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n recent years, much attention has been paid to the excellent oxygen transport
properties of Hemoglobin-based oxygen carriers (HBOCs), which deliver oxygen
to organs and tissues via arterial blood by binding oxygen and carbon dioxide
via venous blood back to the lungs for respiratory elimination from the body.
Studies have shown that HBOCs, which are characterized by low immunogenicity,
little risk of hemolytic reaction, low viscosity, and enhanced diffusive oxygen
transport, can show excellent results in clinical applications in the field of organ
transplantation. Early HBOCs generations had a short intravascular circulation

life-time, could cause vasospastic and toxic side effects induced by free hemoglo-
bin circulation. Polymerization of hemoglobin molecules significantly increased
the size of acellular hemoglobin, thus minimizing the extravasation and prolonging
their half-life in intravascular circulation, and was considered to be the key factor
in mitigating the vasoconstriction effects.

The aim of this paper is to provide an in-depth review of the current status
of research and application of HBOCs in organ transplantation, as well as to look
forward to their future application in this field.
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nocnefHue rofbl 60bLI0e BHUMaHIE YAENAETCA KUCTOPOAHO-TPAHC-
MOPTHBIM CBOCTBAM NEPEHOCUMKOB KICNOPOAA HA OCHOBE FeMOoro-
6uHa (HBOCs), koTopble cnocobHbl (BA3bIBATL KNCIOPOA B ErKNX
11 I0CTABNIATD €10 K OpraHam 1 TKaHAM Yepe3 apTepuasbHyK KpoBb
ans obecneyeHns TKaHeBOro AbixaHua. ccnefoBaHus nokasanu, uto
HBOCs, xapakTepu3yrLimeca HU3Koil UMMYHOTEHHOCTbI0, MabiM PUCKOM
TeMONUTINYECKON peaKLmin, HU3KOI BA3KOCTbIO 1 YyULLEeHHbIM AN dy3u-
OHHbIM NEPEHOCOM KNCII0POAa, MOTYT NOKA3aTb XOPOLLMe Pe3yNbTaTbl Npu
KNUHMYECKOM NPUMEHEHNM B 06M1aCTH TPAHCNNIAHTaLMM OpraHoB. PaHHue
nokonexua HBOCs umenu KopoTKoe Bpemsa BHYTPUCOCYANCTON LIMPKYNA-
LN M3-3 HECTOIMKOCTY TeTpamepa reMorno6uHa, Bbi3biBanu no6ouHble

Ba30CnacTnyeckme 3GHeKTbl U TOKCMUHOCTb, 00YCNOBNEHHYIO CBOOOAHBIM
remorno6utom. Monumepusaumna monekyn remorso6uHa crabunusmuposana
TeTpamep NyTeM CLUMBAHMA AUMEPOB BHEKNETOUHOIO reMOrnobuHa, Tem ca-
MbIM MUHUMI3UPYA IKCTPABA3aALMIO U NIPOANEBASA NEPUO BHYTPUCOCYAMCTOIR
unpkynauuu. Monumepnsauma roTapanbierniom CYNTAeTCA KNYeBbIM
aKTOpPOM B CMATYEHUN Ba30KOHCTPUKTOPHBIX IQGEKTOB BHEKNETOUHOTO
remornobuHa.

Llenb AaHHOI CTaTby — AaTb NOAPO6HDIN 0630p COBPEMEHHOMO COCTOAHMA
uccneZioBaHuii M NPUMEHEHNA NepeHOCUINKOB KICI0PO/ia Ha 0CHOBE FeMorfio-
6una (HBOCs) B TpaHCNaHTaLuyi OpraHoB, a TakKe 3arnAaHyTb B OyAyLuee X
1CMONb30BaHMA B 3TN 06MacTu.
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Introduction

The number of new organ failure patients
in China and the United States is as high as
300,000 and 120,000 per year respectively, and
worryingly, less than 20,000 and 40,000 patients
are available for organ transplantation, which
is a huge gap between supply and demand that
leads to life-threatening situations for hundreds
of thousands of patients with organ failure while
waiting for donor organs [1]. Currently, organ
transplantation is considered as one of the most
effective means of treating end-stage organ
failure. However, the global organ shortage has
become a common challenge limiting the deve-
lopment of organ transplantation [2].

