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Introduction

Intestinal transplantation (ITx) has become an established

treatment for intestinal failure (IF) when parenteral nutri-

tion (PN) fails [1]. ITx is a challenging procedure. Long-

term outcome remains inferior as compared with other

solid organ transplants, despite significant improvement

over the past 20 years [2,3]. Postoperative infectious com-

plications and rejection are the main limiting factors.

Results need further improvement to replace PN as pri-

mary treatment for IF as long-term PN is associated with

life-threatening complications and a poor quality of life.

Graft viability prior to implantation is a key factor in

the outcome after organ transplantation [4,5]. Along with

brain death in the donor, surgical manipulation, and

ischemia-reperfusion injury (IRI), preservation damage is

one of many essential factors that affect the quality of

the intestinal graft and its barrier function [6–10]. The
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Summary

Intestinal transplantation has become the therapy of choice for patients with

intestinal failure and life-threatening complications from total parenteral nutri-

tion. Results, however, remain inferior as compared with other transplant types

with the quality of the organ graft as the most important factor of outcome

after transplantation. The intestine is extremely sensitive to ischemia. Unfortu-

nately, a relatively long ischemic preservation period is inevitable. The current

standard in organ preservation [cold storage (CS) with University of Wisconsin

solution] was developed for kidney/liver preservation and is suboptimal for the

intestinal graft despite good results for other organs. This review aimed at

appraising the results from the use of previously applied and recently devel-

oped preservation solutions and techniques to identify key areas for improve-

ment. As the studies available do not reveal the most effective method for

intestinal preservation, an optimal strategy will result from a synergistic effect

of different vital elements identified from a review of published material from

the literature. A key factor is the composition of the solution using a low-vis-

cosity solution to facilitate washout of blood, including amino acids to

improve viability, impermeants and colloids to prevent edema, and buffer for

pH-homeostasis. Optimizing conditions include a vascular flush before CS and

luminal preservation. The most effective composition of the luminal solution

and a practical, clinically applicable optimal technique are yet to reach finality.

Short-duration oxygenated arterial and/or luminal perfusion have to be consid-

ered. Thus, a tailor-made approach to luminal preservation solution and tech-

nique need further investigation in transplant models and the human setting to

develop the ultimate technique meeting the physiologic demands of the intesti-

nal graft during preservation.
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compromised barrier function induces inflammatory

upregulation and bacterial translocation (BT), predispos-

ing the recipient to rejection and infectious complications

(Fig. 1).

The intestinal mucosa is extremely vulnerable to injury

resulting from hypoperfusion [11,12]. Unfortunately,

ischemia is inevitable during the preservation process that

is in-built, in the face of the gap between availability of

donor organs on the one hand and prospective recipients

on the waiting list on the other. In Fig. 2, the key princi-

ples of intestinal preservation are illustrated.

The lack of an adequate strategy to preserve the intesti-

nal graft allows only a short (6–10 h) preservation span

and results in variable degrees of tissue injury [13] limit-

ing the clinical success of ITx. Better intestinal preserva-

tion (IP) is a first step to improve the results of ITx.

The intestine has the complex and dual tasks of digest-

ing and absorbing nutrients while maintaining a selective

barrier against the external environment. The intestinal

mucosa is composed of surface-increasing, fingerlike (vil-

lous), absorptive columnar epithelium covering the lam-

ina propria, which hosts blood vessels and lymphatics. In

the crypts, at the base of the villi, the intestinal stem cells

reside, which are pivotal for regeneration and repair. The

absorptive columnar enterocyte is the main epithelial cell:

characterized by its apical microvilli which contain trans-

port proteins and digestive enzymes. The effectiveness of

the intestinal transcellular barrier is primarily based on

the functioning of selectively permeable epithelial entero-

cytes. Passive paracellular passage between cells, however,

would nullify this transcellular barrier in the absence of

the intercellular sealing junctions. Especially the tight

junction proteins (TJ) are critical for a proper barrier

function. Unfortunately, these pivotal epithelial entero-

cytes and TJ are very sensitive to hypoperfusion [8,14].

Effective IP should therefore protect enterocytes, epithelial

crypts and conserve TJ.
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Figure 1 Hypothetic relation between graft damage and outcome

after intestinal transplantation.
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Figure 2 Principles of intestinal preservation.
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In the 1980s, the University of Wisconsin (UW) solu-

tion was introduced by Belzer and Southard. UW is an

intracellular type of preservation solution based on the

trisaccharide raffinose and the anion lactobionate as

osmotic impermeants, hydroxyethyl starch (HES) as col-

loid, a phosphate buffer, glutathione and allopurinol as

reactive oxygen species (ROS) scavengers and the ATP

precursor adenosine (Table 1). Vascular wash-out and CS

with UW is currently considered the gold standard for

preservation of abdominal organs [15,16]. This regime

effectively protects kidney, pancreas and liver but less suf-

ficiently protects intestinal integrity and function [17–19].

