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Abstract The aim of the present
study was to evaluate the potential
of Celsior, a recently developed cardioplegic and heart storage solution,
to protect the small bowel during ischemic storage. Small bowel segments were isolated from rats, flushed with either UW or Celsior solution, and cold-stored for 18 h at
4 "C in the respective solution. After
ischemic storage, some preparations
were freeze-clamped for analysis of
tissue metabolites while other preparations were tested for structural
and functional integrity by isolated
perfusion in vitro using a previously
validated model. After 18 h of ischemic storage no significant differences were seen between Celsior
and UW with regard to the development of edema, energy charge, or
creatine phosphate, but lactate accumulation was simificantlv reduced in the Celsiir group, hthough
glucose catabolism was not inhibited. Histological evaluation of the
cold-stored organs showed no dif-

Introduction
Celsior is a recently developed, extracellular type, low
viscosity preservation solution (Table 1) that has been
shown to have beneficial effects on heart [14] and lung
[2] preservation. The small intestine is known to be particularly susceptible to preservationh-eperfusion injury
and the preservation solution of choice for a small bowel graft is still controversial [5].Therefore, much effort
has recently been put into evaluating and improving

ferences with regard to structural
integrity between the two groups.
Total vascular resistance upon reperfusion was significantly lower in
the Celsior group (666 k 126 vs
827 f 88 MPa s m-3*), as was the intestinal release of LDH (9.7 k 4.4 vs
18.2 f 4.6 U/1 *). Carbohydrate absorption from the intestinal lumen
amounted to venous effluent concentrations of 0.58 k 0.24 vs
0.18 k 0.15 mg% * of galactose in
the Celsior and UW groups, respectively. Within the limits of this in
vitro pilot study, Celsior provided
better postischemic recovery of the
small bowel than UW in terms of
vascular perfusion characteristics,
enzyme release, and carbohydrate
absorption and may, thus, be considered a suitable alternative for intestinal organ preservation.
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methods for long-term preservation of the small bowel
[13,24,27]. Yet, tissue injury related to ischemic preservation of the intestine, with ensuing destruction of the
mucosal cell layer may still seriously compromise the viability of the organ upon transplantation [9,11].
The aim of the present study was to evaluate the potential of Celsior to protect the small bowel during ischemic storage by comparing the metabolic status and
functional integrity of isolated intestinal segments after
ischemic preservation in either Celsior or University of
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Table 1 Composition of Celsior in comparison to UW preservation solution (mmolil)
Na'

K'
Mg"
Cat+

so,-PO,Mannitol
Histidine
Lactobionate
HAES
Glutamic acid
Adenosine
Allopurinol
Glutathione
Dexamethasone
Insulin
Viscosity

uw

Celsior

30
12.5
5

100

-

15
13
0.25

5
25

-

-

60
30
80

-

100
50 gll

-

-

-

20

5

-

1

-

3
8 mg/l
100 u/1
9.8C P

niques [IS] in a non-recirculating fashion at a flow rate of 5 mi/
min. The preparations were initially rinsed with 5 mi of NaC1
0.9 Yo via the superior mesenteric artery and then placed into a
temperature controlled organ bath of 37 "C NaC10.9 Yo. The perfusate consisted of a modified Krebs-Henseleit buffer, supplemented
with 5 YO dextran 75 [18] and oxygenated with 95 YO O2 and 5 YO
COz The temperature of the perfusate was kept at 37 "C. The intestinal lumen was perfused at a rate of 0.5 mllmin with saline solution containing 200 mg% of galactose.

3
-

1.3 cP

Wisconsin (UW) solution, a solution that has been
shown to maintain viability of bowel grafts for up to
16 h of storage in humans [ 3 ] .

