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Abstract

The methods of donor heart preservation are aimed at minimizing graft dysfunction caused by ischaemia–reperfusion injury (IRI) which in-
evitably occurs during the ex vivo transport interval. At present, the standard technique of heart preservation is cardiac arrest followed by
static cold storage in a crystalloid heart preservation solution (HPS). This technique ensures an acceptable level of heart protection against
IRI for <6 h. In clinical trials, comparable levels of myocardial protection against IRI were provided by various HPSs. The growing shortage
of donor hearts is one of the major factors stimulating the development of new techniques of heart preservation. Here, we summarize
new HPS formulations and provide a focus for optimization of the composition of existing HPSs. Such methods of donor heart preservation
as machine perfusion, preservation at sub-zero temperature and oxygen persufflation are also discussed. Furthermore, we review experi-
mental data showing that pre- and post-conditioning of the cardiac graft can improve its function when used in combination with cold
storage. The evidence on the feasibility of cardiac donation after circulatory death, as well as the techniques of heart reconditioning after a
period of warm ischaemia, is presented. The implementation of new techniques of donor heart preservation may contribute to the use of
hearts from extended criteria donors, thereby expanding the total donor pool.
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INTRODUCTION

Donor heart preservation is aimed at minimizing graft dysfunction
caused by ischaemia–reperfusion injury (IRI) which inevitably
occurs during the ex vivo transport interval. At present, the stand-
ard technique of heart preservation is cardiac arrest followed by
static cold storage (SCS) in a crystalloid preservation solution.
Although research has made significant strides in improving the
technology of donor heart preservation, IRI still occurs in a certain
proportion of cardiac grafts owing to ineffective preservation and/
or prolonged transportation. The quality of the cardiac graft is dir-
ectly proportional to the cold ischaemic time, which should not
exceed 6 h [1]. Consequently, there are two basic strategies to
further improve the results of donor heart preservation: shorten-
ing of cold ischaemic time and refining preservation techniques,
primarily by developing novel formulations of heart preservation
solutions (HPSs). The problem of donor heart preservation was
brought to light after the first human heart transplantation per-
formed by Barnard in 1967. At that time, open heart surgery with
cardiopulmonary bypass and cardioplegia was already introduced
into clinical practice, and several cardioplegic solutions (CPSs)
were successfully adopted for preservation of cardiac grafts. It
should be noted, however, that the extent of myocardial IRI in
heart transplantation may be greater than that observed in open
heart surgery because of the lack of intermittent infusions of CPS

and generally longer cold ischaemic times. Therefore, special
HPSs with improved anti-ischaemic properties have been devel-
oped for donor heart preservation.
In this review, we summarize new HPS formulations and

provide a focus for optimization of the composition of existing
HPSs. Different methods of donor heart preservation are also dis-
cussed. For identification of relevant literature, electronic searches
were performed of Ovid MEDLINE and PubMed from inception
to August 2014. The search strategy used a combination of ‘donor
heart preservation’ or ‘heart preservation solution’, or ‘machine
perfusion’ or ‘donation after circulatory death’ as keywords. Manual
searches of reference lists were used to identify any studies not
found in the initial search.

Standard heart preservation solutions

According to the systematic review of Demmy et al., as many as
167 HPSs were used for heart preservation in the USA in the
middle of the 1990s [2]. At present, the histidine–tryptophan–
ketoglutarate (HTK) solution, University of Wisconsin (UW) solu-
tion and Celsior solution are most commonly used for heart
preservation.
HTK (or Custodiol) was introduced by Bretschneider in the

1970s as a cardioplegic solution and has subsequently been
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applied for organ preservation, including the heart, liver and pan-
creas. Its usage has been increasingly popular in cardiac surgery
because a single administration of cold HTK in the coronary
vascular bed provides reliable protection of the heart from IRI for
at least 2 h [3]. The chemical composition of HTK, as well as
several other HPSs, is presented in Table 1. The Euro-Collins solu-
tion is an intracellular HPS with high concentrations of glucose
(194 mmol/l) and K+ (115 mmol/l) and the presence of bicarbon-
ate and phosphate buffer systems. The Stanford solution is similar
to Euro-Collins with the exception of an even higher glucose level
(250 mmol/l) and a lower K+ concentration (27 mmol/l). The UW
solution developed by the group of Belzer typically has low Na+

concentration, although an extracellular modification of this HPS
that includes 125 mmol/l Na+ is also known [4, 5]. Along with
intracellular-type HPSs, there are several widely accepted extracel-
lular solutions with high Na+ and low K+ concentrations. The most
common extracellular HPS is Celsior. Celsior is enriched with the
reactive oxygen species scavengers lactobionate and glutathione,
which ensures prevention of oxidative stress during reperfusion.
In contrast to other HPSs, Celsior contains 20 mmol/l glutamate,
which has anti-ischaemic activity and exerts cardioprotective
effects. In addition, Celsior, HTK and the Stanford solution contain
the polyatomic alcohol mannitol, which can prevent oedema and
quench reactive oxygen species.