Adequate preservation of the intestine should therefore be

performed in two ways: using intravascular and intralu-

minal preservation. Optimally modified composition of

the preservation solution and technique appropriate for

IP have yet to be identified. The aim of this review was

to clarify demands of the intestinal graft during preserva-

tion to achieve a tailor-made intestinal-specific preserva-

tion policy. To identify key factors for improvement, this

article appraised the results of studies undertaken for

developing alternative strategies reported in the litera-

ture. Table 2 outlines the characteristics of the studies

reviewed.

Preservation solutions: components
and characteristics

Electrolyte composition

Originally, an intracellular electrolyte ratio with high

potassium and low sodium was thought to prevent cellu-

lar edema because of alternate electrolyte-transport during

hypothermia. Therefore, the original UW solution is an

example of such an intracellular like solution. Over time

and because of more insight, it was demonstrated that

extracellular like solutions containing high sodium and

low potassium were more effective in maintaining the

Donnan equilibrium of the cell membrane, without

potassium-induced vasospasm.

Celsior is a simple, UW-like extracellular type preserva-

tion solution differing from UW by its monosaccharide

impermeant mannitol, the buffer histidine and absence of

a colloid. Minor et al. [20] described that Celsior pro-

vided better postischemic (18 h) intestinal graft recovery

than UW in the rat, with less vascular resistance upon

reperfusion, lower lactate production and better carbohy-

drate absorption. The differences in reperfusion pressure

have possibly caused the encountered metabolic and func-

tional differences although no histologic differences were

seen. Prolonged vasoconstriction and increased pressure

upon reperfusion in reaction to the high-potassium con-

centration of UW was proposed to have a deleterious

impact on vascular endothelium [21,22]. deRoover et al.

[23] compared the histology of human tissue after either

UW or Celsior vascular flush followed by 24 h CS. How-

ever, in line with the above results, no histologic differ-

ences could be demonstrated.

Histidine tryptophan ketoglutarate (HTK) is a more

distinct, extracellular type, low-viscosity solution. HTK is

based on the impermeant mannitol, the buffer histidine

and two amino acids (AA): tryptophan which is mem-

brane-stabilizing and anti-oxidative, and ketoglutarate, a

substrate for anaerobic metabolism (Table 1). HTK is

postulated to have clinical advantages over UW (e.g. eas-

ier diffusion and faster cooling during wash-out). Clinical

results regarding the superiority of HTK over UW, how-

ever, are controversial [16]. Mangus et al. [24] compared

clinical results of ITx after use of either HTK or UW for

preservation. No differences were seen in initial graft

function, endoscopic appearance and rejection episodes,

although a better blood wash-out was seen with HTK

during intestinal procurement. This study has important

limitations: short follow-up (maximum 90 days) and lack

of randomization.

The new, extracellular type Polysol is a complex exper-

imental solution, which has a high oncotic pressure and

a three-time lower viscosity than UW. Polysol contains

the colloid polyethylene glycol (PEG), the impermeants

raffinose and gluconate, a phosphate buffer, the buffer

histidine and a sulfonic buffer 4-(2-hydroxyethyl)-1-pipe-

razineethanesulfonic acid (HEPES), a variety of ROS

scavengers, 21 different AA and 16 different vitamins

(Table 1). Wei et al. [25] compared rat intestinal graft

quality after CS (18 h) with UW, HTK, Celsior and

Polysol followed by 30 min of in vitro reperfusion. Poly-

sol exhibited higher ATP levels, lower lactate dehydroge-

nase (LDH) production, higher tissue-oxygen

consumption and a better preserved microstructure (e.g.

mitochondria) versus UW. However, the much simpler

HTK and Celsior also showed similar benefits. Malondi-

aldehyde, reflecting peroxidation, and apoptotic cell

death was higher with UW than other solutions. Also,

ATP levels were higher for HTK versus UW. The extra-

cellular character of Celsior, HTK and Polysol could be

related to the superior results. Because of the model of

ex-vivo reperfusion in the rat and the short reperfusion

period, the clinical impact of these findings remains lim-

ited.

