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Abstract
The importance of lung transplantation is increasing, being the practical solution for the end stage pulmonary failure. Ex vivo graft preservation is an essential step in 
the transplantation surgery that consists of hypothermic preservation and normothermic perfusion. 

There are many preservation solutions that are used for the ex vivo lung preservation and are commercially available or institutionally used. Based on the clinical 
results, the effective preservation determines the clinical outcome of the transplantation surgery. 

Despite the great progress in the development of the preservation solutions, there is a continuous interest and need for further development, in order to achieve the 
perfectionism of the technique. This paper is an opinion article that theoretically introduces a new preservation solution, which has the potential to counteract the 
hazards facing the graft ex vivo and after transplantation, based on the most recently published data. 
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Mini review
The biological challenges facing the lung graft or the solid organ 

grafts in general are mainly the ischemic reperfusion injury (IRI) and 
the host-graft interaction after transplantation. Both challenges are of 
inflammatory nature, which involves tissue and functional injuries that 
lead to the release of the inflammatory cytokines and the recruitment 
of the inflammatory cells. A recent study published by Andreasson et 
al. crowns the research achieved in this regards through stating the 
increased production of interleukin (IL) 1β in the lung graft vasculature 
during ex vivo perfusion to be responsible for the increased ICAM-1 
expression on the endothelial cells, and the enhanced endothelial-
neutrophilic adhesion. In addition, they experimentally report IL1β to 
be the main marker capable of distinguishing between successful and 
non-successful grafts, where the perfusate levels of the IL1β measured 
30 minutes after perfusion could discriminate the in-hospital 
mortality and the 1year patient’s survival with a sensitivity and 
specificity of 100% [1]. 

While the exact effects of the inflammatory cytokines, especially 
IL1β, on the mechanical and functional capabilities of the lung graft 
(correspondingly the functional capabilities of other solid organ 
grafts) could be further studied, together with the possibly involved 
molecular pathophysiological pathways, it is well known that the rise 
of the inflammatory cytokines is linked to multi-organ dysfunction, up 
to multi-organ failure in cases of cytokine storm [2]. Nevertheless, it 
is logic that the increased cytokine production within a graft reflects 
the degree of the tissue damage, hence, the impaired organ functions. 
However, the manifestations of the IRI and the post-transplant host-
graft interaction rely not only on the autocrine and paracrine signaling 
of the inflammatory cytokines, but also, and to a great extent, on their 
chemotactic and recruiting role of the circulating leukocytes that 
migrate into the newly transplanted graft initiating various forms of the 
destructive inflammatory reactions associated with the various forms of 
acute and chronic graft dysfunctions [3]. 

Some studies confirmed a significant correlation between IL6 and 
the 30-day mortality after transplantation. Similarly, IL8 correlates with 
the incidence of the primary graft dysfunction [1,4]. However, the study 
by Andreasson et al. reported IL1β to be the most indicative effector 
responsible for the endothelial activation and the increased leucocytic 
adhesion, and to be the most effective marker capable of differentiating 
between the in-hospital post-transplant survival and mortality, with a 
sensitivity and specificity up to 100% [1]. 

The cytokine production in response to the IRI may follow the 
following sequence of events: [5] 

• IRI → the activation of toll-like receptors (TLRs), the increased 
production of reactive oxygen species (ROS), and the inhibition of 
Na+/K+ ATPase and other K+ channels → the priming and activation 
of the graft inflammasomes → the increased production and release 
of IL1β and IL18, which increase the induction of IL6. 

• In response to tissue damage and IRI, the production of tumor 
necrosis factor (TNF) α increases → IL1β and TNFα upregulate the 
TLR2 on the surfaces of the endothelial cells → versican, which is 
concomitantly induced by the activated TLR4, interacts with TLR2 
→ increased production of IL8 → the activation of the vascular 
endothelium and the increase of the leucocytic adhesion and 
migration into the graft. 
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Based on this understanding, the following interventions seem to 
have a very significant potential: [6] 

• The antagonization of the increased ROS production during ex vivo 
graft preservation through the inclusion of potent antioxidants. 

• The interference with the increased ROS production and activated 
graft inflammasomes through the activation of the inhibited K+ 
channels → the attenuation of IL1ß, IL18 and IL6 production. 

• The antagonization of TNFα → the interference with IL8 production.

• Collectively, the interference with the endothelial cells activation 
and the recruitment and migration of the circulating leukocytes into 
the graft following transplantation. In addition to the attenuation 
of the cytokine overproduction, limiting their hazardous autocrine, 
paracrine, and remote signaling. 

There are many preservation solutions that are available either 
in the market or for the institutional use. Euro-Collins (EC) solution 
was initially the solution of choice until it was replaced in 1988 by the 
University of Wisconsin (UW) solution [7], whose high viscosity has 
been involved in organ dysfunction, which motivated the development 
of other solutions including Celsior (CEL) and histidine tryptophan 
ketoglutarate (HTK) [8]. 

Due to its unique metabolic requirements and the unique 
physiology, special solutions, such as Perfadex (PER), are particularly 
designed for the lung. All solutions consist of several composite 
elements, which have some advantages and disadvantages (Table 1). 

