTHI, OCYIIECTBJISIONINE JOCTABKY KUCJIO-
pona B Tkauu. Tpancdysuss 9puUTPOIUTOB HEOOXO-
JIIMa TP MacCCUBHOU KPOBOTIOTEPE, TPaBMaX, aHe-
MUY, OHKoTepamnuu, cerncuce [1-5]. OpHako,
TpaHcdy3noJIory Bee yallle CTaJIKUBAIOTCSA C TeM
¢akToM, 4TO IEpeTUBAHUE IPUTPOIIUTOB MOKET
OKa3aThb Kak I10JIe3HOe BO3/IeliCTBIe Ha OPTaHU3M
IIalxeHTa, Tak 1 HeraTuBHOE. IlorMMaHME COOTHO-
IIIeHNs 0JIb3bl M PHUCKa reMOTpPaHC(hy3UU IpUT-
POILIMTOB SIBJISIETCSI BAYKHBIM BOIIPOCOM TpaHC(y-
3WOHHOU MeIUIHBI.

IToMrMO UHIUBUAYATBHBIX PA3IAYNN MESKITY
JoHOpaMu, Ha 9P(PEeKTUBHOCTh U 0€30MACHOCTD
TepeIMBaHus KPOBU BJIHMsIET KAY€CTBO JINTETHLHO
XPaHAIIUXCA  9PUTPOUUTOB. IlepBoHAYATBHO
3¢ PeKTUBHOCTH TEMOTpPaHC(Y3UU OIlEHNBAJIACH
yBeJIMYeHHeM II0Ka3aTeJsisi reMaToKpura, a 6es-
OIIACHOCTH OIpeJesiiach TUITMPOBAHUEM IPUT-
ponutoB [6]. CoBpeMeHHbIe pEKOMEHAlNU yCTa-
HABJIMBAIOT, YTO B KOHIle IEpPUOJA XpaHEHUs
apuTpoIUTapHoi B3Becu (9B) ypoBeHb remMoJsinaa
He NoJiKeH Ipesblmarsb 0,8% U BBDKUBAEMOCTb
KJIETOK JIOJDKHA OBITH OoJibIlie 75% depes 24 yaca
IocJie nepeyauBanus (7, 8].

OpnHako BBINIOJIHEHUE BceX TpebOoBaHUI 110
Iepe/IMBaHMIO He UCKJII0YaeT prcKa BOSHUKHOBE-
HUsI Y TAIMEHTOB MOCTTPAHC()Y3UOHHBIX OCT0MK-
HeHU!. B TpaHCchy3nos0orun 006CysKkaalTcA Ipo-
0JIEMBI MCII0JIb30BAHUA «MOJIOTON» («freshy»; mo 21
IHSI XpaHeHUs1) U «cTapoi» («old»; 6osee 21 mHsA
xpaHeHus) IB. B kIuHUYeCcKol IpakTHUKe ITOKa3a-
HO, 4TO IIPpU IepeJIMBAHUU 3PUTPOIUTOB, XpPaHUB-
muxcsi 0oJiee Tpex HellesTb, TO €CTh «CTaPhIX» 9PUT-
POIIUTOB, TOCTTPAHC(PY3NMOHHBIE OCJIOKHEHUS
BO3HHUKAIOT C OOJBbIIIE BEPOSTHOCTHIO [9-12].
Bompoc o ToMm, HacKoJbKO 3 deKTuBHA U 6e3-
oIlacHa mpoIeaypa reMoTpanc@y3un Ipu rnepesm-

Introduction

For more than 200 years, blood transfusion has
been an essential part of critical care medicine. Every
year millions of patients require transfusions of blood
and its components. One of the most needed blood
components for transfusion are red blood cells (RBC),
which deliver oxygen to the tissues. Transfusion of ery-
throcytes is necessary in massive blood loss, trauma,
anemia, cancer therapy, sepsis [1-5]. However, trans-
fusion medicine specialists commonly come up
against the fact that red blood cell transfusion can
have both beneficial and adverse effects. Understand-
ing the benefit-risk ratio of erythrocyte transfusion is
an important challenge of transfusion medicine.

In addition to individual differences between
donors, the efficiency and safety of blood transfu-
sions are influenced by the quality of long-stored
red blood cells. Originally, the efficacy of blood
transfusion was assessed by an increase in hemat-
ocrit, and safety was determined by erythrocyte
typing [6]. According to the current guidelines, the
hemolysis rate should not exceed 0.8% at the end
of the erythrocyte suspension (ES) storage period,
and the cell survival rate should be more than 75%
24 hours after transfusion [7, 8].

However, meeting all transfusion require-
ments does not eliminate the risk of post-transfu-
sion complications. In transfusion medicine, the
issue of using «fresh» (up to 21 days of storage) and
«old» (more than 21 days of storage) RBC suspen-
sion has been debated. In clinical practice, post-
transfusion complications were shown to be more
likely in transfusions of red blood cells stored for
more than three weeks (i. e., «old» ones) [9-12]. Effi-
cacy and safety of blood transfusion with RBC sus-
pension of specific shelf life are still unclear.

The aim is to summarize the clinical and re-
search data on efficacy of transfusion of RBC sus-
pension with various storage times.

Preparation and Storage
of Filtered Red Blood Cells

Guidelines on blood preparation and transfu-

sion have been evolving for years. According to cur-
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BaHUM JB olpeieIeHHBIX CPOKOB XpaHEHHUsI OCTa-
€TCsI OTKPBITHIM.

[Testb paboOTBI — 0OOOITUTE TaHHBIE KIUHU-
YeCKHUX U Hay4YHBIX MCCJIeloBaHUH 110 a(ppeKTuB-
HOCTH TeMOTPAHC(PY3UN 9PUTPOIUTAPHON B3BECH
Pa3IMYHBIX CPOKOB XpaHEHUS.

3aroroBka 1 XxpaHeHHue
(puIBTPOBAHHBIX 3PUTPOIMTOB

PexoMeHiau 1o 3aroToBKe U TpaHChy3uu
KpoBU (hOPMUPOBAIUCE rofaMu. COIIaCHO COBpe-
MEHHBIM IIPOTOKOJIAM, 9PATPOLIUTHI [IJIA IIepe/inBa-
HUS [10JIy4al0T ITyTeM LIeHTPU(YTrupoBaHUSA LIeJIb-
HOH KPOBH C ITOCJIEYIOIINM yaJleHUEM I1JIa3MBbl U
JIETKOTPOMOOITUTAPHOTO CJI0s1 [5, 8]. COOp U XpaHe-
HHE 3PUTPOLUTOB OCYLIECTBJIACTCA B CTEPUJIbHBIX
repMeTUYHO YIIaKOBAHHBIX KOHTEHHEpax C aHTU-
koarysssHToM. Ilociie pasnesieHus e lbHOM KPOBU
Ha KOMIIOHEHTHI JT00aBJ/ISIOTCS B3BEIIUBAIOIINE
pacTBOpEI, 06ecrievyrBaloIe TOoAIePKaAHIE SKU3-
HECITIOCOOHOCTH 3PUTPOIIUTOB B YCIOBUSX, OTIIH-
YAIOMIMXCSA OT (PU3NOJIOTUUECKUX.

[Ipomo/mKUTEeIbHOCTD XpaHEeH!UA 3pUTPOLU-
TapHOU B3BECU 3aBHUCUT OT THUIIA UCIIOIb3YEMOIO
AHTHKOATYJISTHTA ¥ [0O6aBOYHOTO pacTBopa [5]. B
1917 rony BriepBbI€e YIAJIOCH COXPAHUTD JOHOPCKUE
3PUTPOILUTHI CPOKOM [0 IISITU JHEU, UCI0JIb3Ys
pacTBop uuTpara 4 iroko3sl [13]. ITo3ke B Hayaste
40-X TOZIOB TIPOIIIJIOTO BeKa ObLJI pa3paboTaH nep-
BBII 3(p(PeKTUBHBIN AaHTUKOATYJISIHT-KOHCEPBAHT
ACD, B cocTaB KOTOPOI'O BXOJWUJ/IX JIMMOHHAs KUC-
JIOTa, ITATPAT HATPUS U JekcTpo3a [14]. Takoi pac-
TBOP IIO3BOJIAJI COXPAHATb JPUTPOLUTHI AJIA
TpaHCc(y3uu A0 Tpex Hedesb. B mocienyooniue
rofibl pa3pabaThIBaINCh U MPUMEHSJINCH HOBBIE
pacTBOpPBI, KOTOPbIE I03BOJIUJINA YBEJIMIUTDL CPOK
XpaHeHUs 10 IIATU HeseJib [15, 16]. Mcrioab3oBanue
pactBopa CPD (mutpart, pocdar, gekcrposa) gano
BO3MOSKHOCTBb XpaHUTh 9PUTPOLUTEI B Te4eHue 28
IHew, a ucrosibdoBanue CPDA-1 (rutpar, ¢ocdar,
JIEKCTPO3a, aJIEHNH) — B TeueHue 35 THe.