Muller et al. [26] evaluated the two commercially avail-

able solutions UW and Euro Collins, and in addition a

variety of fundamental solutions with different electrolyte

compositions: phosphate buffered sucrose (PBS, contain-

ing sodium), extracellular fluid (ECF, high potassium-low

sodium), lactobionate fructose (LF, high potassium-low

sodium), and saline (high sodium) were tested for

their effectiveness in rat IP (12 h). This study appraised
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Table 1. Composition of preservation solutions.

Components mmol/l

(or indicated otherwise) EC [14] UW [14] CLS [19] HTK [24] Polysol [24]

AA solution

example [61]

Colloids/impermeants

Glucose 195 11.1 20

HES (g/l) 50

K+-Gluconate 20

Lactobionate 100 80 100

Mannitol (MW 182) 60 30

Na+-Gluconate 74.99

PEG (35) (g/l) 20

Raffinose 30 3

Trehalose 5.3

Buffers

BES 90

H2PO4 21.7

HEPES 20

Histidine 30 198 6.3 5

KH2PO4 43 25

K2HPO4 15

NaHCO3 10

Antioxidants

Allopurinol 1 1.2

Alpha-tocopherol 5 · 10)5

Ascorbic acid 0.11

Glutathion 3 3 3

Sodium pyruvate 0.23

Tryptophan 2

Additives

Adenine 5

Adenosine 5 5 5

Hydroxy-butyrate 3

Ketoglutarate 1

Ornithine 2 5

Amino acids

Alanine 1.01

Arginine 1.18 10

Asparagine 0.08 10

Aspartate 0.23 20

Cysteine 0.58 5

Glutamate 20

Glutamic acid 20 0.34

Glutamine 0.002 35

Glycine 0.67 10

Isoleucine 0.38 5

Leucine 0.57 5

Lysine 0.48 10

Methionine 0.3 5

Phenylalanine 0.3

Proline 0.78 5

Serine 0.29 10

Threonine 0.34 10

Valine 0.88 10

Tryptophan 0.43 1

Tyrosine 0.19 1

Vitamins

Ascorbic acid 0.11

Biotin 0.21
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histology and glutaminase activity, which reflects entero-

cyte integrity, after 20 min reperfusion and 7-day graft

survival. No difference in graft survival was observed sug-

gesting that electrolyte composition is probably of minor

importance.

Kokudo et al. [17] aimed to identify the optimal IP

solution composition by evaluating rat survival and graft

electrophysiologic functional performance (using an us-

sing chamber) during18-h preservation. UW, Euro Collins

and Lactated Ringer’s solution (RL, low potassium–low

sodium) were compared. In all solutions, enterocyte func-

tion rapidly deteriorated. Crypt cell function was better

preserved with RL and EC than with UW. After 12 h of

CS, survival was lower in the UW group. After 18 h,

however, no differences in survival were seen among the

preservation groups.

Summarizing, extracellular like, high-sodium, low-vis-

cosity solutions seem beneficial for wash-out and reperfu-

sion characteristics, but the exact role of sodium-

potassium ratio and separate electrolytes in maintenance

of intestinal graft viability is unclear.

Impermeant and colloid support

One of the unwanted negative effects of hypothermia is a

passive sodium influx into the cytosol followed by water,

resulting in tissue edema. To counteract this phenome-

non, impermeants and colloids are determined to be the

key factors in hypothermic preservation.

University of Wisconsin Solution includes the large tri-

saccharide impermeant raffinose and the anionic imper-

meant lactobionate, which is also present in Celsior in

combination with the monosaccharide mannitol. Dialysed

HES is the colloid component in UW. Its efficacy has been

debated because it increases viscosity and could cause red

blood cell (RBC) aggregation -both negatively affecting

wash-out and reperfusion [27–33]. Alternatively, polysac-

charide dextrans and PEG have been applied as colloid

agents. PEG was assumed to result is less RBC aggregation

and lower viscosity, seemed to stabilize lipid membranes

[29] minimizing permeability [28,32], and furthermore

acts as a free radical scavenger [29,34]. PEG was proved

to be effective for IP [35–38]. Nevertheless, none of the

Table 1. continued

Components mmol/l

(or indicated otherwise) EC [14] UW [14] CLS [19] HTK [24] Polysol [24]

AA solution

example [61]