Donor organ preservation and post-trans-
plantation Ischemic Reperfusion Injury (IRI) are
important factors affecting the prognosis of or-
gan transplantation. In order to effectively pro-
tect transplanted organs, various types of pre-
servation fluids have been developed, such
as Collins fluid, University of Wisconsin preser-
vation fluid (UW fluid), histidine-tryptophan-ke-
toglutarate fluid (HTK fluid), etc, and the intro-
duction of these fluids has promoted the rapid
development of organ preservation technolo-
gy [3]. As shown in Figure, ischemia-reperfusion
protective fluid has a protective effect against
ischemia-reperfusion injury in many vital or-
gans. IRI is inhibited or attenuated by regula-
ting different key signaling pathways and genes
in several organs, including heart, liver, brain
and kidneys. However, these preservation fluids
themselves lack oxygen-carrying and oxygen-
releasing functions and fail to provide essential
oxygen to ischemic and hypoxic tissues. HBOCs,
as a class of artificial blood substitutes, are wi-
dely used in preclinical and some clinical studies
as oxygen-carrying products made by cross-
linking or polymerization of hemoglobin of an-
imal or human origin. Chemically polymerized
or modified HBOCs have a long half-life, are
less likely to cause kidney damage, can effective-
ly release oxygen to tissues at low temperatures
and low pH, have a long shelf life, and do not
require crossmatching [5]. In addition, HBOCs
are non-toxic, easy to store, inexpensive, and

can be mass-produced, possessing potential va-
lue and prospects for industrial research and de-
velopment [4]. In the field of cardiac surgery
and organ transplantation, HBOCs potentially
can be used not only for preservation of isola-
ted organs, but also for cardiopulmonary bypass
priming and myocardial protection, showing
a wide range of application prospects [5]. The aim
of this article is to detail the current research
status and promising application prospects
of HBOC:s in various organ transplantation fields.

Heart transplantation

Currently, there are more than 8 million
heart failure patients in mainland China, and
the life expectancy of patients with end-stage
heart failure is only 6-12 months [6]. End-stage
heart failure is the main cause of cardiac death,
and heart transplantation is considered to be
the most effective treatment for end-stage heart
failure, which can improve the condition of re-
cipients, prolong the survival time of patients,
and improve their quality of life [6]. However,
the current effective time of cardiac cryopreser-
vation is only 4-6 h. The longer the preserva-
tion time, the more severe the postoperative IRI
is, and the greater the impact on the recovery
of cardiac function, which may even lead to prima-
ry grafting failure, and myocardial IR is an im-
portant factor affecting the recovery of grafted
cardiac function and the development of the dis-
ease in the late transplantation period [7]. How
to find more effective anti-myocardial ischemia
methods, and thus prolong the preservation
time limit of isolated hearts, improve the pre-
servation effect of cardiac preservation solu-
tion, and reduce the IRI damage, has gradually
become the focus of research. In order to meet
the growing demand for treatment of patients
waiting for transplantation, and remote patients
can receive surgery within the donor heart pre-
servation timeframe, prolonging the preserva-
tion time of isolated hearts and expanding
the range of donor choices have become prom-
inent issues [8]. The oxygen-carrying and oxy-
gen-releasing capacity of HBOC:s is less affected
by temperature than that of blood, and they can
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I/R Protective Fluid
MoTeHyManbHble MeXaHN3Mbl 3aLUTbl OT MLLIEMUYECKUX 1 penepdy3MOHHbIX NOBPEeXAEHU OPraHoB

eppue / Heart/R injury:

1. YBefnueHme Xu3HecnocobHOCTH KNeToK. AHTUOKCUAGHTHBII / Increased

cell viability anti-oxidation.

2. MpotuBoBoCanuTeNbHoliA / Anti-inflammation.

3. AHTanonToTnyeckuit / Anti-apoptotic.

4. 3amepnenue npoLeccos cTaperus knetok / Against cellular senescence
and necroptosis.

5. CHIeHue KOHLEHTpaLwM BHyTpUKneTouHoro Ca* /

Decreased intracellular Ca** concentration.

Regulatory factors:
MIR-206-3P-1, PINK1, PCK, etc.

Heart

Regulatory factors:
C/EBPB, ERK, STAT1, etc.