B coBpeMeHHBIX IEHTPax 3aroOTOBKU KPOBU
HCTIO0JIb3yeMble J0OABOYHBIE PACTBOPHI COCTOST
13 pa3/IMIHbIX KOMOMHAINN (DU3UOJTOTHIECKOTO
pacTBopa XJI0puia HaTpUs, aJfeHnHa, IIIOKO3bI,
nekcTpo3bl, pocdara u manuuTa [5]. Haubosee
IMIAPOKO NTPUMEHSEMBIM 100aBOYHBIM PaCTBO-
poMm sBJsigeTrcsa SAGM, B cocTaB KOTOPOTO BXOAAT
¢du3moornYecKuil pacTBop XJopujaa HaTpus,
aleHuH, [VIIOK03a U MAaHHUTOJI. TaKk apATPOLUATHI
B pactBope SAGM MOTryT XpaHuThCcA A0 42 qHel
npu temneparype or +2 no +6°C [5, 8]. IIpomoJ-
sKaeTcs pa3pabOTKa HOBBIX PACTBOPOB, OTHUM U3
koTophIx sABJsAeTcad PAGGSM. B ero cocras BXxo-
JIAT (pU3NOJIOTUUECKUN PAacTBOP XJI0pHUJa HaT-
pus, aJeHuH, [JIIOK03a, TYyaHO3WH U MaHHUTOJI,
IIO3BOJIAIOIAE COXPAaHUTh IPUTPOLUTHI 10 49
nHell. OTMeuaeTcs, YTO XpaHEeHNE B TAKOM pac-

rent protocols, RBCs for transfusion are obtained
by centrifugation of whole blood, followed by re-
moval of plasma and the layer of leucocytes and
thrombocytes [5, 8]. Erythrocytes are collected and
stored in sterile tightly closed containers with
added anticoagulant. After separating whole blood
into components, additive solutions are added to
ensure the RBC viability under conditions different
from physiological ones.

The storage time of the red blood cell suspen-
sion depends on the type of anticoagulant and ad-
ditive solution used [5]. In 1917, the first successful
attempt to preserve donor red blood cells for up to
five days using a solution of citrate and glucose was
made [13]. Later, in the early 1940s the first effective
anticoagulant preservative ACD was developed,
which included citric acid, sodium citrate and dex-
trose [14]. Such solution allowed preserving red
blood cells intended for transfusion for up to three
weeks. In subsequent years, new solutions were de-
veloped and used, which extended the storage pe-
riod up to five weeks [15, 16]. The use of CPD solu-
tion (citrate, phosphate, dextrose) allowed to store
red blood cells for 28 days, and the use of CPDA-1
(citrate, phosphate, dextrose, adenine) for 35 days.

In contemporary blood collection centers, the
additive solutions include various combinations of
normal saline solution, adenine, glucose, dextrose,
phosphate, and mannitol [5]. The most commonly
used additive solution is SAGM composed of nor-
mal saline solution, adenine, glucose, and manni-
tol. Thus, red blood cells in SAGM solution can be
stored for up to 42 days at a temperature from +2 to
+6°C [5, 8]. One of the novel solutions is PAGGSM
containing normal saline solution, adenine, glu-
cose, guanosine, and mannitol, which allows to
save red blood cells for up to 49 days. Storing in this
solution has been found to improve the metabolic
performance of RBCs [16, 17].

Abnormal Changes
in Red Blood Cells During Storage

As RBCs are stored in an airtight container,
they inevitably undergo abnormal changes at the
molecular level. Rapid development of oxidative re-
actions and changes in cell metabolism are the
main factors of erythrocyte dysfunction. Significant
biochemical and biophysical alterations occurring
during storage lead to damage of erythrocyte mem-
branes [18]. This, in turn, significantly affects the
viability of stored red blood cells.

The energy supply of all processes in RBCs is
known to occur as a result of anaerobic glycolysis
with production of adenosine triphosphate (ATP)
and 2,3-diphosphoglycerate (2,3-DPG) [19]. ATP is
a powerful source of energy for many processes in
erythrocytes, it actively supports the functioning of
Na*/K*-ATPase, which maintains the RBC mem-
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TBOpE yJIyd4IllaeT MeTaboInvYecKre TT0Ka3aTe n
apuTponuTos [16, 17].

ITaTosiornueckue H3aMeHEeHHU ST
B 3PUTPOIIMTAX BO BpeMsA XpaHeHU s

[To mepe xpaHeHUsI B repMETUYHOM KOHTEH-
Hepe J9PUTPOLMTHI HEeN30EeKHO IOJBEPTaOTCs
I1aTOJIOTMYECKUM U3MEHEHUAM Ha MOJICKYJIIDHOM
ypoBHe. CTpeMHUTeJbHOE pa3BUTHE OKUCJIUTEb-
HBIX PEAKINHI 1 N3MeHeHNe MeTaboJIn3Ma KJIETOK
SIBJISIIOTCSI OCHOBHBIMM (paKTOpaM HapylLIeHUs
(PYHKIIMOHAIBHOMN COCTABJISIONIEN 3PUTPOIUTOB.
[Tpoucxopsiye Tpy 9TOM 3HAYUTETbHbIE OMOXH-
MUYeCKHe U Onou3nyecKkre n3MeHeHre TPUBO-
IIAT K TTIOBPEKIEHUI0 MeMOPaH 9PUTPOIUTOB [18].
JTO, B CBOIO 04Yepenb, CylleCTBEHHO BJIMsAET Ha
SKM3HECIIOCOOHOCTH XPaHSAIUXCS 9PUTPOIIUTOB.

M3BeCTHO, YTO IHEpreTHYEeCKOe o0ecrieyeHne
BCeX IIPOLIECCOB B 3PUTPOLUTAX NPOUCXONUT B
pesysbrare aHaspoOHOTO WIMKou3a. [Ipu arom
obpasyworcsa aneHosuHTpudochar (ATD), 2,3-
nugocdormunepar (2,3-APT) [19]. ATD saBasercs
MOIIIHBIM UCTOYHUKOM 9HEPIUHU JJI1 MHOTUX IIPO-
[IECCOB B 9PUTPOLUTAX, aKTUBHO IIOAJEePKUBAECT
¢ynkunonuposanue Nat/K*-ATd-a3p1, koTopas
TO/IIEPKIBaeT MeMOpPaHHBIHN ITOTEHITNAJ 3PUTPO-
OUTOB. B pesysbrare IMKOJINW3a 3PUTPOLUTOB
obpasyercs 2,3-mudochoriuiiepar, peryaupyo-
UM CPOACTBO reMOTIO0MHA K Kucopony [19].

Insa  nonfepskaHus  SKU3HECIIOCOOHOCTU
9PUTPOLUTOB B YCJIOBUAX IJIATEJIbHOIO XPAHECHUA
B PacTBOP reMOKOHCEPBaHTA 100aBJISIIOT ITTIOKO3Y.
B HOpMe KOHIIeHTpanysA JIIOKO3bI He NIPeBhIIIaeT
100 mr/mJ1, 0fHAKO BO B3BEIIMBAIOIINX PACTBOPAX
ee KOHIIEHTpanws cocraBjaseTr Oosee 500
mr/ 11 [20]. C omHOM CTOPOHBI, INTIOK03a HEOOXO0T1 -
Ma Ji/14 IToiie pyKaHu A INIMKOJIN 34, 4, CJIeL0BaTeIIb-
HO, JJIs1 BBIPAOOTKH JOCTATOYHOTO KOJIMYECTBA
AT® u 2,3-JIPI BO BpeMs XpaHEHU I 3PUTPOLIUTOB.
Ho, ¢ npyroii cTopoHBbl, B Ipoliecce XpaHeHUsI B
pacTBope TI'€MOKOHCEpBaHTa HaKallJIMBAeTCA
MoJiouHasi kucsaora. OO0 9TOM CBUETEJIHCTBYET
yBeJIMYEeHNE YPOBHA JlakTara 10 20 MM K KOHIY
cpoka xpaHeHus [20, 21] u cHuskenus pH (MeHblie
6,5). B mepBy1o HegeJro XpaHeHus1 OB KoHILleHTpa-
ums 2,3-gudocdornuiepara CHUKaeTcsi oT 4 MM
1o 0,5 MM, a ko BTOpoil Hefesie — 10 HyA [21]. B
TO sKe BpeMs KOHUeHTpanusa AT® ocraerca Ha
ypoBHe 5,5 MKMoJIb/THD B TeueHUe IepBbIX TPeX
HeJleJIb XpaHeHus [16, 22].