Ca-pantothenate 0.004

Choline-Chloride 0.01

Ergocalciferol 3 · 10)4

Folic acid 0.002

Inositol 0.07

Menadione 4 · 10)5

Niacinamide 0.01

Nicotinic acid 0.004

Pyridoxal 0.005

Riboflavin 0.003

Thiamine 0.03

Vitamin A 3 · 10)4

Vitamin B12 1 · 10)4

Vitamin E 5 · 10)5

Electrolytes

Magnesium-sulfate 5

Measured electrolytes

Calcium 0.25 0.02 2

Chloride 15 20 32

Magnesium 13 4 4

Potassium 115 120 15 10 5

Sodium 10 25 100 15 135

Properties (if given)

pH 7.0 7.4 7.3 7.2 7.4 7.4

Osmolarity (mOsm/l) 355 330 320 310 320

Viscosity (cP) 5.7 1.3 1.8 1.8

AA, amino acid; BES, N,N-Bis(2-hydroxyethyl)-2-aminoethanesulfonic-acid; CLS, Celsior solution; EC, EuroCollins solution; HEPES, 4-(2-hydroxyeth-

yl)-1-piperazineethanesulfonic acid; HTK, histidine tryptophan ketoglutarate; kDa, Kilo-dalton; MW, molecular weight; PEG, polyethylene glycol;

UW, University of Wisconsin solution.
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clinically used solutions contains PEG. Wei et al. [25] sug-

gested that the low viscosity resulting from replacing HES

with PEG in Polysol was partly responsible for the superior-

ity of Polysol over UW. This is plausible, as simple crystal-

loid solutions earlier demonstrated a better wash-out and

reperfusion characteristics than UW [24,26]. On the other

hand, colloids are important during CS [39] to minimize

cellular edema and therefore are to be included.

The clearly demonstrated sequential pattern of morpho-

logic damage to the intestinal graft is caused by edema

[40]. Mucosal damage starts with the formation of sub-epi-

thelial clefts at the villus tip, followed by epithelial lifting

from the lamina propria along the villus, progressive denu-

dation, loss of villi and finally mucosal infarction. Morpho-

logic damage negatively affects the protective barrier and

absorptive capacity of the intestine.

The necessity for oncotic impermeant support, particu-

larly during IP, was investigated for prolonged (10 h) CS of

rat intestine [41]. The intestinal vasculature was flushed

with one of the four solutions: (i) saline (0.9%), (ii) sal-

ine + 5% dextran, (iii) saline + lactobionate + dextran or

(iv) UW. Cellular energy, function (permeability) and his-

tology were analysed during a 10-h time course of CS.

Saline + lactobionate + dextran resulted in better mainte-

nance of energy levels and improved function (versus UW)

in combination with intact morphology, versus extensive

villus denudation and loss of crypt cells in saline and UW.

Noteworthy, as crypt cells carry the regenerative capacity.

These results confirm the importance of osmotic and onco-

tic impermeant support during IP and may imply that dex-

tran might be a superior alternative for the colloid HES in

UW. Unfortunately, wash-out, reperfusion characteristics

and ITx outcome were not assessed. In contrast, Rodriguez

et al. [42] showed that albumin-dextran-allopurinol-aden-

osine-verapamil (ADAAV) preservation solution, also con-

taining albumin and glucose, was not superior to UW

(HES, lactobionate, raffinose) or Euro Collins (glucose) for

rat IP. Outcome was assessed after 24-h CS and ITx. Bio-

chemical and histologic parameters did not differ among

preservation groups. These results suggest the crucial role

of lactobionate as the superiority of dextran in combination

with lactobionate has been demonstrated [40].

Impermeants and colloids are key factors to counteract

deteriorating fluid shifts during intestinal preservation [40].

Dextrans or PEG might be superior colloid alternatives for

HES with better wash-out and reperfusion characteristics

[25,26,41]. Substantial evidence exists to suggest that lacto-

bionate is important for effective impermeant support.

Buffering capacity

Ischemia results in anaerobic glycolysis and glycogenoly-

sis. These anaerobic processes produce lactic acid and

hydrogen ions resulting in acidosis, which subsequently

damages cells, lysosymes, and mitochondria. Prevention

of tissue acidosis is therefore an important prerequisite

for good organ preservation.

A variety of buffers are applied to regulate pH homeo-

stasis during preservation: UW relies on a phosphate buf-

fer, HTK is based on histidine, while Polysol contains a

phosphate buffer, histidine and the sulfonic buffer HE-

PES. The exact value of buffer type in the preservation

solution regarding intestinal viability after CS cannot be

determined as no single study has compared solutions

and assessed pH homeostasis in relation to ITx outcome.