Comparison of different heart preservation
solutions in experimental studies

The majority of the available data on comparative effectiveness of
HPSs were obtained in animal studies, both in vitro and in vivo.
The most commonly used animal models include the isolated
working rat heart [6] as well as models of SCS with subsequent
ortho- or heterotopic transplantation [7, 8]. Experimental studies
offer the advantage of using functional, biochemical, molecular
and histological criteria as end-points of myocardial protection
with HPSs. For example the recovery of heart function after a
period of SCS is usually monitored in the isolated working heart
model using such parameters as cardiac output, coronary flow
and heart rate [9]. Left ventricular (LV) function could be precisely
assessed using echocardiography and/or cardiac catheterization
in the experiments with implantation of the donor heart to a re-
cipient animal [10]. Among the biochemical markers of myocardial
injury, the levels of cardiac troponins, creatine kinase (CK) and
lactate dehydrogenase are usually determined in blood plasma
[11] or in the reperfusate [12]. Important information about the
status of myocardial energy metabolism could be obtained from
measurements of the tissue adenosine triphosphate (ATP) level [9].
Another reliable parameter of transplant injury that is technically
easy to obtain is the extent of myocardial oedema [13].
Some studies have utilized the activation of reperfusion injury

salvage kinases, such as protein kinase B, extracellular signal-
regulated kinase and glycogen synthase kinase-3β as a surrogate
end-point of myocardial protection at the molecular level [14].
The infiltration of the myocardium with polymorphonuclear leu-
cocytes and the integrity of the myocardial tissue are the main
histological criteria used to assess the effectiveness of heart pres-
ervation [10]. In the majority of the studies on long-term donor
heart storage, valuable information was obtained with electron
microscopy showing ultrastructural signs of myocardial injury,
such as sarcolemmal integrity and/or mitochondrial swelling
[9, 13]. Endothelial function could be determined in the isolated
heart after a period of SCS by means of measuring coronary flow
reserve [15]. It must be emphasized that all the above criteria are
more or less indirect and, therefore, they may not fully character-
ize the post-ischaemic function of the heart.
Several experimental studies compared the effects of different

HPSs on post-ischaemic recovery of donor heart function. The
comparative study of nine HPSs in the isolated rat heart model of
SCS demonstrated the advantage of extracellular-type solutions
[Celsior, the Lyon preservation solution, the St Thomas’ Hospital
cardioplegic solution No. 2 (STH2)] when compared with intracel-
lular-type HPSs [5]. In fact, the intracellular Euro-Collins solution
provided the same extent of myocardial protection as normal
saline. Further, Celsior was found more effective than UW in
canine and porcine orthotopic heart transplant models [8, 16].
Similar results were obtained in the isolated rat hearts preserved
with one of four HPSs: Celsior, Krebs–Henseleit, HTK and STH2
[17]. The solutions were administered for 5 min either at +10°C or
at +20°C, followed by 2-h global ischaemia at +20°C. Interestingly,
the lower HPS temperature was associated with poorer recovery
of LV function, potentially because of the injurious effects of hypo-
thermia itself, while the best result was observed in the Celsior
group in both temperature regimens.
A comparison of HTK and Celsior, representing classical intra-

and extracellular-type solutions, respectively, in the Langendorff-
perfused dog heart failed to demonstrate differences between the

Table 1: Chemical composition of the most commonly
used heart preservation solutions

HTK STF UW UW-1 Celsior

Cations
Na+ 15.00 20.00 30.00 125.00 100.00
K+ 10.00 27.00 125.00 30.00 20.00
Mg2+ 4.00 – 5.00 5.00 13.00
Ca2+ 0.015 – – – 0.25

Anions
Cl− 50.00 27.00 – – 41.50
HPO4

2− – – – – –

H2PO4
− – – 25.00 25.00 –

HCO3
− – 20.00 – – –

SO4
2− – – 5.00 5.00 –

Substrates and metabolites
Glucose – 250.00 – – –

Glutamate – – – – 20.00
Ketoglutarate 1.00 – – – –

Tryptophan 2.00 – – – –

Adenosine – – 5.00 5.00 –

Metabolically inactive osmotic agents
Mannitol 30.00 60.00 – – 60.00
D-Raffinose – – 35.40 35.40 –

HES (g/l) – – 50.00 50.00 –

Antioxidants
Lactobionate – – 100.00 100.00 80.00
Allopurinol – – 1.00 1.00 –

Glutathione – – 3.00 3.00 3.00
Organic buffers
Histidine 180.00 – – – 30.00
Histidine-HCl 18.00 – – – –