Previously, high K+ preservation solutions were used and were 
associated with pulmonary vascular spasms and increased production 
of ROS. Low potassium (dextran) solutions are currently widespread 
and are associated with better clinical outcomes. 

Although 2 studies have confirmed Celsior’s ability to provide 
similar clinical results to those of the Perfadex solution, with additional 
trends towards better survival and less incidence of chronic lung 
allograft dysfunction, especially with longer ischemic periods, Perfadex 
remains the most widely used preservation solution in most lung 
transplant centers [9,10]. 

In addition to the hypothermic preservation solutions, there are 
other solutions that are specifically used for the normothermic ex vivo 
graft perfusion, mostly Organ Care System and Steen solutions. The 
later is a colloidal solution that resembles the extracellular fluid (low 
K+), and contains albumin and dextran 40 to provide colloidal activity 
and endothelial protection [11]. 

According to the current surgical practice, the reported results, 
using various preservation solutions are promising, with the ability 
of EVLP to convert the non-acceptable grafts into acceptable in rates 
between 87-97% based on the graft recruitment protocol, where the 
more aggressive is the strategy, the lower is the conversion rate (12). 

To increase the quality of the ex vivo graft preservation, and to 
provide the ability for more aggressive graft recruitment, through the 
application of the above discussed interventions, the Shehata‘s solution 
has been introduced (Table 2). 

This solution aims to provide better conditioning of the lung grafts 
that have extended criteria, in order to increase the available donor 
pool. The levels of various electrolytes in the solution are based to 
resemble the physiological serum levels. Sucrose is added to provide 
colloidal force and stabilization of the cellular membranes [13]. Human 
serum albumin is included to provide oncotic pressure that helps the 
resolution of the pulmonary edema. Glucose adds to the actions of 
sucrose and albumin, in addition to providing nutrition. 

Glutathione and vitamin C provide potent antioxidant function, 
antagonizing ROS [14,15]. Vitamin C and Pinacidil activate the ATP-
sensitive K+ channels. In addition, infliximab antagonizes TNFα. All 
together have the potential to significantly oppose and attenuate the 
IRI [5,6,15]. 

Nevertheless, the Na+/K+ ATPase is inhibited by hypoxia and 
cold preservation, and the absence of the shear stress during ischemia 
is associated with impaired functions of various K+ channels, cell 
membrane depolarization, increased activity of nicotinamide-adenine-
dinucleotide phosphate oxidase and xanthine oxidase enzymes, and 
impaired mitochondrial activity, leading to the increased production 
of ROS that activate protein kinase C-ζ, starting a sequence of 
phosphorylationubiquitination-recognition-endocytosis-degradation 
of Na+/K+ ATPase. Insulin interferes with that sequence of events 
through the activation and recruitment of Na+/K+ ATPase, the 
induction of Na+/K+ ATPase, and the inhibition of K+ efflux channels. 
As Na+/K+ ATPase is also essential for the synchronized action of Na+ 
transport, insulin supplementation during cold static graft preservation, 
as well as during ex vivo perfusion, could be useful for glucose 
utilization, ATP production, Na+/K+ ATPase activation, inhibition of 
K+ efflux, and clearance of alveolar edema [16]. Preclinical and clinical 
studies should be conducted to test the efficacy and applicability of 
these theoretical notions. 
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Solution EC UW CEL HTK PER
Colloid Component Glucose LactoB, raffinose, HES LactoB, mannitol Mannitol Dextran

Puffer Phos, bicarb Phos Histidine Histidine Phos
Antioxidans AlloP, GSH GSH, mannitol Trp, mannitol

Osmolarity (mOsm/L) 375 330 320 310 292
Glucose 180 5

Na+ 10 25 100 15 138
K+ 115 120 15 10 6

Ca2+ 0.25 0.02
Mg2+ 5 13 4 0.8

Cl- 15 20 32 142
Other Components α-KG SO42- 0.8 Dextran 40 g/L

All units are in mmol/L, unless otherwise stated. Abbreviations: EC: Euro Collins; UW: University of Wisconsin; HTK: histidine-tryptophan ketoglutarates; CEL: Celsior; PER: 
Perfadex; LactoB: lactobionate; HES: hydroxyethyl starch; Phos: phosphates; Bicarb: bicarbonates; GSH: glutathione; Trp: tryptophan; Α-KG: ketoglutarates.

Table 1. Characteristics of some lung preservation solutions. 
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Ingredient Recommended Dose
Sucrose 0.5 M
Sodium 135 – 145 mmol/L
Glucose 100 – 120 mg/dL

Potassium 3.5 to 5.5 mEq/L
Phosphate 1.0 mmol/l
Calcium 2.2 mmol/l

Magnesium 1.7–2.2 mg/dL
Human serum albumin 50 g/L

Carbonate 29 mmol/L
Chloride 100 mEq

Vitamin C 0.5 g/L
Glutathion 1500 mg/L

Insulin 200 pmol/L
Pinacidil 0.25 – 0.3 mg/L

Infliximab 3 - 5 mg/L
Distilled water Dissolvent

pH 7.4

Table 2. Characteristics of Shehata’s lung preservation solution. The solution is to be 
supplemented with 500 mg methylprednisolone, 500 mg imipenem/cilastatin and 3000 IU 
heparin, and to be used for both graft perfusion and static preservation.
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