CHmwxenue ypoBHs AT® (1o 2 mkmoJib/THD)
K I1IeCTOH Heziesie XxpaHeHus1 B MoskeT KOCHYThCs
BCeX MeTab0JIMYECKUX MTPOIECCOB, B TOM YHCJIE
IIOHU3UTh aHTUOKCUIAHTHYIO 3allIUTy 9PUTPOLI-
TOB W HAPYIIUTH [1eJIOCTHOCTH MeMOpaH [16, 22].
CHmKeHMe KOHIleHTpauuu 2,3-1udochomuiepa-
Ta MOSKET YMEHBIIUTh 3((PEeKTUBHOCTH Tras3o-
TPAHCHOPTHOU (PyHKLIUHU SPUTPOLUTOB [18, 23].

brane potential. As a result of erythrocyte glycolysis,
2,3-diphosphoglycerate is produced, which regu-
lates hemoglobin affinity to oxygen [19].

Glucose is added to the blood preservation so-
lution to maintain the viability of erythrocytes under
long-term storage conditions. Normally, the concen-
tration of glucose does not exceed 100 mg/dL, butin
suspending solutions it exceeds 500 mg/dL [20]. On
the one hand, glucose is necessary to maintain gly-
colysis and, therefore, to produce a sufficient
amount of ATP and 2,3-DPH during erythrocyte
storage. But, on the other hand, lactic acid accu-
mulates in the blood preservation solution during
storage. This is indicated by an increase in lactate
level up to 20 mM by the end of storage [20, 21] and
adecrease in pH (less than 6.5). The concentration
of 2,3-diphosphoglycerate decreases from 4 mM to
0.5 mM during the first week of the RBC suspen-
sion storage, and to zero by the second week [21].
At the same time, ATP concentration remains at
the level of 5.5 pmol/g Hb during the first three
weeks of storage [16, 22].

A decrease in ATP level (down to 2 ymol/g Hb)
by the sixth week of RBC suspension storage can af-
fect all metabolic processes, i.e. reduce the antiox-
idant protection of erythrocytes and compromise
membrane integrity [16, 22]. A decrease in 2,3-
diphosphoglycerate concentration can reduce the
efficiency of erythrocyte gas-transport function [18,
23]. In transfusion, 2,3-DPH levels in transfused
erythrocytes return to 50% of normal after 7 hours
and to almost 95% after 72 hours. ATP levels also re-
cover reversibly to normal levels within three days
after transfusion [23, 24].

Low temperature storage of RBCs and reduced
metabolic processes in cells impair the functioning
of the Na*-K* pump. Normally, the extracellular
concentration of potassium is 3.8-5.4 mM, while
that of sodium is 132-150 mM [19, 23]. During stor-
age, the concentration of extracellular potassium
increases 5-fold, and the one of sodium decreases
by 10 mM [25]. Increased potassium in the blood
preservation solution may cause hyperkalemia
after a massive blood transfusion [26].

Activation of oxidation, particularly that of iron
in hemoglobin, is another pathological effect.
Under normal conditions, iron in the hemoglobin
molecule exists in the Fe?* form. During oxidation,
Fe?* converts into Fe®*, and methemoglobin is
formed, which is unable to carry oxygen [27]. Glu-
tathione peroxidase protects erythrocytes from ox-
idative damage, with the reduction of methemoglo-
bin into oxyhemoglobin. NADPH+H* supplies H* to
regenerate reduced glutathione from glutathione
disulfide via glutathione reductase [19]. However, in
prolonged storage there is depletion of NADH and,
consequently, decreased production of reduced glu-
tathione [23]. This leads to increased formation of
methemoglobin and superoxide anion. Methemo-

www.reanimatology.com

GENERAL REANIMATOLOGY, 2021, 17; 1



https://doi.org/10.15360/1813-9779-2021-1-69-82
0630pHI

[Tpu TpaHcdysuu yposeHs 2,3-/1PI" B nepeauTbix
apuTpoumTax Bo3Bpaitaerca K 50% OT HOPMBI
Jepes 7 4acoB U Mo4uTHU K 95% 4depes 72 daca. Ypo-
BeHb AT® Takske B TeueHMe TPeX IHeN ocJie rnepe-
JIMBaHUsI 00PAaTUMO BOCCTAHABJIUBAETCS IO HOP-
MaJIbBHOTO 3HadyeHud (23, 24].

I'mnorepMuyeckoe XxpaHeHVe 3PUTPOIIUTOB, a
TaKsKe CHIDKEHHE MeTaboJIMIeCKUX ITPOIEeCCOB B
KJIeTKax HapyulaeT (pyHKIIMOHUPOBAHNE HATPUIi-
KaJIMeBOro Hacoca. B HopMe KOHIIeHTpanys BHe-
KJIETOYHOI'O KaJjusA cocrasJaser 3,8-5,4 MM, a HaT-
pusa 132-150 MM [19, 23]. Bo BpeMsa XpaHeHUA
KOHIIEHTPAlKA BHEKJIETOYHOI'O KaJIus BO3pacTaeT
B 5 pas, a KOHIIeHTpalls HaTPpUs YMEHbIIIaeTCs Ha
10 MM [25]. VBesin4yeHue KaJluAa B pacTBOpe reMo-
KOHCEpPBAHTA MOKET OBITh MPUYMHOUN THTIEpKa-
JINEMUU TI0CJIE MAaCCUBHOU reMoTpaHcdysuu [26].

JpyruM narosorudeckuM s (HeKToM sIBJISAET-
Cs1 aKTUBAIIUS OKUCJINTEJIbHBIX IIPOIIECCOB, B 4aCT-
HOCTH, OKHCJIEHHE $KeJsie3a B reMoryioonHe. B HoOp-
MaJIbHBIX YCJIOBUAX JKeJIe30 B  MOJIEKYJIe
reMomioOmHa HaxoauTcst B popme Fe*. B mporiecce
okucseHus Fe*" tpancgopmupyercs B popmy Fe¥,
IIPY 9TOM 00pa3yeTcsi METTeMOIIIOONH, KOTOPBII He
croco0eH epeHoCUTh KUCI0po, [27]. DnyTaTroHtie-
pOKCHAa3a 3alUINaeT 3PUTPOLUTBEI OT OKUC/IU-
TeJIbHOTO MOBPEKIIEHUsI, IPA 3TOM HPOUCXOIUT
BOCCTAHOBJIEHIE METTEMOTVIOOMHA B OKCUTEMOTJIO-
ouH. HAII®H+H* mocTtasssier H* 1711 pereHepariu
BOCCTAHOBJIEHHOIO IJIyTaTMOHA M3 IJIyTaTHOH-
JIUCYJIb(UA C TOMOIIIBIO Iy TaTUOHPEeTyKTa3bl [19].
Ho B yC/10BUAX VIMTESTBHOTO XPAHEHM T IIPOUCXOIUT
ncroinenne HAJIH, a, ciemoBaresibHO, CHUSKAETCSA
BBIPabOTKAa BOCCTAHOBJIEHHOTO WIyTaTHoHa [23]. 3T0
MIPUBOJIUT K YBEJIMYEHNIO 00pa30BaHUsI METTEMOT-
JIOOWHA ¥ CYTIepOKCHI-aHNOHA. 13BECTHO, 4TO MeT-
reMOrJIo0MH HeCcTabWIIeH U IeHaTyprpyeT B TVIOOMH
¥ reMUH (OKHCJIEHHBIN reM) [28, 29].