Others
Osmolarity 310 409 320 320 360

All concentrations except otherwise mentioned are in mmol/l.
HES: hydroxyethyl starch; HTK: histidine–tryptophan–ketoglutarate
solution; STF: Stanford solution; UW: University of Wisconsin solution;
UW-1: modified University of Wisconsin solution.
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two HPSs at 8 h of ischaemia, although HTK provided somewhat
better recovery of LV function when the duration of ischaemia
was increased to 12 h [18]. There is also some evidence that
intracellular-type HPSs may be superior to extracellular-type
HPSs. For example the use of HTK in the rat model of 6-h SCS and
heterotopic heart transplantation was associated with lower levels
of troponin and CK, less infiltration of the transplant with leuco-
cytes and lower cardiac expression of proinflammatory cytokines
than the use of Celsior [19]. Another study compared Celsior and
UW in the isolated blood-reperfused rabbit heart subjected to 24
h of SCS. UW-treated hearts demonstrated improved recovery
of LV function, a lower CK level in the recirculating blood and
better preservation of endothelial function [15]. It follows, there-
fore, that the experimental studies produced controversial results
with respect to the effectiveness of different HPSs in preserving
heart function during cold storage. This fact might suggest that
none of the currently available HPSs has a clear advantage over
the others.

Comparison of different heart preservation
solutions in clinical settings

The number of heart transplantations has not changed significant-
ly in the last decade owing to the shortage of donor organs and
careful selection of recipients. The relatively low number of heart
transplantations, that is, �3500 transplants per year worldwide,
precludes testing of the effectiveness of HPSs in large-scale clinical
trials. Therefore, our knowledge on the comparative effectiveness
of HPSs is limited. One of the first randomized trials in the field
demonstrated better myocardial protection with UW than with
the Stanford solution [20]. A retrospective study of the two HPSs
most commonly used in the USA, UW and Celsior, showed
that the use of UW was associated with better survival over the
periods of 30 days and 1 year [21]. Moreover, heart preservation
with Celsior was associated with the use of higher doses of vasodi-
lators and catecholamines postoperatively compared with UW,
which is indicative of the presence of myocardial IRI manifesting
as LV stunning [22].

A recent prospective randomized trial showed that there were
no differences in mortality and incidence of biventricular graft
failure between three groups of patients who received donor
hearts arrested by and preserved in HTK, Celsior and STH2 [23]. To
ensure more rapid cardiac arrest and minimize chamber disten-
sion, Lee et al. attempted to combine the use of extra- and intra-
cellular HPSs in the same donor [24]. The technique included
intracoronary infusion of 1l of cold STH2 solution followed by low-
pressure administration of HTK. Although this approach has been
demonstrated to be safe, the rationale for using two different
HPSs in the same patient is questionable. Firstly, both of the above
HPSs ensure rapid cardiac arrest. Secondly, prevention of heart
distension does not depend on the effectiveness of cardioplegia
and should be performed by means of appropriate heart venting.

Strategies to improve donor heart preservation
outcomes

Perhaps the main way to increase the viability of a donor heart is
to limit the ischaemic time. However, in the majority of cases, this
is impossible because of technical and logistical reasons. In this

regard, several new approaches aimed at improved preservation
of cardiac grafts and maintenance of graft function over extended
time intervals have been suggested and experimentally validated
in the last decades. These approaches include refinement of
chemical composition of the HPSs, optimization of the regimen
of HPS administration, machine perfusion of donor hearts, heart
preservation at sub-zero temperatures, oxygen persufflation (PSF)
and pre- and post-conditioning of cardiac grafts.

Supplementation of standard heart preservation solutions
with anti-ischaemic agents. Various active chemical com-
pounds with putative anti-ischaemic properties have been tested
as additives to standard HPSs in the preclinical models of SCS [6, 7,
9–14, 25–42]. The results of these studies, as well as the suggested
underlying mechanisms, are summarized in Table 2. Although all
the studies have demonstrated certain benefits in terms of myo-
cardial IRI alleviation, none of the modified HPSs listed in Table 2
is currently approved for clinical use in the USA.
Additional improvements in the composition of HPSs may

include increasing the buffer capacity and adding colloid com-
ponents to the solutions. The currently available HPSs usually
contain histidine or bicarbonate buffer, with phosphate and other
buffer systems being less commonly used. The buffer capacity of
an HPS is crucial for cardioprotection because the effective pre-
vention of intra- and extracellular space acidification contributes
to maintenance of glycolytic ATP production during ongoing is-
chaemia. Another important aspect of preservation solution com-
position is the presence of colloids. Such colloid components as
high molecular weight dextran, gelatine and hydroxyethyl starch
(HES) may effectively prevent intracellular oedema, ameliorate
endothelial function and, at the same time, cause only minimal
increase in total osmolarity of the HPS [43]. Supplementation of
the HTK solution with a natural colloid, human albumin, resulted
in improved endothelial integrity and myocardial function in the
isolated guinea pig heart subjected to 4 h of SCS [44]. In this
regard, it remains to be explored whether blood plasma-based
HPSs may afford superior protection of the donor heart against
IRI in marginal hearts.