MNeuenb / Liver/R injury:

1. MpoTusoBocnanuTensHbiii / Anti-inflammation.

2. AHTMOKCUAAHTHBII / Anti-oxidation.

3. VHru6upoBanue HOUALTPALIMN MMMYHHBIX KNeTOK /
Inhibit infiltration of Immune cellbi.

4. YBeNMUeHuE XU3HeCNOCOBHOCTM KNETOK. AHTUANONTOTECKIiA /

Increased cell viability decrease apoptosis.

Liver

Note: I/R Protective fluid - ischemia-reperfusion protective fluid

still supply oxygen efficiently to oxygen-deple-
ted tissues and organs at low temperatures [6],
which is conducive to prolonging the preserva-
tion time and improving the preservation effect
of the heart [7].

Some researchers used New Zealand rabbit
hearts to conduct related studies, and the re-
sults showed that the left ventricular function
of hearts perfused with 3% HBOCs was bet-
ter than that of hearts perfused with ordinary
preservation solution [9], some researchers have
explored that HBOCs greatly improved the con-
tractile function of the heart, and reduced the area
of myocardial infarction, necrosis, and apoptosis
of cardiomyocytes. Langendorft’s isolated heart
perfusion method was also used to observe
the changes in cardiac function of rat hearts pre-
served in St. Thomas’ fluid containing HBOCs
for 8 h and then reperfused for 120 min. The re-
sults showed that the preserved fluid containing
HBOCs enhanced the rate of change in myo-
cardium and improved left ventricular pres-
sures during reperfusion, reduced the content
of creatine kinase and lactate dehydrogenase
in the coronary effluent and reduced the per-
centage of myocardial infarct area demonstrat-
ing a significant protective effect of HBOCs on
IRI in isolated rat hearts after 8 h of cryostatic
preservation [10]. The delayed protective effect
of bovine HBOC:s for rabbit isolated hearts has
also been investigated. Bovine HBOCs were
added to St Thomas II fluid and left ventricular
developmental pressure and adenosine triphos-

Mo3r / Brain/R injury:
1. HeliponpotekTugHblii / Neuroprotector.
2. AHTranonToTnueckuit / Anti-apoptotic.

Regulatory factors:
NT-a, NK, BCL-2, etc. .
Brain

Mouku / Kidney/R injury:

1. MpotvsoBocanuTeNbHbiit / Anti-inflammatory,

2. AHTHOKCUAAHTHBIA / Antioxidant.

3. AnTnctpeccosbiit / Anti-ER stress.

Kidney 4. AnTnanontotuyeckwmit / Anti-apoptotic.

Regulatory factors:
ATK, TGP-B1, etc.

Figure.

Mechanisms

of Ischemia-reperfusion
protective fluids reducing

ﬂwmeuuwn /Intestinal/R injury:
1.MpoTusoocnanuTenbHbiii / Anti-inflammatory.
2. AHTHOKCUZAHTHBIA / Antioxidant.
3. AHTuCTpeccoBblii / Anti-ER stress.

4. AHTnanonToTuyeckuit / Anti-apoptosis. organ damage
5. CHueHue nepokcuaauuy amnuaos /
Intestinal Reduced lipid peroxidation. PucyHok.
Regulatory factors: 6 %HWKQHMHEMKOWI.EPHOM. U BRI [loTeHuManbHble
\ educed leukocyte infiltration. )
P38MAPK, SOD, CHOP, etc. MeXaHU3Mbl 3aLL{UTbI

OT NLemMmnyecknx
1 penepy3noHHbIX
I'IOBPE)K)J,GHI/IVI OpraHoB

phate (ATP) content of the hearts were exa-
mined after perfusion at room temperature,
and the results showed that bovine HBOCs
could significantly improve the preservation
of the hearts [11]. In conclusion, HBOCs are ex-
pected to be able to effectively prevent myocardial
injury during in vitro preservation of the heart,
reduce the area of myocardial infarction, and
improve the basic function of the heart in order
to prolong the time of in vitro preservation
of the heart.