HeMmaJstoBa)KHBIM AABJIIETCA TO, YTO B IIPOIIEC-
ce OKUCJIeHHsI KUCJIOPO, TOKUJAIOIINN MOJIEKYITY
reMorsI00mHa, HeceT ¢ CO00# 97eKTPOH, 00pasys
aKTUBHBIE (POPMBI KMCJIOPOJIa U OTIAaCHbIE THUIPO-
KCUJbHBIE paJuKaJbl, KOTOpPbIE CIHOCOOHBI
BBI3BATh TNEPEKNWCHOE OKHCJIeHWe JIMNUIO0B U
TOBpesKIeHre 6eTKOB MeEMOpPaHbI 3pUTPOIIHTA [27,
30]. B HOpMe CKOpOCTh OKUCJ/IEHU S HU3Kas, U cpa-
OaTbIiBaeT cOOCTBEHHAsI AHTUOKCUIAHTHASI CHCTe-
Ma 3pPUTPOLIMTOB, 3aluinarmonas Kierku [30].
OpnHaKo BO BpeMs XpaHEHUsI B TepMEeTUYHOM KOH-
TeiiHepe 3alIUTHbIE MEXaHW3MbI HAPYIIAIOTCS. ITO
MIPUBOJUT K YBJIEYEHUIO CHOHTAHHOTO OKUCJIEHU S
MOJIEKYJIBI TEMOTVIOOMHA 10 METTeMOIIOOWHA, a
TaK’Ke YBEJIMYCHUIO CKOPOCTHU PeaKIuU OKUCJIe-
HUS BO BpeMsA XpaHeHU .

MexaHWYeCKHE CBOMCTBA MeMOpaH M HUX
CTPYKTypHasl OpraHusaiusi onpenesisiioT QyHK-
[IMOHAJLHOE COCTOSTHHE KJIETOK. MeTabonueckue
N3MEHEHUA U Pa3BUTUE OKNC/IUTEJIbHBIX ITPOIIEeC-
COB B YCJIOBUSIX JIJINTEJBHOTO XPAHEHUA 9PUTPO-

globin is known to be unstable and denature into
globin and hemin (oxidized heme) [28, 29].

Importantly, during oxidation, oxygen leaving
the hemoglobin molecule carries an electron, form-
ing reactive oxygen species and dangerous hydroxyl
radicals, which can cause lipid peroxidation and
damage to the red blood cell membrane pro-
teins [27, 30]. Normally, the oxidation rate is low,
and the erythrocytes' own antioxidant system,
which protects the cells, is triggered [30]. However,
during storage in an airtight container, the protec-
tive mechanisms are disrupted. This leads to the in-
creased spontaneous oxidation of the hemoglobin
molecule to methemoglobin, as well as an acceler-
ated oxidation rate during storage.

Mechanical properties of membranes and
their structural organization determine the func-
tional state of cells. Metabolic changes and oxidative
processes during prolonged storage of erythrocytes
in an airtight container at 4+2°C have a damaging
effect on erythrocyte membranes [16, 23].

The RBC membrane is a complex structure
based on a lipid bilayer, peripheral and integral
proteins, and carbohydrates. Lipids play an impor-
tant role in ensuring the integrity of erythrocyte
membranes and their selective permeability to var-
ious particles and ions. One of the important com-
ponents of the lipid bilayer is phosphatidylserine,
which appears on the external side of the mem-
brane during erythrocyte aging [23]. Phos-
phatidylserine on the cell surface represents a bio-
marker of cell aging that triggers dying cell
clearance by macrophages [31, 32]. A large part of
the RBC membrane surface consists of proteins,
which play a key role in various cellular processes.
Spectrin and actin proteins form the basis of the
inner layer of the membrane, the membrane cy-
toskeleton. Spectrin binds to actin microfilaments
and lipids of the inner membrane surface to form
the erythrocyte skeleton, the spectrin matrix. The
spectrin matrix is a pseudohexagonal network
formed by two «- and fS-helices linked into
tetramers [33]. Binding of the spectrin cytoskeleton
to the membrane is mediated by ankyrin and pro-
tein 4.1R via band 3 protein [33, 34]. The spectrin
matrix is important for the mobility of proteins and
the integrity of RBC membranes.

Lipid peroxidation processes could underlie
the reorganization of protein structures, pore forma-
tion in the lipid bilayer, increased concentration of
malondialdehyde, and increased vesiculation during
storage [23, 24, 35]. The spectrin matrix is also sus-
ceptible to the damaging effect of radicals. As a re-
sult, the spectrin-actin-4.1R complex and the bond
between the spectrin and the band 3 protein can be
disrupted. The weakened bond between the lipid bi-
layer and the spectrin matrix reduces the stability of
the membrane cytoskeleton, alters the shape of cells
and the nanostructure of their membranes [34, 36].
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IIMTOB B TepPMETUYHOM KOHTEWHEpPe IIPU TeMIIepa-
Type 4+2°C oKa3bIBAIOT ITIOBPEsKIAOIIEE eICTBIE
Ha MeMOpaHbI 9PUTPOIUTOB [16, 23].

MeMOpaHa apuTpOIMTA ITPECTaBIIsIET COOOH
CJIOYKHYIO CTPYKTYPY, OCHOBY KOTOPOU COCTaBJISIIOT
JIMTIATHBIN OMCJION, TlepudeprvyecKre U MHTET-
panbHBIE OETKW U yIIeBOABI. JIMMHUALI UTPaIoT
Ba)KHYIO POJIb B 00€CIIeueHNH IIOCTOSTHCTBA CTPYK-
TYpbI MeMOpaH 9pUTPONHTOB, & TAKKE B M30Mpa-
TeJbHOU IMIPOHUIIAEMOCTH IJIA PA3JINYHBIX YaCTHI]
1 MOHOB. OI[HI/IM N3 BA’KHBIX KOMITIOHEHTOB JINIIN -
HOT0 6UCJTIOs sIBJIsieTCs (hochaTuaNIICEPUH, KOTO-
PBIH TIPY CTapEeHUN 9PUTPOIUTOB MOSABJISIETCS Ha
Hapy’KHOU CTOpOHEe MeMOpaHbI [23]. ITO MOKET
SIBJIATHCSA WHAMKATOPOM CTapeHWs W yHoaJIeHus
KJIeTKU Makpodaramu [31, 32]. BoJsbiiyio 4acTh
ITOBEPXHOCTH MeMOpaHbI IPUTPOIUTOB COCTAB-
JISTIOT O€JIKY, UTPAIoIIHe KII0YEeBYIO POJIb BO MHO-
TUX IIpoIlecca sKU3HeIesITeIbHOCTH K1eTKU. OCHO-
By BHYTPEHHEro cjos MeMOpaHBI, Tak
Ha3bIBaeMbIll MEMOPAHHBIHN ITUTOCKEJIET, COCTAB-
JISTIOT O€JTKY CTIeKTpUHA ¥ akTHHA. CIIEKTPYH, CBS-
3bIBasICh C MUKPO(MIaMeHTaMy aKTHUHA U JINTTH-
JaMl BHYTPEHHEH IIOBEPXHOCTH MeMOpaHHI,
(popmUpyeT cKesIeT IpUTPOIIUTA — CHEKTPHUHOBBIN
Marpukc. CIeKTPUHOBBIN MAaTPUKC ITPEICTABIAET
c0o00# TICEeBIOTEKCOTOHATBHYIO CETh, KOTOPYIO
00pasyIoT IBe ¢ U f CIUPaJIN, CBSI3aHHbBIE B TETPA-
Mepsl [33]. CBA3bIBaHNE CTEKTPUHOBOTO IIATOCKE-
JieTa C MeMOpaHOM OCYIIIECTBJISIETCS C IIOMOIIBIO
aHkvpuHa 1 6esika 4.1R gyepes 6es1ok mostock! 3 [33,
34]. CocTossHME CIEKTPUHOBOI'O MAaTPUKCA UTPAET
Ba)KHYIO POJIb B TOJIBMYKHOCTH O€JIKOB U I€JIOCT-
HOCTH CTPYKTYpPbI MEMOpaH 3PUTPOIIUTOB.