Novel formulations of heart preservation solutions. Over
the last decade, several new formulations of HPSs have been
developed and preclinically tested (Table 3). A new extracellular
solution, Somah, includes energy substrates, metabolic modulators,
antioxidants, L-arginine, and phosphate and bicarbonate buffers
[45]. Four-hour preservation of porcine cardiac grafts harvested
from donor animals with beating and non-beating hearts in Somah
resulted in better viability of cardiac myocytes and endothelial
cells, as well as a higher level of myocardial and endothelial protein
expression when compared with that in controls [45]. Better
cardioprotection was observed after 5-h preservation of a porcine
heart in Somah at 21°C in comparison with Celsior and UW [46].
The CRMB solution was developed on the basis of Celsior by

implementing several important differences: (i) the potassium
concentration was decreased to the normal level in order to
prevent potassium-mediated injury; (ii) histidine was excluded
because of the putative histidine-mediated endothelial injury; (iii)
adenosine, L-arginine and allopurinol were added [47]. Using the
heterotopic heart transplantation model in rats, Desrois et al.
showed that LV function, tissue high-energy phosphate level and
nitrogen oxide production in the CRMB group were higher than
in the Celsior group [47].
The new Krebs–Henseleit buffer-based (KHB) cardioplegic and

preservation solution was developed by our group [48]. In
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Table 2: Supplementation of heart preservation solutions with agents capable of reducing myocardial ischaemia–reperfusion
injury

Agent(s) Mechanism(s) of myocardial
protection

Model, duration of ischaemia
and temperature

HPS Main results Ref.

Diadenosine
tetraphosphate

Opening of mKATP channels Isolated Langendorff-perfused
rat heart, 8 h, +4°C

Euro-Collins " LV function, # LDH and
CK release

[25]

Cariporide and diazoxide
or BMS-180448

Na+/H+ exchanger inhibition
and opening of potassium
channels

Isolated working rat heart,
6 h, +4°C

Extracellular solution " LV function [26]

Cyclosporin A Inhibition of mitochondrial
permeability transition
pore opening

Isolated working rat heart,
12 h, +4°C

UW " LV function, " tissue ATP
level, # tissue oedema,
# cytochrome c release

[27]

Cariporide Na+/H+ exchanger inhibition Orthotopic heart transplantation,
pig, 4 h, +4°C

Extracellular solution " LV function, # troponin I
release

[28]

U74389G (16-desmethyl
tirilazad)

Inhibition of lipid
peroxidation

Orthotopic heart transplantation,
pig, 6 h, +4°C

Aspartate-enriched
extracellular
solution

" LV function, # tissue
oedema

[29]

Recombinant human
hepatocyte growth
factor

Inhibition of apoptosis Isolated Langendorff-perfused
rat heart; 4, 6 and 8 h, +4°C

Euro-Collins " LV function, # apoptosis [30]

Glyceryl trinitrate and
cariporide

Increased NO and inhibition
of Na+/H+ exchanger

Isolated working rat heart,
6 and 10 h, +4°C

Celsior " LV function [6]

Taurine
(2-aminoethanesulfonic

acid)

Antioxidant activity,
inhibition of apoptosis

Isolated Langendorff-perfused
rat heart, 6 h, +4°C

STH2 " LV function, # LDH and
CK release, # apoptosis

[31]

Nucleoside–nucleotide
mixture

Favourable effect on energy
metabolism

Isolated working rat heart,
12 h, +4°C

UW " LV function, " tissue
high-energy
phosphates

[32]

Tetrahydrobiopterin Increased activity of NO
synthase

Isolated Langendorff-perfused
rat heart, 8 h, +4°C

STH2 " LV function, " tissue ATP
level, " nitric oxide
availability

[33]

INO-1153 Poly(ADP-ribose)
polymerase 1 inhibition

Isolated working rat heart,
6 h, +4°C

Celsior " LV function [34]

Hydrogen sulphide donor Vasoprotection, opening of
mKATP channels,
inhibition of cytochrome c
oxidase

Isolated Langendorff-perfused
rat heart, 6 h, +4°C

Krebs–Henseleit
solution

" LV function, # apoptosis [35]

Bisindolylmaleimide
derivative

Antioxidant effect, decreased
Ca2+ overload

Isolated working rat heart,
12 h, +4°C

UW " LV function, " tissue ATP
level, preserved
myocardial structure

[9]

Carbon
monoxide-releasing
molecule (CORM-3)