During direct cardiac surgery, IRI inevita-
bly occurs in cardiomyocytes [10]. Myocardial
protection has always been the focus of cardiac
surgery with a cardiopulmonary bypass, and
good myocardial protection is not only a guaran-
tee of smooth operation, but also an important
influence on the patient’s postoperative recove-
ry and prognosis [12]. Poor myocardial protec-
tion is one of the main causes of low cardiac out-
put syndrome and patients death after cardiac
surgery. As an important part of intraoperative
myocardial protection, cardioprotective solution
plays an important role in preservation myocar-
dial structure, function and metabolism during
surgery [13]. Similarly, ischemia-reperfusion-pro-
tective drugs reduce reperfusion injury in the post-
operative period. There is a review of drugs in cli-
nical trials for ischemia-reperfusion protection
during organ transplantation (Table).

HBOC:s are one-thousandth the size of red
blood cells (RBCs), but have an oxygen-carrying
capacity of 7-9 times that of RBCs [13]. Several
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Table.

Drug name Type of surgery / organ Clinical trial effect / phase Mechanism of action
Summary of the L .
: . . ) . Lessened liver injury and apoptosis S
ischemia-reperfusion Cold IDN-6556 Transplantation / liver markers /I Caspase inhibitor
_pmtemve drugs testgd ischemia- 'PSGL-I Transplantation / liver Liver function improved, kidney P_selectin inhibitor
in organ transplantation reperfusion 9 and kidney function not improved /i
NAC Transplantation/ liver ~ Ameliorated graft failure /Il Antioxidant agent

sodium nitrite

atorvastatin

Percutaneous coronary
intervention / heart

Percutaneous coronary
intervention / heart

Percutaneous coronary

Fewer deaths from arterial
occlusion myocardial infarction / Il

Myocardial infarction mitigation / Il

Reducing the area of myocardial

Anti-inflammatory

Anti-inflammatory

Matrix metalloproteinases

doxycycline intervention / heart infarction in the heart /|l inhibitor
delcasertib F’ercutangous coronary  Noimprovement in myocardial Anti-apoptotic
intervention / heart damage/ Il
TRO40303 !’ercutangous coronary Experiments /i M|tocﬁondr|a| p.errr?e.ablllty
Warm intervention / heart transition pore inhibitor
ischemia- melatonin Angioplasty / heart Experiments /Il Antioxidant effect