The physiologic buffering agent histidine has been

related to minimized pH fluctuations during CS [43]. The

buffering potential of histidine was investigated for IP par-

ticularly [44]. Histidine supplementation to UW resulted

in a greater than threefold increase in buffering capacity

(pH range 7.4–6.8) and enhanced glycolytic capacity with

a higher value of ATP and total energy charge during 10-h

CS of rat intestine. Improved energy levels were attributed

to activation of the key enzyme phosphofructokinase

(PFK) and alleviation of intracellular acidosis in the pres-

ence of histidine. Although these findings give valuable

insight into biochemical processes during IP, histology,

functionality and outcome after ITx were not studied.

Anti-oxidants

Upon reperfusion, accumulated anaerobic end-products

contribute to the generation of ROS. These ROS will

severely damage lipids, nucleic acids and proteins and

provoke a profound inflammatory response. It has also

been suggested that ROS are already generated during CS.

To reduce injury, preservation solutions contain variable

ROS scavengers to counteract ROS-mediated injury dur-

ing CS and reperfusion.

University of Wisconsin Solution includes allopurinol

and reduced glutathione to counteract the effect of ROS;

in Celsior just glutathione is present. Allopurinol blocks

xanthine oxidase, whereas the tripeptide glutathione con-

verts peroxides as it is oxidized. Minor et al. [20] demon-

strated that neither glutathione (in Celsior), nor the

combination of glutathione and allopurinol (in UW) pre-

vent oxidative stress in rat intestine after 18 h of CS and

in vitro reperfusion.

In HTK, tryptophan functions as a ROS-scavenger by

its oxidative (electron-accepting) metabolites. Wei et al.

[25] reported that 18 h of CS of rat intestine with HTK,

CLS or Polysol resulted in less peroxidation than with

UW after 30 min of in vitro reperfusion as malondialde-

hyde was lower in Polysol. In addition, Polysol exhibited

the highest ATP concentrations and least apoptosis, ver-

sus the lowest ATP concentrations and highest apoptosis
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with UW solution. The favorable results with Polysol

could be in part explained by an optimized ‘anti-oxidative

potential’ resulting from supplementation with a broad

variety of ROS-scavengers (Table 1). It appears that anti-

oxidative ability attenuates damage through improved

energetics and reduced apoptosis. Celsior and HTK

(Table 1) both contain relatively high concentrations of

histidine, which is also suggested to neutralize ROS. The

protective capabilities of l-histidine were specifically

linked to the ability to scavenge toxic ROS [45]. Possibly,

the low concentrations of allopurinol and glutathione in

UW provide ‘marginal oxidative potential’, which might

explain increased tissue oxidation for UW.

In conclusion, low concentrations of allopurinol and

glutathione (as in UW) do not entirely prevent oxidative

stress [20]. High concentrations of histidine in addition

to glutathione/tryptophan or a combination of antioxi-

dants as used in Polysol can attenuate oxidative stress

and benefit intestinal graft quality.

Amino acid supplementation

Following preservation and at times of reperfusion, the

presence of substrate to rapidly regenerate cellular energy

is crucial. To facilitate this process ATP precursors such

as AA are added during IP in order to improve viability.

Hypothermia causes rapid degradation of high-energy

compounds [5,46]. Energetic status is related to metabolic

cell stress, histologic damage and apoptosis, all affecting

structural and functional integrity [25,47]. At the ultra-

structural level of intestinal tissue, TJ depend on ATP.

Depletion of energy leads to delocalization and degrada-

tion of TJ resulting in increased epithelial permeability

and influx of macromolecules [48]. Upon energetic resto-

ration, fortunately, TJ re-assemble and barrier function is

restored.

Amino-acids are postulated to play a protective role by

their facilitation of metabolic and synthetic cellular pro-

cesses during preservation [43,49–51]. Nevertheless, Olson

et al. [41] demonstrated that maintenance of mucosal

structural integrity with AA supplementation may not be

energy-dependent but substrate-specific, as AA solution

favored histology, while UW resulted in higher energy

levels. Energy levels should therefore be interpreted care-

fully when used as a solitary parameter of viability.