Multiple cardioprotective
effects of carbon
monoxide

Isolated Langendorff-perfused
rat heart, 4 and 6 h, +4°C

STH2 " LV function, # LDH and
CK release

[36]

Iloprost Vasodilation,
anti-inflammatory
properties

Isolated Langendorff-perfused
rat heart, 6 h, +4°C

STH2 " LV function, # oxidative
stress

[37]

Rho-kinase inhibitor Inhibition of
proinflammatory
pathways, improved
endothelial function,
inhibition of apoptosis

Isolated working blood-perfused
rabbit heart, 24 h, +4°C

UW " LV function, " coronary
blood flow, #
endothelial dysfunction

[38]

Small interfering RNA Reduced expression of TNFα,
complement 3 and Fas

Heterotopic transplantation,
mouse, 48 h, +4°C

UW " LV function, preserved
myocardial structure, #
PMN infiltration

[10]

Epoxomicin 26S proteasome inhibitor Heterotopic transplantation, rat,
12 and 24 h, +4°C

UW # troponin I release,
preserved myocardial
structure, # tissue
oedema

[13]

Pinacidil Opening of mKATP channels Isolated Langendorff-perfused
rat heart, 8 h, +4°C

HTK " LV function, #
ultrastructural injury, #
troponin I release

[39]

Neuregulin-1, glyceryl
trinitrate, cariporide

Increased NO, inhibition of
Na+/H+ exchanger,
inhibition of apoptosis

Isolated working rat heart,
6 and 10 h, +4°C

Celsior " LV function, "
phosphorylation of RISK

[14]

Levocarnitine Metabolic protection Isolated working rat heart,
4 and 6 h, +4°C

STH2 " LV function, " tissue ATP
level, # tissue oedema

[40]

Clusterin Recombinant chaperone
protein

Heterotopic transplantation,
mouse, 24 h, +4°C

UW # LDH release, # PMN
infiltration

[7]

Continued
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comparison with STH2, this solution afforded better myocardial
protection in the isolated rat heart not only in the mildly hypo-
thermic state, but also at normothermia. The robust protective
effect of the KHB solution might be attributed to the presence
of glucose at a concentration of 11 mmol/l, concerted effect of
phosphate and bicarbonate buffer systems, decreased Ca2+ con-
centration and mild hyperosmolarity. One more example of a new
formulation of extracellular HPS is Dsol, which was developed on
the basis of UW with high-sodium and low-potassium content
[49]. The major differences of this HPS from its prototype are the
lack of HES and replacement of raffinose with such cheaper
impermeants as sucrose and mannitol. In addition, 30% of water
in the solvent is replaced by deuterium oxide, which has been
shown to exert anti-ischaemic effects [49]. It was demonstrated in
the rat model of heterotopic heart transplantation that 24- or
36-h graft preservation in Dsol resulted in increased graft survival
and lower extent of graft injury.

The novel solution Custodiol-N is a typical intracellular-type
HPS which differs from HTK by a lower concentration of histidine,
addition of certain amino acids and iron chelators, and replace-
ment of mannitol with sucrose [50]. The superiority of Custodiol-N
over HTK was demonstrated in the rat model of heterotopic heart
transplantation [50]. Thus, several new HPSs of both extra- and
intracellular types have been shown to be more effective than
standard solutions. Despite these encouraging results, further
rigorous preclinical testing of new HPSs will be required before
clinical trials can be contemplated.

Hyperpolarizing heart preservation solutions. It is known
that standard high-potassium CPSs and HPSs cause cell
depolarization resulting in inactivation of voltage-dependent
sodium and calcium channels, which in turn prevents action
potential generation. There are some indications that intracellular
HPS HTK containing elevated K+ concentrations may cause
hyperpolarization rather than depolarization of the cell because of
its low Na+ content [51]. This concept requires further experimental
validation because the mechanism of cell hyperpolarization in the
absence of increased K+ efflux from the cell and very low resting
membrane permeability to Na+ remains unclear.

To induce cardiomyocyte hyperpolarization, different chemical
agents have been used as additives to CPSs, including adenosine,
lidocaine, acetylcholine, an ultra-short-acting β-blocker esmolol
and even the blocker of fast Na+ channels tetrodotoxin [52].
Despite the fact that hyperpolarizing CPSs produce more physio-
logical cardiac arrest, which is not associated with severe ionic
imbalance, they are virtually not used in the clinics. There are
several reports on the use of hyperpolarizing HPSs in experimen-
tal settings. The addition of the K+ channel opener pinacidil to an
intracellular histidine- and lactobionate-containing HPS resulted
in improved LV function recovery upon reperfusion in comparison
with the unmodified HPS and UW solution [53]. A substantial pro-
tective effect was also found after preservation of a rat cardiac graft
in the polarizing normokalemic solution Adenocaine containing
adenosine and lidocaine [54]. In a special series of experiments,
Adenocaine with insulin, melatonin and double concentrations of
adenosine and lidocaine (400 and 1000 μmol/l, respectively) was
compared with standard HPSs [55]. This version of Adenocaine
ensured the best LV recovery, whereas standard Adenocaine,
Celsior and Custodiol provided inferior protection. It is clear from
these data that hyperpolarizing solutions may hold promise for clin-
ical use.