reperfusion
Sl Coronary artery bypass

No significant improvement effect /Il Anti-inflammatory

cariporide

graft / heart

Coronary artery bypass

Improves neurotoxicity and

Na* / H*inhibitor

graft/ heart reduces myocardial ischaemia / lll
Mortality from cardiovascular
exelizumab Coronary artery bypass  angiography without valve Inhibition of complement
P graft replacement / heart replacement does not show system
improvement / Ill
. No significant improvement Antagonist of purinergic
MC-1 Cardiography / heart . 9 P 9 P 9
in cardiovascular deaths /Il receptors
Ta6n|/|u,a. L EELETITTL Bup xupypruyeckoro Knunnueckuii spdekr/ MexannaIne eI
MCCJ’IEMOB&HI/IH npenapara BMeLlaTenbcTBa / opraH ¢asaunccnepoBaHusa
CHVXeHne ypoBHA NoBpexaeHna
Npenapatoe C Lienbio IDN-6556 TpaHcnnaHTaumna / neyeHo yp pexa NHrnbutop Kacnasbl
3aLUWThI OT MLLIEMIYECKMX neyeHn n mapkepos anonrtosa/ Il
npene| ¢ 31OHHbIX IO TpaHcnnaHTauus / neyeHb  OyYHKLMA NeYEHU yryyllieHa
penepgy - nwemmsa- rPSGL-lg mpnqum & ¢yHKuI/IFI HoueK Hg i: LILUEH’a /N NHrnéutop P-cenekTrHa
noBpexeHuit penepdysus DRy yny
Pexe cnyvan H TaTOUYHOCTU .
B Xnpypruit NAC TpaHcnnaHTauma / neyeHb XE CIIyHan HEROCTATOUHOC AHTUOKCUAAHTHbIN 3 deKT
1 TpaHCNNaHTaLumn TpchnnaHTaTa/II
opraHoB CHUXeHMe CMepTHOCTM
YpeckoxkHoe KopoHapHoe N o
HuTpuTt HaTpua OT KOPOHAPHOW OKKN03UN MpoTtnBoBOCNANUTENbHBIN
BMellaTenbCcTBo / cepaLie
n nHdapkTa muokapga/ll
YpeckoxkHoe KopoHapHoe CmAryeHune nocnencTenii .
AtopBacTaTuH MpoTmBOBOCNANNTENbHDIN
BMellaTenbcTBo / cepaue  uHbapkTa muokapaa/ll
TS TS YpeckoxkHoe KopoHapHoe OrpaHuyeHne 30Hbl MHapKTa VIHrMbuTop MaTprKCHbIX
E BMeLIaTenbCcTBO / cepaue  Muokapaa B cepaue/ll MeTa/IonpoTenHas
OtcyTcTBME 3ddeKTa AHTNANONTOTMYECKNI
YpeckoxxHoe KopoHapHoe
JNenkacepTtn6 (coxpaHsaeTca nospexaeHne
BMellaTenbCcTBO / cepaLie
murokapga)/ll
WHrnéutop npoH1uaemocTt
YpeckoxHoe KopoHapHoe
Tennosas TRO40303 SkcnepumeHT/Il MUTOXOHAPWASIbHbIX
BMeLLaTeNnbCTBO / cepaLe
nwemmsa- membpaH
penepdysns MenaToHuH Anrvonnactuka/ cepaue  dkcnepumenT/Il AHTUOKCUAAHTHbIN 3P deKT
KopoHapHoe OTCyTCTBME 3HAUYNTENBHOTO ;
STnn nupysat MpoTtueBoBOCNaNUTENbHBIN
WwyHTUpoBaHue / cepaue  3ddekTa/ll
CHUXeHne HePOTOKCMYHOCTH
KopoHapHoe
Kapunopug 1 YMeHbLUEeHNE NEMUYECKNX Na*/ H*unrnéutop
WYHTUpOBaHMe / cepaLe .
nospexxaeHnit mmokapaa/lll
HeT cHuXeHnA cmepTHOCTM
KopoHapHoe WHrnbutop cnctembl
Mekcennsymab nocsne KOpoHapHOro
WYHTUPOBaHe / ceppLe KOMMemMeHTa
wyHTposaHuaA/Ill
HeT cHuXeHuA cmepTHOCTM AHTaroHmcT
YpeckoxxHoe KopoHapHoe 9
MC1 OT CepAey"HO-COCYANCTON nypuHeprnyeckmnx
BMellaTenbCcTBo / cepaLe
HepgocTaTtouHocTw/ Il peuenTopos
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studies have shown that HBOCs can reach
the microcirculation areas which are inacces-
sible for RBCs to achieve. HBOCs can provide
effective oxygenation, rapidly restore myocardi-
al oxygenation after coronary embolism, reduce
the area of myocardial infarction, maintain car-
diac output, and protect the function of the left
ventricle, and at the same time, reduce the myo-
cardial IRI after coronary recanalization, which
reflects the research value of its application
in patients with cardiovascular diseases [10].
Relevant studies have pointed out that the use
of HBOCs before myocardial ischemia and re-
perfusion can significantly reduce the degree
of myocardial inflammation and IRI injury
in canine myocardial membranes. Additional-
ly, in the study of a model of severe myocardial
ischemia caused by acute coronary artery steno-
sis, it was found that HBOCs can significantly
reduce the area of infarction and improve myo-
cardial viability.

Renal transplantation

Kidney transplantation is the treatment
of choice for end-stage renal disease [14], and IRI
is one of the most important factors affecting
graft function in the early post-transplantation
period and has a deleterious effect on long-term
graft survival. HBOCs have been found to at-
tenuate IRI during renal transplantation, effec-
tively improving the quality and prolonging
the preservation of donor kidneys [10]. Normo-
thermic Machine Perfusion (NMP) provides
a new platform for pre-transplant evaluation
and repair of renal grafts. Maintaining the me-
tabolic activity of preserved grafts at the phy-
siological level requires an adequate delivery
of oxygen, which is usually supplied by crystal-
loid solutions supplemented with RBCs. It has
been demonstrated that HBOCs can be used
as a substitute for RBCs in renal NMP preser-
vation [15]. Vanessa Mallet et al. [16] added dif-
ferent doses of HBOCs to UW (University
of Wisconsin) fluid and demonstrated that hig-
her doses of HBOCs were more effective in terms
of cell viability, metabolic activity, and cellular
integrity as demonstrated by endothelial cells
in vitro. In an in vivo porcine kidney autotrans-
plantation model, UW fluid with added HBOCs
was superior to UW fluid for kidney preserva-
tion. Jacques Kaminski et al. [17] used a porcine
autotransplantation model to assess the poten-
tial benefit of HBOC:s in static cold preserva-
tion and mechanical perfusion preservation
for borderline kidney transplantation outcomes.
In the static cold preservation group, there was
no significant benefit during the first 2 weeks
of follow up, but at 1- and 3-months normalized
level of creatinine. And in the mechanically
perfused group, HBOCs improved short-term
and long-term renal function as well as tissue
integrity, with no loss of function or tissue in-