ITporecchl TEPEKUCHOTO OKHMCTIEHUS JINIIHU-
AO0B MOT'yT OBITH OCHOBHBIM MEXaHU3MOM peopra-
HU3aI1 OEJTKOBBIX CTPYKTYP, 00pa30BaHUSA MOP B
JIMITUITHOM 6I/IC.J'IO€, IMMOBBIIIIEHWA KOHIEHTPAIun
MaJIOHOBOTI'O JUAJIbJer1/1a, yBeJINUeHHs IIpoliecca
BE3UKVJIAIIMM BO BpeMms xpaHeHus [23, 24, 35].
CHeKTpMHOBBIM MAaTPUKC TakK)Ke IOJBepsKeH
MIOBPEKIAIOIIEMY BO3JEHCTBUIO paJuKajaoB. B
pes3yJIBTaTe MOKeT IIPOM30UTH HapyIleHne KOM-
IIJIEKCa CIEKTPUH — aKTUH — 4.1R 11 cBA3U Mex Iy
CIIEKTPUHOM ¥ OesikoM moJiockl 3. OciabieHne
CBA3U MEX Y JIUMITUTHBIM ouca0eM u CIIEKTPHUHO-
BBIM MaTPUKCOM BJIASIET HA YMEHBIIEHNE CTAONTh-
HOCTA MeMOpaHHOTO IIUTOCKEJeTa, W3MeHEeHHe
(popMBI KIIETOK ¥ HAHOCTPYKTYPHI NX MeMOpaH [34,
36]. Kpome Toro, BcaencTBrE AeHaTypaluyi reMo-
IOOMHA MOKET IMTPOU30UTH KJIaCTepu3arus OeJi-
KOB TOJIOCHI 3. PaKTUUECKH, KIaCTEPHl OETKOB
MTOJIOCHI 3 TIOSIBJISIIOTCA HAa MeMOpaHe BO Bpems
CTapeHus Kak In vVivo, TaK U in Vilro n sIBJASIIOTCA
CUTHAJIOM [JIA «yIaJI€eHUsA» KJIETKU IIOCPEICTBOM
nputoka IgG Ha kiteTku [38-40]. CiioskHBIE HEoOpa-
TUMBbIE M€M6paHHbIe U3MEHEHUA IPUBOIAT K
TpaHcopManuu JUCKOIIUTOB B TIJIOXO e opmu-
pyemble chepOaXUHOIUTHI C TOBBIIIIEHHON aJIre3u-

In addition, the denaturation of hemoglobin results
in clustering of band 3 proteins. In fact, clusters of
band 3 proteins appear on the membrane during
aging both in vivo and in vitro and can trigger cell
«elimination» through influx of IgG on cells [38-40].
Complex irreversible membrane changes lead to the
transformation of normally shaped RBCs into poorly
deformable spherocytes and burr cells with in-
creased adhesion to the endothelium [41] and sus-
ceptibility to phagocytosis [42].

Clinical Research

In clinical practice, blood transfusion is
performed to restore the gas-transport function
of red blood cells. Storage time and quality of
the donor RBC suspension can significantly af-
fect the frequency of post-transfusion complica-
tions. It is clear that «young» RBCs function bet-
ter than «old» RBCs, since the storage is
associated with severe damage to red blood cells
due to oxidative processes.

Various animal models (e.g., mice, guinea
pigs, dogs, sheep) have been used to study the mo-
lecular disorders of red blood cells and the causes
of complications in relation to storage
times [42-49]. Studies in rats have shown that trans-
fusion of red blood cells stored for more than 21
days («old») impaired tissue oxygenation, while
transfusion of RBCs stored for only 3 days increased
oxygen delivery to tissues [46, 47]. In a study of
stored murine erythrocytes, a decrease in the pro-
portion of surviving cells depending on storage
time was found [48]. Thus, the mean 24-hour sur-
vival rates of transfused erythrocytes were 99%,
91%, 64%, 54%, 30%, and 18% after 0, 7, 14, 21, 28,
and 35 days of storage, respectively. Dong Wang et
al. demonstrated that transfusion of «old» RBCs to
dogs increased lung damage and mortality [49].
The authors suggest that this was due to increased
hemolysis in vivo and elevated free hemoglobin
levels. Nevertheless, observations on animal mod-
els provide more insight into abnormalities devel-
oping during storage of erythrocytes but cannot be
fully extrapolated to humans.

Diverse complications and reactions after
blood transfusion of «old» RBCs have been reported
in clinical studies. The first thing that can be af-
fected by the transfusion of «old» RBCs is tissue
oxygenation. In a study of blood transfusion of
RBCs stored for more than 15 days, Marik et al. ob-
served a reduction in gastric pH in 23 patients with
sepsis [50]. The authors suggested that transfusion
of «old» RBCs with reduced deformability can cause
severe adverse consequences associated with mi-
crocirculatory disorders and subsequent tissue is-
chemia. A study by Kiraly et al. showed that patients
transfused with RBCs stored for more than 21 days

had reduced tissue oxygenation [51].
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el K 9H/10Te IO [41] ¥ TOBBIIIIEHHON BOCHPUUMYH-
BOCTBIO K (paroruram [42].

KanHnunueckue HCCJIEIJOBaAHUA

B kIMHMYECKOH NTpaKTHKe reMoTpaHcdysus
MIPOBOJIUTCSI C I1€JIbI0 BOCCTAHOBJIEHUSI FA30TPAHC-
NOPTHOH (pyHKIMU spuTpOouUTOB. [Ipy aTom cie-
JyeT OTMETUTh, YTO CPOK XpPaHEHUA U Ka4eCTBO
JIOHOPCKOM 9PUTPOIUTAPHON B3BECU OKA3bIBAIOT
CyLIeCTBCHHOE BJIMSHUME HAa BO3HUKHOBEHUE
OCTTPaHC(y3UOHHBIX OCJ0KHeHUU. [IoHATHO,
YTO «MOJIOJbIe» 9PUTPOIUTHI MOTYT (DYHKIIMOHU-
poBaTh JIydille, YeM «CTapble» IPUTPOIUTHI,
IIOCKOJIBKY IPOLIECC XPaHEHUsI CBSA3aH CO Cepbea-
HBIMU HapyILIEHUAMHU 9PUTPOLUTOB U3-3a OKUCIIU-
TeJIbHBIX ITPOIECCOB.

OpgHUM U3 METONOB U3Y4YCHUSA MOJICKYJIAP-
HBIX HapyIlIeHUH 9pUTPOIIUTOB U IPUYUH BO3HUK-
HOBEHUS OCJI0OYKHEHUU B 3aBUCUMOCTH OT CPOKOB
XpaHeHUus SABJSAITCA pa3JUYHbIE MOJEJU Ha
SKUBOTHBIX (HalIpUMeDP, MBIIIIHA, MOPCKHE CBUHKY,
cobaku, oBITbI) [42-49]. McciemoBaHus Ha KPbICax
MMOKa3aJi, uYTo IepejIMBaHue 9PUTPOIIUTOB, Xpa-
HUBIIUXCA OoJsiee 21 MHs («CTapbIX»), YXyIIIAeT
OKCHUTeHAIMI0 TKaHel, ToTrJa Kak IeperuBaHue
APUTPOLUTOB, XPAaHUBIIMUXCA TOJBKO 3 IHA, yBe-
JIAYUBAJIO JOCTABKY KUCJI0pOJa B TKaHU [46, 47].
[Ipn wmccaeqoOBaHUU XPAHUBIIUXCSA MBIITAHBIX
9PUTPOIUTOB OBLIO YCTAHOBJIEHO CHIKEHHE JIOJTH
BBDKUBIIIHUX KJIETOK B 3aBUCUMOCTHU OT BpEMEHU
xpaHeHud [48]. Tak, cpenHada 24-4yacoBasi BBIYKU-
BAEMOCTb ITepPeJIUTBIX 3PUTPOIIUTOB cocTaBrIa 99,
91, 64, 54,30 1 18% nocse 0, 7, 14, 21, 28 u 35 nHel
XpaHeHus, COOTBeTcTBeHHO. Dong Wang 1 coasT.
MIPOJIEMOHCTPUPOBAJIH, UTO IIepeTUBaHIEe OoJjee
CTapbIX IJPUTPOIUTOB cobaKkaM YBEJTUYHUJIIO
IIOBpEKACHUE JIETKUX U JIETAJIbHOCTD [49]. ABTOPBI
MIPEJIIIOJIAraloT, YTO 3TO OBLIO CBA3aHO C YBeIUYe-
HMe reMOoJIv3a i1 Vivo U yBeJIMYEeHUEeM YPOBHSA CBO-
6oxgHOro remoryioouna. Tem He MeHee, HaOJIIOIE-
HM Ha KABOTHBIX MOJIEJISIX He MOT'YT IIOJTHOCTBIO
OBITH 9KCTPATIOTMPOBAHBI HA Y€JIOBEKA U CJTy>KaT
JIJIs1 yCTAaHOBJIEHNUSI HOBBIX 3HAHWH O IMaToJioruye-
CKHUX MOpolleccax, BOSHUKAWIINX ITPU XpPaHEHUU
3PUTPOLIUTOB.