Donor heart perfusion. In the very beginning of the heart
transplantation era, donor heart function was maintained by
ex vivo perfusion with blood or a crystalloid perfusion fluid.
However, the introduction of the SCS technique in combination
with cardiac arrest has supplanted the use of perfusion systems,
mainly because of their high cost and technical complexity. Over
the last 10 years, the interest to the technique of machine perfusion
has been renewed (for review, see [56]). Machine perfusion of the
heart can be performed in two different ways: (i) continuous
perfusion of the arrested heart by oxygenated cold CPS; and (ii)
perfusion of the beating heart with blood at normothermia.
The second approach is especially useful for reconditioning of
the hearts obtained after circulatory death (see the next section),
but it is much more technically demanding in terms of supporting
heart function during transportation and ideally should be
complemented by monitoring of heart viability. Several techniques

Table 2: (Continued)

Agent(s) Mechanism(s) of myocardial
protection

Model, duration of ischaemia
and temperature

HPS Main results Ref.

Hydrogen (1.27 ± 0.05 μg/l) Antioxidant and
anti-inflammatory effect

Heterotopic transplantation,
rat, 6 and 8 h, +4°C

Celsior # troponin and CK release,
" tissue ATP level,
preserved myocardial
structure, # PMN
infiltration

[11]

Erythropoietin (5 U/ml) Activation of RISK pathway,
inhibition of apoptosis

Isolated working rat heart, 6
and 10 h, +4°C

Celsior " LV function, # LDH
release

[12]

Doxycycline Inhibition of matrix
metalloproteinase-2

Isolated working rat heart,
1 h, +4°C

Krebs buffer " LV function, #
arrhythmia, # apoptosis,
" expression of Akt

[41]

Levosimendan Ca2+ sensitization, positive
inotropy, inhibition of
programmed cell death

Isolated Langendorff-perfused
rat heart, 9 h, +4°C

Celsior " LV function, # apoptosis [42]

CK: creatine kinase; HPS: heart preservation solution; LDH: lactate dehydrogenase; LV: left ventricle; mKATP: mitochondrial ATP-sensitive potassium channels;
NO: nitric oxide; PMN: polymorphonuclear leucocytes; RISK: reperfusion injury salvage kinase; STH2: St Thomas’ Hospital cardioplegic solution No. 2; TNFα:
tumour necrosis factor α; UW: University of Wisconsin solution.
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have been suggested for viability monitoring, including real-time
assessment of myocardial pH, determination of fractional
anisotropy by diffusion tensor magnetic resonance imaging
and monitoring nicotinamide adenine dinucleotide and flavin
adenine dinucleotide autofluorescence [56, 57].

At present, two randomized clinical trials evaluating new heart
perfusion systems are underway. In these trials, the Transmedics
organ care system (Transmedics, Inc., USA) and the LifeCradle®
system (Organ Transport Systems, Inc., USA) are used to support
heart function during transportation. In parallel to clinical studies,
the donor heart perfusion methods are compared with the SCS
technique in animal experiments. For example the effects of 4-h
SCS of a pig heart in Celsior on LV function, CK level and myocar-
dial water content were compared with the effects of 4-h heart
perfusion with oxygenated cold Celsior (10 ml/100 g/min) in the
orthotopic transplant model [58]. Perfusion resulted in better LV
function recovery and lesser myocardial injury, and it was not

associated with increased oedema. Another study compared two
techniques of porcine heart preservation: (i) cardiac arrest with cold
HTK followed by 30-min cold storage and normothermic perfusion
with leucocyte-depleted blood; and (ii) immediate heart perfusion
with leucocyte-depleted blood without using cardioplegia and
hypothermia [59]. After 12 h of perfusion, the structural integrity of
the myocardium was better in the second group. Retrograde pig
heart perfusion with leucocyte-depleted blood for 8 h at nor-
mothermia resulted in greater cardiac output, lower incidence of
arrhythmia and better preservation of myocardial ultrastructure
compared with the hearts arrested in HTK at +4°C [60]. Very recent-
ly, a novel device for pulsatile oxygenated hypothermic perfusion
of the donor heart (Paragonix Sherpa Perfusion™ Cardiac Transport
System) was tested in the pig hearts subjected to 4-h ex vivo perfu-
sion versus SCS in Celsior solution [61]. It was found that hypother-
mic machine perfusion resulted in lesser endothelial dysfunction
and better preservation of myocardial ultrastructure.