Metabolic analysis
In liquid nitrogen the frozen intestines were freed from surrounding tissue and frozen water using a dental drill. The specimens
were then weighed and transferred into a vacuum freezer. After
tissue water was evaporated during at least 5 days of freeze drying,
the samples were weighed again to determine the total dry weight
of the specimen, and tissue concentrations of adenine nucleotides,
creatine phosphate, glucose, and lactate were determined by standard enzymatic tests, as described previously [8, 121. As a reference, metabolites were also measured in intestinal segments harvested from normal intestine in situ and processed as described
above. The energy charge potential (ECP) was calculated according to Atkinson [ I ] as: ECP = (ATP + 1/2 ADP)/(ATP + ADP + AMP).
Histology

Materialsand methods
All experiments were performed in accordance with the federal
law 1-egardingthe protection of animals. The principles of laboratory animal care (NIH Publication No. 85-23, revised 1985) were followed.
Male Wistar rats weighing between 225 and 275 g were anesthetized by intramuscular injection of ketamine (90 mgikg) and xylazine (10 rng/kg). Atropine (0.05 mg/kg) was given to reduce salivation of the animals. During the operation, oxygen was given
through a nasal catheter in order to avoid the development of hypoxia.
The abdomen was opened by a midline incision with bilateral
subcostal extensions, and a 15-cm segment of the upper jejunum
was isolated with the vascular pedicle, as described elsewhere [7,
181. The superior mesenteric artery was cannulated with PE tubing
(0.5 x 0.9 mm) and the jejunal segment was then flushed with 10 ml
UW or Celsior preservation solution at 4°C. The portal vein was
cannulated with a large PE splint (ID 15 mm), later connected to
silicone tubing to allow for collection of the venous effluent upon
reperfusion. A short PE cannula (14 G ) was inserted into the upper
jejunal lumen and secured with a circumferential tie. The intestinal
lumen was gently irrigated with 10-1.5 ml of the respective preservation solution.
The segments were excised and stored ischemically for 18 h in a
bath of 100 ml UW or Celsior solution. The temperature was kept
between 2" and 4°C by means of an external cooling circuit (Ministat digital thermostat, Fa. Huber Offenburg-Eigersweier).At the
end of ischemic preservation, specimens from each group ( n = 57) were snap-frozen in liquid nitrogen and preserved below -40°C
until later analysis. Control values for tissue biochemistry were obtained from control samples harvested from vital intestines in vivo.
Other preparations ( n = 6) were reperfused in vitro after ischemic preservation according to previously established tech-

Specimens were rapidly fixed i n 10 YO formaldehyde and embedded in paraffin. Three-micrometer sections were stained with hematoxylin-eosin for routine histology.
Vascular resistance upon reperfusion
The mean arterial pressure during isolated perfusion via the superior mesenteric artery was measured continuously by means of a
precalibrated Stadham ( P 23) pressure transducer (Gould, Oxnard, CA) connected to the arterial inflow line. The total vascular
resistance (TVR) of the preparations was then calculated according to the following formula [15]:
TVR (GPa s m-3) = MAP (mmHg)/Q (ml/min) Y 7.998, where
MAP represents the mean arterial pressure and Q the arterial inflow.
Release of lactate dehydrogenase (LDH)
Effluent activities of LDH were determined at definite time points,
i.e., after 2, 1.5, and 30 min cf reperfusion from aliquots of 0.1 ml
using commercialized photometric test kits (Boehringer, Mannheim).
Release of lipid peroxidation products
Lipid peroxides ( L P O ) were measured in the portal effluent using
HPLC techniques described earlier [16,26] and taken as a parameter to approximate oxygen free radical-induced tissue injury upon
oxygenated reperfusion of the small bowel grafts.
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Table 2 Metabolic status of small intestines after 18 h of ischemic
preservation at 4°C in Celsior or UW solution in comparison to
nonischemic control tissue. Data are given as means i S D of 5-

-7 observations (ECP energy charge potential, CP creatine
phosphate, dw dry weight)

~

Control
18 h IJW
18 h Celsior

ECP

CP
(pmolig dw)

Glucose
(pmolig dw)

Lactate
(pmolig dw)

Dry weight
(% of wet weight)