OnuckiBaeMble B KJIMHAYECKHX HCCJIeI0Ba-
HUSIX OCJIOYKHEHMS U peaKIUU 110cJjie reMoTpaHcgy-
3UH «CTAPBIX» IPUTPOITUTOB pasHOOOpasHEI. [lep-
BO€, HAa YTO MO>KeT OKa3aTh BJAMSHNE IIepeJIiBaHne
«CTapbIX» 9PUTPOIUTOB — OKCUTEHAITNIO TKaHel. B
HCCJIeIOBAaHUM TeMOTpaHC(y3nu SPUTPOIUTOB,
XpaHUBIIUXCS OoJtee 15 THeH, y 23 maIeHToB ¢ Cell-
crucoM Marik 1 coaBT. HaOTIOMAN CHUKeHNEe pH B
skestyake [50]. ABTOPBI IIPEAIIOI0MKNIIM, UTO IIepesIn-
BaHME «CTapbIX» IPUTPOIUTOB CO CHUIKEHHOU UX
e OpMHUPYEMOCTBIO MOSKET BBI3BATh TSYKeJIbIe
I1aTOJIOrMYeCKYe II0CIeACTBYSA, CBsI3aHHbIE C Hapy-
LHICHUAMUA MUKPOLUPKY/IALNUYU, YTO, B CBOIO O4Ye-

Several studies have found an association be-
tween transfusion of relatively «old» RBCs and clin-
ical outcomes in trauma patients. Zallen et al. stud-
ied 63 trauma patients, 23 of whom developed
multiple organ failure [52]. These patients were
transfused from 6 to 20 RBC units older than 14 and
21 days of storage in the first 12 hours after the
trauma. The authors concluded that the storage
time of transfused RBCs is an independent risk fac-
tor for the development of multiple organ failure.
Weinberg et al. noted that trauma patients who re-
ceived transfusions of «old» RBCs (more than 14
days of storage) had acute renal dysfunction within
24 hours of admission [53]. In another retrospective
analysis of 202 patients, transfusion of RBCs stored
for more than 28 days resulted in deep vein throm-
bosis and death from multiple organ failure [54]. A
study of 678 patients with severe trauma requiring
massive blood transfusions showed that transfusion
of RBCs (older than 22 days of storage) resulted in
death within 24 hours [12]. It was noted that the
number of transfused red blood cell units was more
than 10, therefore not only the age of transfused ery-
throcyte suspension, but also its volume should be
considered. Other authors suggest to take into ac-
count the age of each RBC unit and the number of
transfused units [55], as they also noted mortality
rates after massive blood transfusion using «old» red
blood cells. Some studies have reported in-hospital
mortality, impaired lung, heart and kidney function
after transfusion of RBCs in patients with cardiovas-
cular disease or post cardiac surgery [56-59].

Another randomized study evaluated pul-
monary artery pressure and pulmonary vascular re-
sistance index in relation to the age of RBCs used
for transfusion [60]. As a result, both pulmonary ar-
tery pressure and pulmonary vascular resistance
index were higher when transfusing erythrocytes
stored for 21 days than when using «young» ery-
throcytes (less than 14 days). The researchers also
reported that damage to the glycocalyx may con-
tribute to pulmonary vasoconstriction associated
with transfusion of stored red blood cells.

In patients with such diseases as sickle cell
anemia, thalassemia, myelodysplasia or aplastic
anemia, blood transfusion is the mainstay of treat-
ment, aiming not only to increase the oxygen-car-
rying capacity of the blood but also to reduce the
complications of vasoconstriction. However, RBC
transfusion itself can cause acute and chronic com-
plications, including iron overload, hypercoagula-
tion or delayed alloimmunization [61, 62]. Transfu-
sion of «young» RBCs has been shown to be more
effective in patients with sickle cell anemia [63, 64].

Blood transfusion in patients with sepsis was
accompanied by the nosocomial infections, acute
lung and kidney injury [65, 66]. Studies [67, 68] have
shown that increased concentrations of non-trans-
ferrin bound iron after blood transfusion increased
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pelb, MOKET IIPUBECTH K UIlIeMUU TKaHel. Mcciie-
noBaHue Kiraly 1 coaBT. mokasaso, 4To y nanueH-
TOB, KOTOPBIM IIepeINBAINA IPUTPOLUTHI, XPAaHUB-
muecss 6osiee 21 1HA, CHUMKAIOCH HACBIIEHHUE
TKaHeu kucaopoaom [51].

B psame paboT ycTaHOBJEHA CBS3b MEKIY
repesuBaHEM OTHOCHUTEJIHHO 0OJIee «CTapbhIX»
9PUTPOLUTOB U KJIIMHUYECKUMU UCXOaMU y ITary-
eHTOB ¢ TpaBMamu. Zallen u coasT. ucciienoBaiu
63 manueHTa ¢ TpaBMaMy, y 23 U3 KOTOPbIX BO3-
HUKJIAa II0OJIMOpPraHHas HENOCTAaTOYHOCTBH [52].
ITHUM MaIeHTaM IepesImBaIu oT 6 1o 20 e TUHAILL
9PUTPOIIMTOB BO3pacToM crapiie 14 u 21 gHel
XpaHeHus B IlepBble 12 4acoB IIOCJIE€ TPaBMBI.
ABTOpPBI KOHCTAaTUPOBAJIY, YTO CPOK XpaHEHHUS
IepeuBaeMbIX 9PUTPOLIUTOB ABJIACTCSA HE3aBU-
CUMBIM (PAaKTOPOM PUCKA pa3BUTHS IOJIUOPTaH-
HOU HemoctaToyHOCTH. B pabore Weinberg n
COAaBT. OTMEUYEHO, YTO y HAI[UeHTOB C TPaBMOH,
MepeHecIInX NepejIMBaHne «CTapbIX» 3PUTPOIH-
TOB (Oojiee 14 mHel XpaHeHWs), B TeueHUe 24
YacoB IOCJIe MPUOBITHS B 00JBHUITY TOSBJISLIIACH
ocTpas noueuHasa nucyHkuus [53]. B gpyrom
peTpOCIeKTUBHOM aHaausde 202 nanyueHToB Ipu
TpaHCy3UU IPUTPOIIUTOB OOJIbIIIE 28 THSA XpaHe-
HUS HabJ/TI01a/Icst TPOMO03 TTTyOOKHX BEH U HACTY-
rnajia cMepTh OT MOJUOPraHHOU HeI0CTAaTOYHO-
ctu [54]. HcciaegoBanue 678 mnDammMeHTOB C
TSYKEJION TPaBMOM, KOTOPBIM TpeboBaI0Ch Mac-
CHBHOeE IIepeJIMBaHue KPOBY, [10Ka3aJIo, 4To Iepe-
JIMBaHME 9PUTPOLMUTOB (CTapiie 22 nHeu xpaHe-
HUs) IPUBOAUJIO K CMEepTU B TedyeHue 24
qacos [12]. IIpu 9TOM 0TMEYaJ0Ch, 4TO KOJINYe-
CTBO TIEPEJSIUTBHIX EJUHUI] IPUTPOIUTOB OBLIO
OosbIrre 10, TO3TOMY CJI€IyeT YIUTHIBATH HE TOJTh-
KO BO3pacT IlepesuBaeMoi OB, HO Takke ee
06beM. J[[pyrue aBTOPHI IpU TpaHCy3UH IpeJa-
raloT YYUTBIBATh BO3PACT KasKI0U eIUHUIIBI 9PUT-
POLIUTOB M KOJIMYECTBO IIePEIUTHIX efuHuL] [55],
IIOCKOJIBKY OHU TaKsKe 0TMeYaloT BBICOKUU ypo-
BeHb CMEPTHU IAIMEeHTOB I10CJIe MACCUBHOH reMo-
TpaHC(Y3UH C UCIOJb30BAaHUEM «CTAPBIX» 9PUT-
pouuToB. B psme uicciemoBaHuil cO0OIIAIOCH O
BHYTPUOOJbHUYHON JIETATLHOCTH, HAPYIIEHUN
(PYHKIIUM JIETKUX, CEPALIA U II0YEK II0CJIe IIepesi-
BaHWA JIPUTPOLUTOB NAUUEHTAM C CEpAEYHO-
COCYIHCTBIMU 3a00/IeBaHUSAMU WJIH TIEPEHECIIINX
onepanuu Ha cepnaiie [56-59].