Table 3: Chemical composition of new heart preservation solutions

Somah CRMB Dsol HTK-N KHB

Cations
Na+ 130.19 120.00 125.00 16.00 143.00
K+ 7.44 4.00 25.00 10.00 25.00
Mg2+ 1.00 13.00 5.00 8.00 16.00
Ca2+ 1.30 0.25 – 0.02 0.30

Anions
Cl− 135.60 28.50 – 30.00 141.80
HPO4

2− 0.19 – – – 1.20
H2PO4

− 0.44 2.00 25.00 – –

HCO3
− 5.00 – – – 25.00

SO4
2− 0.50 – 5.00 – 16.00

Substrates and metabolites
Glucose 11.00 – – – 11.00
Glutamate – 20.00 – – –

Ketoglutarate – – – 2.00 –

Tryptophan – – – 2.00 –

Adenosine 2.00 0.50 5.00 – –

L-Arginine 5.00 2.00 – – –

L-Citrulline malate 1.00 – – – –

Creatine orotate 0.50 – – – –

Creatine × H2O 2.00 – – – –

L-Carnosine 10.00 – – – –

L-Carnitine 10.00 – – – –

Dichloroacetate 0.50 – – – –

Insulin (g/l) 1.00 – – – –

Glycine – – – 10.00 –

Aspartate – – – 5.00 –

Alanine – – – 5.00 –

Deferoxamine – – – 0.025 –

LK-614 – – – 0.0075 –

Metabolically inactive osmotic agents
Mannitol – 30.00 10.00 – –

D-Raffinose – 30.00 – – –

Sucrose – – 20.00 33.00 –

Antioxidants
Lactobionate – 100.00 100.00 – –

Allopurinol – 1.00 1.00 – –

Glutathione 1.50 3.00 3.00 – –

Ascorbic acid 1.00 – – – –

Organic buffers
L-Histidine – – – 124.00 –

N-α-Acetyl-L-histidine – – – 57.00 –

All concentrations except otherwise mentioned are in mmol/l.
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Despite the growing body of evidence on the feasibility of using
cardiac graft ex vivo perfusion to preserve myocardial function, the
optimal perfusion regimen and composition of the perfusion fluid
remain to be determined. A detailed description of heart perfu-
sion systems, as well as the analysis of outcomes is beyond the
scope of this review; the interested reader is referred to a compre-
hensive review [62].

Donor heart preservation at sub-zero temperature.
Although myocardial oxygen consumption decreases dramatically
during SCS of the donor heart at +4°C, several attempts to minimize
cardiac energy demand by graft cooling to sub-zero temperatures
have been reported. To prevent freezing-mediated irreversible cell
injury, preservation solutions have been supplemented with anti-
freeze proteins (AFPs) possessing cryoprotective properties. For
instance the rat hearts stored in the UW solution containing AFP I
or AFP III at −1.3°C for 21 h displayed better LV function and a
lower rate of apoptosis after heterotopic transplantation in
comparison with controls [63]. An interesting method of sub-zero
heart preservation has been recently described by Kato et al. [64],
who placed UW-solution-submerged rat hearts into a variable
magnetic field at −3.0°C. The hearts were stored for 24 h, followed
by 120-min reperfusion. The sub-zero preservation resulted in an
improved post-ischaemic LV function, increased myocardial ATP
level and decreased tissue oedema.

Perfusion (persufflation) of donor heart with gaseous
oxygen. Oxygen PSF emerged in the early 1960s as an experi-
mental strategy of ex vivo donor heart preservation involving infu-
sion of humidified gaseous oxygen into the coronary vascular bed
[65]. The rationale for using PSF in heart preservation was to avoid
possible myocardial hypoxia during SCS and ensure adequate
oxygen delivery to the heart during transportation. It is note-
worthy that significant acidosis and depletion of ATP stores were
observed in hearts preserved with SCS as early as after 4 h [66]. It
was shown that antegrade PSF of pig hearts for 14 h resulted in
better functional recovery of the LV function after orthotopic
transplantation than after SCS [67]. PSF was also successfully used
for reconditioning and preservation of non-beating pig hearts
subjected to 16.7 min of warm ischaemia [68]. In controls, the
hearts were harvested in the beating state with subsequent SCS.
Of note, 3 h after orthotopic transplantation, both the LV function
and histological myocardial structure were similar in the PSF and
control groups. Despite the existence of promising experimental
data, PSF is still considered to be an ‘exotic’ technique of donor
heart preservation, which might be attributed, firstly, to the sub-
jective reluctance of most clinicians to introduce gas into the vas-
culature and, secondly, serious concerns about the development
of PSF-mediated endothelial injury. However, large animal experi-
ments have convincingly demonstrated that PSF for 3 h is not
associated with coronary endothelial dysfunction or alterations in
the endothelial ultrastructure [69]. Thus, oxygen PSF might be
considered an interesting option for donor heart preservation,
which deserves further experimental and clinical investigation.