Especially glutamine, the principle energy substrate for

the enterocyte, is suggested to be beneficial. Glutamine-

supplied RL was shown to be beneficial for mucosal cell

structure during IP as compared with RL. Vascular gluta-

mine supply merely favored crypt cells, whereas luminal

supply ameliorated cells at the tip of the villi [14]. In

line, glutamine-enriched UW improved rat mucosal func-

tion and structure of after 18 h CS [52]. Upon compari-

son of different glutamine concentrations and other AA

(2–4%), the solitary addition of 2% glutamine to UW

solution was most effective. Olson et al. [53] addressed a

potential danger of detrimental pH-shifts when glutamine

metabolism is sustained in a system devoid of hepatic

detoxification. Specifically, acidic TCA-cycle related end-

products like ammonia must be buffered. This possibly

explains why 4% glutamine was not superior to 2% glu-

tamine. Considering AA supplementation in general, only

the 4% AA concentration showed better results than

UW, perhaps indicating a threshold to provide energy

stores.

The superiority of Polysol over UW (and over Celsior

and HTK on some endpoints) has been attributed to the

variety of AA (Table 1) in Polysol [25]. Recapitulating,

Polysol resulted in higher ATP levels, lower LDH produc-

tion, higher oxygen consumption and better preserved

microstructures as compared with UW. Although a bene-

fit of the extensively enriched Polysol was reported, the

exact mechanisms and the separate values of the 21 differ-

ent AA compounds were not clarified. Noteworthy, in the

latter study both a vascular flush and a luminal flush with

the different solutions were applied.

In summary, 4% AA or 2% glutamine supplementation

to the preservation solution in the presence of sufficient

buffering capacity has a potential to ameliorate rodent

intestinal graft quality. The mechanisms are to be eluci-

dated more extensively in ITx models and in human IP

studies.

Preservation conditions

Intravascular preservation

A standard, high-volume, in situ, systemic wash-out

before CS is applied for rapid blood clearance and tem-

perature decrease of the donor organ. In contrast to most

solid organs, the intestine lacks a supportive capsule and

might be unable to withstand strong mechanical forces

leading to edema and mucosal detachment. Consequently,

the intestine is recovered first after a limited volume of

systemic flush [54]. The precise volume or pressure not

to ‘overstretch the mechanical endurance’ of the intestine

is unknown yet. Short-term (1 h) pulsatile perfusion at a

pressure of 60 mmHg in combination with CS appears to

be superior to only CS for 24-h graft preservation in the

dog model, as described in the last paragraph of this

review.

The value of the first vascular flush before CS was eval-

uated over 24-h CS and ITx in the rat [42]. Rat intestine

was preserved with different solutions directly after recov-

ery or after a vascular flush ex situ. Outcome was based

on biochemistry, histology, functional glucose uptake,

survival and determinants of failure. Survival was 0%
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without a vascular flush before CS, whereas 47–67% sur-

vival in the flushed groups.

After CS, a second vascular flush has been considered

harmful. Muller et al. assessed survival, histology and

glutaminase activity after 12 h with and without a second

vascular flush after CS [26]. Also, the effect of intra-

peritoneal abdominal rewarming upon reperfusion was

studied out of concern for insufficient blood supply after

CS. Survival was highest when a second vascular wash-

out was omitted and re-warming with 37 �C saline intra-

peritoneal was applied. A second vascular flush after CS

appeared to cause substantial mechanical damage, over-

ruling any theoretical advantage of removing accumulated

toxic components.

Thus, a vascular (in situ) wash-out before CS appears

to be critical and a vascular flush after CS should be

omitted. Topical abdominal rewarming during reperfu-

sion may deserve further evaluation.

Intraluminal preservation

In addition to the intra- and extra-vascular compart-

ments, the intestinal lumen represents an additional space

of interest. Tissue edema is believed to originate from the

lumen along with increased permeability during ischemic

preservation [55]. Furthermore, it is potentially contami-

nated by bacteria. Finally, its surface volume and the sus-

ceptible epithelial top layer underline a role for the

lumen. These characteristics possibly explain why a vascu-

lar wash-out and CS are unable to support the intestinal

graft sufficiently. As highly vulnerable epithelial cells at

the villus apex rather rely on nutrient absorption from

the lumen than vasculature, [14,56] the lumen forms a

logical route to improve preservation conditions.

A benefit of luminal preservation (before CS) was orig-

inally explained through clearance/dilution of resident

enteric cytotoxic contents [57,58]. Luminal preservation

with a crystalloid solution ameliorated mucosal function

as compared with vascular preservation alone, but the

benefit was at the expense of morphologic integrity [59].