tegrity recorded throughout follow-up. Studies
have shown that HBOCs are good blood sub-
stitute for use as oxygen-carrying molecules
for mechanical perfusion of isolated kidneys [18].

Liver Transplantation

Normothermic Machine Perfusion is a new
technique to preserve liver grafts under near-
physiological conditions and to maintain nor-
mal metabolic activity of the liver; however,
NMP requires an oxygenated perfusion solution
to maintain the oxygen supply requirements
of the normothermic liver, and therefore RBCs
are usually added for oxygenation purposes. It was
found that the oxygen uptake of livers perfused
with HBOCs was higher than that of the RBC
group, suggesting that HBOCs can be used
as an effective oxygen donor in the NMP perfu-
sate in place of RBCs [19]. NMP can also be used
to assess the viability of donor livers prior to trans-
plantation, and some investigators have used
HBOC:s to perfuse discarded livers, which were
compared to RBC or plasma-perfused livers
in terms of ATP content and cumulative cho-
lestasis. Results showed that HBOCs were used
in the perfusion of liver with RBCs to maintain
the liver normal metabolic activity [18]. Com-
parisons showed that HBOCs can be effectively
used for ambient mechanical perfusion of livers
without the use of human blood products, and
some biomarkers of liver function and injury
indicated better perfusion with HBOCs [19].
Plaats V.D. et al. [20] used HBOCs oxygen carri-
ers for sub-ambient mechanical perfusion of li-
vers in a porcine in situ liver transplantation
model, where the livers were cold ischemic
for 9 hours and then mechanically perfused
and cold preserved. By comparing hematolo-
gical, tissue and metabolic aspects of the liver,
the results showed a significant increase in liver
survival and a significant increase in bile pro-
duction in subnormal temperature perfusion
using HBOCs, which suggests that NMP using
HBOC:s solution significantly improves the con-
ditions for liver preservation.

Lung Transplantation

Surgical treatment of lung transplantation
is the only intervention that can improve the life
expectancy of patients with idiopathic pulmo-
nary fibrosis (IPF) [21], but post-transplantation
is prone to complications such as IRI, primary
graft dysfunction and so on, which serious-
ly affects the prognosis of patients. Relevant
studies have shown that the addition of HBOCs
to the standard preservation fluid (Perfadex®)
for cryostatic lung preservation significantly re-
duse long-term cold ischemic injury in lung trans-
plants, resulting in a significant improvement
in functional parameters of the donor lungs,
a decrease in vascular resistance, and an in-
crease in the donor lung oxygenation ratio [22].
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Conclusion

In recent years, the shortage of donor hearts
has seriously affected the development of heart
transplantation, and the contradiction between
supply and demand has become increasingly
acute, so doctors and researchers have gradual-
ly turned their attention to xenotransplantation
and borderline hearts. Although xenotransplan-
tation has a certain significance of scientific
exploration, it is still a very long way to cross
over from animal experiments to clinical suc-
cess, and the University of Maryland Medi-
cal Center in the United States released a news
that David Bennett, a 57-year-old patient who
had received the world’s first porcine heart,
died two months after the operation. The use
of marginal hearts may become an important
means of expanding the source of donor hearts,
but in the case of marginal hearts, advanced
preservation techniques and novel preservation
fluids are required to maintain the availability
of donor hearts, one of which is to mitigate ische-
mic and hypoxic damage during preservation
of the donor heart. HBOCs may act as a direct
oxygen donor by facilitating the diffusion of oxy-
gen and the ability to carry or release oxygen
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