0 71 i0.99
0.35 i 0.04*
0.42 i 0.15*

5.13 i 0.80
0.25 i 0.19*
0.50 rt 0.18*

37.3 i 8.5
13.8 i 8.2*
5 3 f 5.2*, **

6.2 i 1.4
39.0 k 8.2"
6.6 i 1.2**

21.8 f 3.9
21.5 ? 2.4
20.6 f 3.1

* P < 0.05 vs control: ** P < 0.05 vs UW
Intestinal carbohydrate absorption

Tissue edema was expressed as the percentage of dry
weight to wet weight of the intestinal preparations. It
Mucosal absorptive function was assessed by calculating the overcan be seen in Table 2 that each of the preservation soluall uptake of galactose transferred from the intestinal lumen to
the portal vein effluent. Effluent concentrations of galactose were tions was adequate in terms of preventing an increase'in
measured in the collected perfusate with galactose dehydrogenase tissue water content during the 18 h of ischemic storage.
using a commercialized test kit (Boehringer, Mannheim). Since gaHistological evaluation of the cold-stored organs
lactose is presumed to share a common carrier system with glucose, showed an equally well-preserved structural integrity in
its uptake Crom the intestinal lumen may be considered a useful pa- both groups at the end of the cold preservation when
rameter to approximate mucosal carbohydrate absorption.
compared to the nonischemic controls (Fig. 1).
Functional evaluation of small bowel preparations
after ischemic preservation
Transcapillary fluid loss
Upon postischemic reperfusion, the total vascular reNet movement of water from the vascular compartment into the sistance (TVR) was found to be constant during 30 min
intestinal lumen was calculated after quantitative measurement of of perfusion in nonischemic controls. Preservation with
the luminal effluent during postischemic reperfusion of the prepaUW resulted in a progressive and significant rise in vasrations.
cular resistance with respect to the controls, while the
values remained significantly lower and near the normal
range in the Celsior group (Fig. 2).
Statistics
In the control group, most of the preparations were
All results are expressed as means k standard errors if not other- able to absorb water from the intestinal lumen, even
wise indicated. Comparisons between multiple groups were perthough only small amounts were transported under the
formed with Dunn's test after one-way analysis of variance (ANOexperimental
conditions. After cold storage of the bowVA). Nonparametric analysis of differences between two groups
was performed using the Mann-Whitney U-test. Differences were el segments, transcapillary loss of fluid was seen in both
groups, irrespective of the preservation solution used
considered statistically significant when P was below 0.05.
(Table 3).
Intestinal carbohydrate absorption, i. e., in our model,
transportation of galactose from the intestinal lumen
Results
into the vascular system, was measured as the concenMetabolic status after ischemic preservation:
tration of galactose in the venous effluent. Ischemic
preservation led to a significant deterioration of mucosAt the end of ischemic preservation, the intestinal ener- a1 absorption upon immediate reperfusion. However, a
gy charge potential was found ti have decreased to notable improvement could be achieved using Celsior
about half the values observed in controls in vivo, irre- instead of UW solution.
spective of the preservation medium used (Table 2). AcLDH was also assessed in the perfusate and taken as
cordingly, a significant loss of creatine phosphate was a general parameter of cellular injury of the preparaevident after 18 h of preservation in UW; similar results tions. While nonischemic controls showed only minor
were seen after preservation in Celsior.
enzyme activity in the effluent, a significant elevation
We found considerably more inhibition of lactate ac- in LDH release was evident upon reperfusion of intescumulation during ischemia in the Celsior group than tines stored in UW, with up to twice the values observed
in the UW group. In contrast, glucose catabolism did in controls. Preservation of the small bowel with Celsior
not seem to be inhibited during preservation with Celsi- resulted in a significant reduction in LDH release upon
or since tissue levels of glucose were rather low and sig- reperfusion.
nificantly inferior to those observed after preservation
The impact of oxygen free radicals at the time of rewith UW (Table 2).
perfusion was assessed by measuring lipid peroxides
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Fig.2 Total vascular resistance ( T V R ) of the isolated intestinal
preparations upon perfusion via the superior mesenteric artery in
vitro after 18 h of hypothermic preservation in UW ( 0 )or Celsior
( A ) solution. The hatched line represents reference values obtained by perfusion of nonischemic control preparations. Values
given represent m e a n k S E M of five or more observations.
* P<0.05 v s u w

Discussion

Fig. 1 a-c Histologic appearance of rat small intestines: a in vivo
and after 18 h of hypothermic ischemic preservation in b Celsior
or c UW solution. (H&E, x 93)

(LPO) released into the perfusate. The maximal release
of LPO was significantly elevated after preservation in
UW or Celsior compared to the nonischemic controls,
but no differences were seen between the two preservation solutions.