Pre- and post-conditioning of cardiac graft. The increased
myocardial tolerance to IRI after a single or several brief episodes
of ischaemia–reperfusion is referred to as local ischaemic
preconditioning (PreCon) [70]. A large body of experimental
evidence suggests that PreCon represents one of the most
effective endogenous cardioprotective interventions developed
thus far [71]. The predictability of ischaemia onset and direct

access to the heart are major prerequisites for successful clinical
use of PreCon, and both of these conditions are fulfilled during
heart procurement for transplantation. The first experimental
evidence on the protective effect of PreCon in the settings of
prolonged hypothermic heart storage came from the study
demonstrating improved post-ischaemic LV functional recovery
after one 5-min cycle of normothermic ischaemia–reperfusion
prior to 10 h of global ischaemia at 4°C [72]. Using the orthotopic
heart transplantation model in sheep, Landymore et al. showed
that a single episode of PreCon significantly reduced myocardial
stunning and increased the tissue ATP level [73]. Subsequent
studies have demonstrated that the protective effect of PreCon on
cardiac grafts could be further enhanced by administration of the
Na+/H+ exchanger inhibitor cariporide during the PreCon episode
[74]. Myocardial ischaemic post-conditioning (PostCon) is viewed
as a way of cardiac protection against reperfusion injury, which is
achieved by the induction of several brief episodes of ischaemia
during the initial stage of reperfusion after prolonged ischaemic
insult. A PostCon protocol consisting of three 30-s episodes
of global ischaemia performed after 4 h of hypothermic rat heart
storage resulted in improved postischaemic LV function,
suppressed reperfusion arrhythmias and reduced superoxide
anion production [75].
Despite technical feasibility and encouraging experimental

results, donor heart PreCon and PostCon have not been tested
clinically. It seems that these methods may be of value in protect-
ing human cardiac grafts against IRI when used in combination
with the standard techniques of heart preservation.

Reconditioning of donor hearts obtained after
circulatory death

At present, donation after circulatory death (DCD) has been suc-
cessfully adopted for such organ transplants as the kidney and
liver. The use of hearts procured after DCDmight strongly contrib-
ute to the expansion of the donor pool. The possibility of heart re-
suscitation and transplantation after circulatory death has been
explored in several experimental studies. In particular, pig hearts
harvested after 30 min of warm ischaemia were reconditioned by
perfusion with a leucocyte-depleted blood-based CPS containing
adenosine and an inhibitor of the Na+/H+ exchanger followed by
orthotopic transplantation [76]. The hearts were preserved in HTK
for 3 h prior to implantation. The outcomes of transplantation
were similar between non-heart-beating and heart-beating
donors. In the rat model, the hearts were procured 30 min after
euthanasia and preserved for 24 h in Somah at 4, 10, 21 or 37°C.
Myocyte viability, mitochondrial function, tissue ATP level and ex-
pression of contractile proteins were best preserved in the hearts
stored at 21°C [77]. Reconditioning of rat hearts obtained after 25
min of warm ischaemia by means of perfusion with diluted au-
tologous blood with subsequent 4-h preservation in cold HTK
resulted in post-ischaemic LV function comparable with that in
non-reconditioned hearts and hearts that were not exposed to
warm ischaemia [78]. Interesting preliminary data were obtained
on reconditioning of a human heart exposed to warm ischaemia
for 17 min [79]. The heart was first arrested by infusion of a
custom-developed CPS followed by 2.5 h of perfusion with an
organ perfusion solution at 10°C at a rate of 20 ml/min. After that,
the heart was placed on an ex vivo rig and perfused with warm
donor blood for 12 h. Although the diastolic pressure in the LV at
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the end of perfusion averaged �70 mmHg, there were no histo-
logical signs of myocardial necrosis.

At present, there is only one published clinical study describing
the outcome of heart transplantation after DCD in three children
[80]. In this study, the mean warm ischaemic time averaged 18.3
min. The outcomes of transplantation were not different from
those obtained in paediatric patients receiving heart transplants
from donors after brain death. Therefore, the use of cardiac grafts
procured from DCD donors may increase the number of heart
transplantations.

CONCLUSION

The main factor limiting the number of heart transplantations in
patients with end-stage heart failure is the critical shortage of
donor hearts suitable for transplantation. This problem becomes
especially pressing if one takes into consideration the fact that
patients on the waiting list have very poor prognosis and high
mortality. These challenges point out the urgent need for improv-
ing the quality of donor heart preservation. The implementation
of new techniques of donor heart preservation may contribute to
the use of hearts from extended criteria donors, thereby expand-
ing the total donor pool.
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