Luminal preservation with nutritive substances was

another conceived strategy. Continuous luminal and/or

arterial perfusion (24 h) of canine jejunum with gluta-

mine-enriched RL suppressed preservation injury and

improved function and structure as compared with perfu-

sion with just RL [14]. The combination of luminal and

arterial perfusion with glutamine-enriched Ringers’ Lac-

tate (RL) prevented cell damage caused by energetic defi-

ciency, and favorably maintained the number of epithelial

cells, viability, and protein metabolism. Yet, a benefit of

glutamine-enriched luminal flush and CS (24 h) of rat

intestine could not be shown by Leuvenink et al. [60]

when comparing Celsior, UW, and glutamine-enriched

UW. As regards the biochemical endpoints, Celsior

seemed to be the best luminal preservation solution.

However, histology showed severe damage in all groups.

As a vascular wash-out before CS was omitted, histologic

findings might again confirm the critical role of this ele-

ment.

deRoover et al. evaluated luminal preservation with

UW (after vascular wash-out) on human intestinal histol-

ogy [61]. Luminally preserved segments showed less his-

tologic damage than standard-preserved intestinal

segments from the same donor after 12 h CS. Functional-

ity and outcome after reperfusion were not studied.

Further studies were directed at improvement of graft

viability by tailoring luminal solutions to support energy

and nonenergy-related processes. Luminal exposure to AA

was held responsible for the overall superiority of Polysol

as compared with UW [25] when applying vascular and

luminal flush with different solutions before CS. In an

attempt to develop the optimal tailored luminal solution,

Fujimoto et al. [62] compared luminal preservation (after

UW vascular flush) and 24 h CS of rat intestine with four

different luminal solutions [UW, glutamine-enriched UW,

and two similar AA (Table 1) solutions] to the clinical

standard of vascular wash-out alone followed by CS (con-

trol). All enriched luminal groups showed improved func-

tionality, energetics, and histology as compared with the

control group. Best functionality and morphology were

seen after luminal preservation with the AA solution

including lactobionate and N,N-Bis(2-hydroxyethyl)-2-

aminoethanesulfonic acid (BES) buffer. Outcome after

ITx must prove if the luminal benefit is substantial

enough to withstand the negative effects of reperfusion.

Salehi et al. [63] attempted to further clarify the poten-

tial beneficial mechanisms of luminal AA-enriched IP.

Luminal flush and exposure during CS with AA-enriched

solution (after vascular UW flush) resulted in recovery of

energetics within post-transplant day 3 and reduced mal-

ondialdehyde/glutathione, indicating less oxidation fol-

lowing reperfusion. The reduction in energetic- and

oxidative stress was likely responsible for a simultaneous

decrease in neutrophil recruitment and histologic damage

in grafts after luminal AA preservation. AA luminal pres-

ervation resulted in a 14-day survival of 80%, while all

animals died within 12 h after preservation with UW

(vascular/luminal flush).

Despite a benefit of luminal AA-enriched preservation

solution over luminal standard UW in rodent studies, this

was not seen for human intestine. The effect of a luminal

flush with AA solution or UW (after UW vascular wash-

out) on outcome of human intestine over 24-h preserva-

tion was assessed [64]. Luminal AA did not prevent ATP

decay any better than isolated vascular UW solution. Both

luminal preservation groups resulted in better barrier
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function and morphology as compared with standard

preservation.

Recently, Oltean et al. [65] reported that intraluminal

preservation (after UW vascular wash-out) with a low-

sodium, PEG-containing solution ameliorated preserva-

tion damage in rat intestine. Luminal preservation

improved morphology and reduced edema after 14-h CS

as compared with a vascular flush alone. Luminal PEG

was suggested to have maintained epithelial integrity by

its ability to bind to negatively charged sphingolipids on

the enterocytes. As luminal preservation with UW was

not assessed, the possibility of an aspecific luminal effect

remains.

The benefit of luminal preservation of rodent and

human intestinal grafts has been confirmed, but AA-

enriched luminal preservation showed no additional

advantage (over UW) for preservation of human intes-

tine. Furthermore, outcome after human ITx must ulti-

mately prove if a luminal benefit can reduce reperfusion

injury.

Hypothermic perfused preservation and oxygenated

techniques

Hypothermic machine perfusion (HMP) generates a flow

of recirculating cold preservation solution. For the intes-

tine, CS is assumed to be superior to HMP on grounds

of apprehensions over possible pressure-induced vascular

injury. However, the comparison of two pulsatile perfu-

sion systems with CS using Collins solution and with a

combination of 6-h CS + 18-h pulsatile perfusion demon-

strated a better outcome after machine perfusion preser-

vation (at 60 mmHg) in the dog [66]. Significant

differences were noted between CS and the combined

technique, suggesting that initial pulsatile perfusion may

be decisive.