We have investigated the effects of hypothermic storage
of small bowel segments on metabolic status during ischemia as well as the functional integrity of the preparations thereafter. The main objective of this study was to
give a primary evaluation of Celsior in the new setting
of intestinal organ preservation. We were able to show
that Celsior protected the ischemic intestine as well as,
and often even better than, U W solution.
The degree of degradation of high-energy phosphates in the cold-preserved small bowel specimens observed in our study was comparable to data reported in
the literature after intestinal storage in U W solution [4,
221. There were no differences between Celsior and
U W with regard to the energy Charge potential at the
end of ischemia. However, a pronounced depletion of
intestinal glucose content was evident in the presence
of Celsior. The biochemical factors responsible for the
increased glucose utilization under anaerobic conditions
with Celsior cannot be established based on the results
of the present study. It has been reported that glutamic
acid, present in Celsior but not in U W or other preservation solutions, might augment energy production under
anaerobic conditions [21]. However, in our model, the
addition of glutamic acid to UW had no major influence
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Table 3 Functional recovery of
intcstinal preparations upon reperfusion after 18 h of ischemic
prcservation at 4°C in Celsior
or UW solution. Data are given
as means k SD of 5-7 observations ( L D H lactate dehydrogenase. LPO lipid peroxides)

Water balance
(mllmin)

Control
0.01 k 0.15

-

18hUW
1.50 k 0.21 *

-

Carbohydrate ahsorption
(mg ?Lo galactose)
LDH,;,, ( ~ J / I )
LPO,,, (pinollml)

1.97 f 0.48
9.6 2.1
627k 154

0.18 2 0.15*
18.2 k 4.6*
892 +_ 92*

0.58 k 0.24*,**
9.7 _+ 4.4**
868 k 56*

~~

*

* P < 0.05 vs control: ** P < 0.05 vs UW

on end-ischemic glucose content after intestinal preservation or o n lactate content (data not shown).
Upon reperfusion, a significant rise in vascular perfusion pressure after preservation in UW was observed.
Similar phenomena have already been described after
preservation of other organs, such as the heart [20] or
the liver 117,231, and they have been attributed to the
high potassium content of UW (124 mmol/l), which
may have an injurious impact on vascular endothelium,
leading to an impaired vascular relaxation after extended preservation periods [6, 201. Celsior, being an extracellular type preservation solution, contains only small
amounts of potassium (15 mmol/l), and this is thought
to account for our not finding any major alterations in
the vascular perfusion characteristics after storage of
the intestines in Celsior. Nevertheless, there were R O
differencesbetween Celsior and UW with regard to capillary water filtration as judged from the transluminal
water loss upon reperfusion. I t has been shown that
postischemic changes in intestinal vascular permeability
are primarily mediated by the impact of oxygen-derived
free radicals [lo, 191 arising from the xanthine-oxidase
reaction upon reintroduction of oxygen into previously
anoxic tissue. Both preservation solutions tested in this
study are supplemented with antioxidative agents in order to counteract oxygen free radical tissue damage:
~

18 h Celsior
1.48 0.43"

nevertheless, a significant increase in radical-mediated
lipid peroxidation was observed upon reperfusion compared to nonischemic controls. Although it is conceivable that lipid peroxidation would have been even
more pronounced if no antioxidant preservative had
been used, it can be said that neither UW nor Celiior
was sufficiently supplemented to prevent a relevant oxidative tissue insult after 18 h of ischemia in our model.
However, Celsior provided better preservation of the
small intestine than UW in terms of reduced enzyme
leakage upon reperfusion and an increased functional
ability of the intestinal mucosa t o absorb carbohydrates
from the lumen.
We are aware that the interpretation of the present
results has to be done cautiously due to the methodological limitations of the experjmental in vitro/ex situ model used in this study. In particular, the relatively great
potential of the intestinal rnucosa to regenerate within
several days of reperfusion in vivo [2S] could not be accounted for in the reported experimental setting. However, we conclude that Celsior, originally designed for
heart transplantation, also seems t o be a suitabIe solution €or the preservation of the gut. Subsequent trials,
including intestinal transplantation in vivo with longterm foilow-up, are strongly encouraged.

-
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