[pyroe pangoMu3UpOBaHHOE UCCIEN0BaHNE
OBI7I0 HAaITpaBJIEHO HA OLIEHKY JaBJIEHUS B JIETOY-
HOW apTepUU U UHIEKC COIIPOTUBJIEHUS JIETOYHbBIX
COCyJIOB B 3aBUCHUMOCTH OT CPOKA MCII0JIb3yEeMBbIX
apUTpOLUTOB AJ1s1 TpaHcdysuu [60]. B pesymnsrare
KaK JlaBJIeHle B JIETOUHOU apTepuy, TaKk U UHEKC
COIIPOTUBJICHUS JIETOYHBIX COCYI0B CTAHOBUJINCH
OoJIBIIIE TPY IIEPEeTMBAHIH 9PUTPOIIUTOB, XPAHUB-
IIUXCA B TedeHue 21 TH:A, 4eM [IPX UCII0JIb30BaHUN
«MOJIOJIBIX» IPUTPOIUTOB (MeHee 14 nHeil). [Ipu
9TOM OLEHHUBAJIOCh COCTOsIHME INIMKOKAJMUKCA.

proliferation of certain bacterial species in vitro.
Consequently, circulating non-transferrin bound
iron from the transfusion of «old» RBCs may in-
crease the risk of infections. Another study pointed
out vascular constriction in patients with sepsis
suggesting that poorly deformable RBCs entering
the microcirculation could cause tissue hypoxia
and patient’s deterioration [69, 70].

During open-heart blood transfusion in chil-
dren, the incidence of postoperative infection was
significantly higher in those who received «old»
blood (25-38 days) compared with children who re-
ceived «young» RBCs (7-15 days) [71, 72]. Transfu-
sion of RBCs stored for more than four weeks sig-
nificantly increased the concentration of free
hemoglobin, serum iron, and non-transferrin
bound iron [73].

Clinical Consequences
of RBC Molecular Structure Disorders

Most molecular changes that occur in erythro-
cytes during their storage are well known and include
metabolic alterations accompanied by reduced ATP
and 2,3-diphosphoglycerate concentrations, de-
creased pH, impaired membrane ion permeability,
formation of pores in the lipid bilayer, vesiculation,
and abnormal erythrocyte morphology [18, 24].

Earlier we have shown [74, 75] that the nanosur-
face parameters of erythrocyte membranes can be
used as a criterion for evaluating the quality of donor
blood for transfusion. Local defects in erythrocyte
membranes resulting from storage were found to alter
cell morphology. Particularly severe membrane
nanosurface changes were observed after 19 days of
storage. The detected nanosurface abnormalities pro-
vided the basis for the idea [74] to study the spectrin
matrix alterations during RBC suspension storage.

During the storage of the erythrocyte suspen-
sion for 42 days, the conformation of the spectrin
matrix changes [76]. By the end of the storage pe-
riod the pore size of the spectrin matrix increased
more than twofold. At the same time the pore size
of the spectrin matrix was observed to sharply in-
crease after 19-21 days.

A study [76] has already noted a transition pe-
riod (20-26 days), in which the authors observed a
1.6-2-fold increase in the Young's modulus of mem-
branes and irreversible morphological changes. Ex-
actly in this period, the separation of red blood cells
into «young» and «old» ones has been shown in
clinical studies.

Figure shows the storage period when the
structural changes in spectrin and Young's modu-
lus were observed, highlights the timing of post-
transfusion complications in the clinic and lists the
complications that occurred in patients.

The duration of blood storage period, after

which post-transfusion complications in the clini-
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AcconHanysa CTpyKTypPHbIX H3MeHeHH# pa3Mepa (L) CIeKTpMHOBOT0 MaTPHUKCA U MeXaHUYecKHX cBoicTB (E) MeMOpaH apuT-
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nepuoj.

Association of structural changes in size (L) of spectrin matrix and mechanical properties (E) of RBC membranes which devel-
oped after 19-21 days of storage, and post-transfusion complications during this period.

IIpumeuanue. nm — HM; kPa — kI1a; days of storage — quu xpaneHnwust; post-transfusion complications — nocrrpancgy3noHHbIE
ocJioskHeHus; multiorgan failure — noJsimopranHas He[JoCTaTOYHOCTH; increased frequency of pneumonia — yBesiueHue 4acTOThbI
nHeBMOHMY; increased susceptibility to infections — noBbIIIeHHAss BOCIPUUMYHUBOCTE K HH(pekuam; reduced gastric pH — cau-
skeHue skestygouHoro pH; ischemia — umemust; acute lung injury — octpoe nospeskaenue jerkux; acute hemolysis — ocTpbrit

remoJins; acute heart failure — octpas cepaednast He1OCTaTOYHOCTb.

[ToBpesxeHre IMTUKOKATINKCA MOKET CITIOCOOCTBO-
BaTh JIETOYHON Ba30OKOHCTPUKINY, CBSI3AaHHOM C
reMoTpaHc]y3uelt XpaHAIIUKCA 9PUTPOIUTOB.

VY mamueHTOB C TAaKMMHU 3a00JIeBaHUIMU
KaK CEpIOBUIHOKJETOYHAsI aHEMUs, Tajgacce-
MU, MHUEJOIUCIIIAa3us WX aljiacTudecKas
aHeMus IepeanBaHe KPOBU SBJISETCS OCHO-
BOW JiedyeHMsI, HAaIPpABJEHHOT0 He TOJHbKO Ha
yBeJIN4eHNEe CIIOCOOHOCTH KPOBY NEPEHOCUTH
KHCJIOPOJ, HO ¥ HAa YMEHbIIIEeHNEe OCIOKHEHUN
Ba3ooOKKI03WU. OMHAKO caMO IepeanBaHUeE
9PUTPOIMTOB MOKET BHI3BATh OCTPHIE Y XPOHHU-
YecKHe OCJIOKHEHHWsI, BKJIOYas Neperpysky
OopraHu3Ma JKeJjie30M, TUIEePROATYIAINNAI0 WU
pa3BUTHE AJIJTOUMMYHHU3AINHU C TEYEHNEM Bpe-
MeHH [61, 62]. OTMeuaeTcs, 4YTO NepeJuBaHue
«MOJIOZIBIX» IPUTPOIUTOB MOKET OBITH OoJjee
3 eKTUBHBIM JIJI MAIIUEHTOB C CEPHIOBUIHO-
KJIETOYHOU aHeMuew [63, 64].

cal setting and changes in biomechanical proper-
ties of erythrocyte membranes increase, can be
used as a biomarker of intensive pathological
processes in donor blood during its storage.

Conclusion

Blood transfusion is one of the most common
procedures in critically ill patients. However, avail-
able scientific evidence shows that during long-
term storage RBCs undergo significant structural
and metabolic alterations, which can eventually
lead to their functional impairment. The use of rel-
atively «old» RBCs in the clinic increases the risk of
post-transfusion complications. Although there are
obvious differences between the «young» and «old»
blood, the pathophysiological distinctions remain
unclear. Large clinical and scientific molecular re-
search may throw light on these issues.
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Reviews

lemorpaHcdy3uss namueHTamM C CEencrucoM
COTIPOBOZK/IAIaCh BOSHUKHOBEHWEM BHYTPUOOJIh-
HUYHOHN MH(EKIUH, OCTPOTO ITOBPEKAEHNSI JIETKUX
U IoYek [65, 66]. B nuccaeqoBauusax [67, 68] ObLIO
TIOKa3aHOo, YTO TOBBIIIEHHbIE KOHIIEHTPAIIUN He
CBSI3aHHOTO C TpaHC(EeppHUHOM 3Kejie3a Iocye
reMOTpaHC(y3uyd YCUIMBAJIO HIPoJUdepanuio
HEKOTOPBIX BUIOB OakTepuii in vitro. CemoBaresb-
HO, IUPKYJIMpPYIOlllee He CBsI3aHHOe ¢ TpaHc(eppu-
HOM 5KeJjie30, I0JIy4eHHOE B pe3yJIsTaTe IepesinBa-
HUSI «CTapbIX» 3PUTPOIUTOB, MOKET YCHUJIMBATH
PUCK BOSHUKHOBeHUs1 UH(eEKIUI. B npyrom uccie-
JIOBAaHWM OTMEYEHO, YTO Y IMAIUEeHTOB C CETICCOM
CY’KeHBI COCY/IbI, a 3HAYUT TIJIOXO J1e(hOPMHUPYIO-
IITAECsI 9PUTPOIUTHI, TOTIABIIIIE B MUKPOITUPKYJIS-
TOPHOE PYCJIO, TPUBEAYT K THUIOKCUU TKaHEW U
YXyJILIaT COCTOAHNE NalueHTos [69, 70].