Hypothermic oxygenated luminal perfusion – simulta-

neously delivering oxygen luminally and removing toxic

products – also ameliorated viability [66]. Despite

improved energy levels (ATP) and decreased lactate/

ammonia after 24-h perfusion, histology was superior

with only a 1-h period of luminal perfusion. This recon-

firms the limited value of energetics, and indicates that

the intestine tolerates a limited period of hypothermic

luminal perfusion. Mechanical disruption is likely to be

responsible for the histologic damage. Perhaps, the intes-

tine could profit from metabolic benefits with a different

perfusion technique. Alternatively, normothermic perfu-

sion may be advantageous. Alterations in membrane flu-

idity may be less problematic in this situation, but

bacterial overgrowth becomes another concern. Normo-

thermic oxygenated machine-perfusion (NMP) supports

normal metabolism and minimizes the accumulation of

ROS precursor-substrates. Improved canine/rodent intes-

tinal graft quality and longer storage spans have been

reported during 1960–1970s [67] using complicated tech-

niques including continuous perfusion and hyperbaric

oxygenation. ITx was successful after 5 h of NMP with

heparinised RL [68]. Pulsatile perfusion with whole blood

at 37 �C maintained intestinal graft viability for 18 h

(in vitro). When nonpulsatile flow was used, the graft

survived only 6 h [69].

Several intricate oxygenation techniques have been

attempted. A static, hypothermic, cavitary, two-layer-

oxygenated perfluorcarbon/UW method (cavitary 2-layer

method, C2LM) was evaluated for its ability to prolong

preservation times of rat intestine in a transplant model

[70,71]. Survival and graft histology was compared after

C2LM ± oxygen or hypothermic preservation with

UW ± oxygen for 24/48 h. The C2LM (-oxygen) allowed

preservation for 24 h. With oxygen, preservation span was

expanded up to 48 h. However, UW + oxygen was not

effective without PFC, indicating the necessity of a high

oxygen-tension carrier. Tsujimura et al. [70,72] evaluated

the C2LM for canine preservation and ITx. All dogs in the

C2LM group survived, while 11 of 12 dogs in the UW (sta-

tic CS) group died. Graft histology and absorption capacity

in the C2LM group was similar to nonpreserved grafts.

Normothermic oxygenated (luminal) preservation facil-

itates physiologic metabolism of the intestine by main-

taining energy stores/ reducing oxidative stress and

removal of toxic products. If a delicate technique can be

developed, a role for normothermic oxygenated (luminal)

preservation is conceivable.

Conclusion

Improvement of intestinal preservation is a subject of

great interest as reduced graft quality is recognized to

limit the outcome of ITx. Apart from immunosuppressive

interventions, advancement should be directed towards

new preservation strategies. The current preservation

regime with UW is adequate but probably suboptimal for

intestinal preservation. Study results have been mostly

incomparable because of a wide heterogeneity of species,

experimental set-up, and outcome parameters. Most stud-

ies have been on animals, while human studies have been

scarce. Furthermore, the compared solutions often have

many different components and any beneficial outcome

is therefore not easily explained. Finally, inconsistency

among parameters occurs, questioning the validity of dif-

ferent parameters. Functional parameters seem preferable:

however, histologic crypt status is critical for estimating

the reparative capacity.

Although available studies do not reveal the most effec-

tive technique and solution for intestinal preservation,
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this review illustrates that alternative strategies can

improve graft quality and outcome after ITx. The

intended optimal strategy will not rely on just one factor,

but will result from a synergistic effect of different vital

elements within a ‘package of conditions’ (Table 3). A

vascular flush before CS cannot be omitted. A low potas-

sium/low viscosity solution without HES allows for better

washout of blood than UW. AA offer advantages to via-

bility. Osmotic, oncotic (e.g. PEG, lactobionate and raffi-

nose) and buffering agents are fundamental in a

preservation solution. There is a benefit of luminal flush

and/or contact between the mucosa and the solution dur-

ing preservation, although the best composition of the

luminal solution for the human intestine and a practical,

clinically applicable optimal technique are yet unknown.

Oxygenated arterial and/or luminal perfusion for short

periods are to be considered, as this technique maintains

viability and additionally removes accumulated toxic

products. Powerful organic oxygen carriers, allowing for

high oxygen-tension, can be applied.

Thus, a tailor-made luminal preservation solution

and/or (oxygenated perfused) technique need to be fur-

ther investigated for the human setting and in trans-

plant models to develop the ultimate technique that

meets physiologic demands of the intestinal graft during

preservation.
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