ITpu mpoBeaeHny TpaHC(y3UH Ha OTKPHITOM
cepale y JeTell 4acToTa IOCJIeoleparioHHON
VHMEKNN OblIa 3HAYUTEJIHHO BBIIIE Y TEX, KTO
MOJIyYUJI «CTapylo» KpOBb (25-38 nHen), 1o
CpaBHEHHUIO C JIETbMU, IOJYYAIOIINMU «MOJIOJIbIE»
aputpoumTsl (7-15 nHeit) [71, 72]. [leperuBaHue
9PUTPOIUTOB, XPAHUBIIINXCS B TedueHUWe OoJjee
YeThIpeX HeJeJIb, 3HAYNTETHHO YBEJIMINIIO KOH-
IIeHTPAaIIo CBOOOTHOIO0 reMOTJI00MHA, CBhIBOPO-
TOYHOTO sKeJjie3a U He CBSI3aHHOTO C TpaHcdeppu-
HOM sKeJjie3a [73].

KummHn4Yeckue nocjaeacTBUsA
HapylIeHUH MOJIeKYJISPHOMI
CTPYKTYPHI 9pUTPOLIUTOB

C MOJIERYISIPHOM TOYKU 3pEHUSA OOJTBIIIH-
CTBO U3MEHEHUH, IPOUCXOAAIINX B 9PUTPOLIUTAX
IIPY UX XPaHEHUH, XOPOIIIO U3BECTHBI ¥ BKJIIOYAIOT
M3MeHEeHUsI MeTabOoJIMIECKIX MPOIIECCOB, COMPO-
BOYKJAIOINIMUXCA yMEHBIICHWEM KOHIEHTpaluu
AT® u 2,3-qudocdornunepara, CHUKEHUEM YPOB-
HA pH, HapylleHreM HMOHHON IPOHUIIAEMOCTHU
MeMOpaH, 00pas3oBaHMEM TIIOp B JHUIHIHOM
Oucii0e, BOSHUKHOBHUEM BE3UKYJIAINY, N3MeEHE-
HHEeM Mop(doJIoruu IPUTPOIUTOB [18, 24].

Panee B Hammux paborax [74, 75] ObLI0 TTOKa-
3aHO, YTO TapaMeTPhI HAHOIIOBEPXHOCTH MEMOpaH
9PUTPOIUTOB MOTYT OBITH HMCIIOJH30BAHBI KaK
KpUTEpUIl OIeHKN KauecTBa JTOHOPCKOW KpPOBU
JUJIs1 TpaHcy3un. BeLiu oTMedeHo, YTO BO3HUKAaB-
1IMe B Npolecce XpaHeHUs JIOKaJIbHbIe 1e(eKThI
MeMOpaH 3pUTPOIUTOB MPUBOIUIIH K U3MEHEHUIO
Mopdosiornn KJeTok. OcobeHHO WHTEHCUBHOE
pa3BuUTHE U3MEHEHUU HAHOIOBEPXHOCTU MeM-
Opan HabJOoMa0Ch Tocsae 19 mgHel XpaHeHUs.

Jlureparypa

1. Jiao C., Zheng L. Blood transfusion-related immunomodulation in
patients with major obstetric haemorrhage. Vox Sang. 2019; 114 (8):
861-868. PMID: 31587289. DOI: 10.1111/vox.12845.

2. Culp-Hill R, Srinivasan A.J., Gehrke S., Kamyszek R., Ansari A., Shah
N., Welsby I., DAlessandro A. Effects of red blood cell (RBC) transfu-
sion on sickle cell disease recipient plasma and RBC metabolism.

3apuKcupoBaHHble U3MEHEeHNs1 HAHOIIOBEPXHO-
CTH OBLIIN TIOJIO’KEHBI B OCHOBY Ujieu [74] uayde-
HUA IMHAMUKU U3MEHEHUs CIIEKTPUHOBOIO Mar-
pHKca IIpu XxpaHeHnu IB.

Bo BpeMs1 xpaHeHUsI apUTPOLIUTAPHOU B3Be-
CH Ha IPOTSHKeHUU 42 NHel IPOUCXOAUT U3MeHe-
HUe KOH(MOpMAaluu CIEKTPUHOBOIO MaTpHUK-
ca [76]. K KOHIly CpOKa XpaHeHUsI pa3Mepbl IIOp
CIIEKTPUHOBOTO MaTpPUKCa BO3pacTaIn OoJiee 4emMm
B 2 pasa. B To ke Bpems ObLIO 3aMedeHO, YTO
nocJje 19-21-ro nHa pa3mep nop CHEKTPUHOBOTIO
MaTpHUKCa HAYMHAJ PEe3KO YBeJIMYUBAThCS.

B pabore [76] yske oTMedasioch, YTO CYyIIe-
CTBYyeT IlepexoHbIi nnepuoy (20-26 nHu), B KOTO-
poOM aBTOPBI HAOJIIONATN yBEJTMYEHWE MOMIYJIS
IOura mem6pan B 1,6-2 pasa u mepexo KJIETOK B
HeoOparumble (opMbl. FIMEHHO B 9T CPOKH B
KJIMHUYECKUX UCCIIeNOBAHUAX [I0KAa3aHO pasjeJie-
HUE 9PUTPOIIMTOB Ha «MOJIObIE» U «CTapbIe».

Ha pucyHke IIOKasaH Iepuoj XpaHeHusd, B
KOTOPBIN HAOJTIOAAINCh CTPYKTYPHbIE N3MEHEHU S
crnexkrpuHa u monynda IOHra, a Takyke OoTMedeH
IepUo]; BOSHUKHOBEHUS MOCTTPAHCPY3NMOHHBIX
OCJIO’KHEHUH B KJIVHUKe U IepeunCIeHbl BO3HU-
Kalolllye OCJIOKHEHUA y TalleHTOB.

YuncnaenHoOe coBIIaieHUE IIEpUoia XpaHEeHU
KPOBY, IIOCJIE KOTOPOT'0 YCUJIUBAIOTCA IIOCTTPAHC-
(y3uOHHBIE OCTI0KHEHUsI B KJIMHUKE U U3MeHe-
HUsI GMOMeXaHUYeCKIX CBOHCTB MeEMOpPaH 3puUTpPO-
[INTOB, MOKET MICIOJb30BAThCA KaK OMOMapKep
WHTEHCUBHOI'O PAa3BUTHUA IIATOJIOTMYECKUX IIPO-
1IECCOB B JOHOPCKOM KPOBHU IIPU €e XpaHEeHUU.

3akJiroueHue

Iemorpancdysus saBasgeTcs OgGHON U3 caMbIX
pacnpoCTpaHeHHBIX IPOLeypP Y AllUeHTOB, HAXO0-
IAMAXCA B KPUTHYECKOM COCTOsSHMHU. OgHAaKO
HMeIolrecs HayYHble JaHHble I0KA3bIBAIOT, YTO
BO BpeMsA JAJIATEJbHOI0 XPAHEHUsI 3PUTPOLUTHI
II0JBEPralOTCs 3HAYUTEJbHBIM CTPYKTYPHBIM U
MeTaboJIMYeCKUM U3MEHEHHSIM, KOTOPbIe B UTOTe
MOTYT IIPUBECTH K HAPYIIEHUIO UX (PYHKIIMOHAIb-
HBIX CBOICTB. Vcro/ib30BaHUe B KIIMHUKE OTHOCH-
TEJIBHO «CTApPbIX» SPUTPOIUTOB YBEJIUUYUBAET PUCK
BO3HMKHOBEHUS IIOCTTPAHC(Y3UOHHBIX OCJIOKHE-
Huii. OTBeT Ha BOIIPOC O TOM, €CThb JIU pa3HHUIla
MEKIY «MOJIOJIOM» U «CTapPO» KPOBBIO, KAYKETCS
OJHO3HAYHBIM «J1a», OMHAKO OCTAETCs HEACHO, B
4eM COCTOAT NaTOo(U3UOJIOTUYECKHEe OTINYUS.
[TpoBenenue 60IBIMINX KINHUYECKUX U HAyYHBIX
HCCcIIeloBaHUN Ha MOJIEKY/IIPHOM YPOBHE B COBO-
KYITHOCTY MOTYT HAalTH OTBETHI Ha 3TH BOIIPOCHI.
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