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The effects of vascular bed expansion
in steatotic rat liver graft viability

Abstract Disturbed microcirculation caused by fat accumulation in
hepatocytes has been implicated in
poor graft preservation and reperfusion. The aim of this study was to
investigate the effect of vascular bed
expansion F B E ) during cold preservation in graft survival Moderate
liver steatosis in male Wistar rats
(240-280 g) was induced by cholinedeficient diet. Normal, steatotic or
VBE-pretreated steatotic grafts were
transplanted after 1 h or 9 h of cold
preservation. Graft viability was
determined by 7-day survival, serum
liver enzymes, plasma tumour
necrosis factor (TNF)-a, interleukin
(IL)-6, and malondialdehyde
(MDA) levels. Post-reperfusion bile
flow and liver histology were also
examined. After 9 h of preservation,
VBE-pretreated steatotic liver grafts
were associated with significantly

Introduction
Clinical experience suggests that steatotic liver grafts are
more susceptible to cold preservation than are nonsteatotic grafts, which results in primary poor or nonfunction (PNF) after orthotopic liver transplantation
(OLT) [l, 21. Therefore, fatty livers are not commonly
transplanted. However, because of the shortage of donor
organs, the discarding of fatty liver grafts as unsuitable
for transplantation is of concern, and it is, therefore,
important that research continues into the use of steatotic livers as safe grafts. The exact mechanism of injury
has not been elucidated. One hypothesis is that in fatty

reduced serum liver enzyme, plasma
TNF-a, IL-6, and MDA levels, as
well as increased bile flow and higher
survival rates compared with untreated ones. The present study
shows that VBE protects fatty liver
grafts from subsequent long-term
cold preservation and reperfusion
injury in a rat liver transplantation
model.
Keywords Steatosis . Transplantation . Cold ischaemia . Vascular bed
expansion

livers, the sinusoids are markedly compressed and distorted by solidified fat globules during cold preservation,
which results in impaired hepatic microcirculation following reperfusion [2, 3, 4, 5, 6, 71. In addition, the
inherited sinusoidal disturbance in steatotic livers may
lead to inadequate perfusion with preservation solution
during organ retrieval and subsequent suboptimal protection of the graft throughout the cold storage. In
normal rat livers a method of vascular bed expansion
(VBE), which was established during prolonged cold
storage, was shown to improve subsequent graft reperfusion and function [8]. Apart from the uniform exposure of the entire graft to the UW solution, VBE was
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thought to prevent sinusoidal collapse by expanding the
hepatic microvasculature, which subsequently led to
decreased resistance for the reperfusion blood flow [8].
We hypothesized that VBE pretreatment in steatotic rat
liver grafts would attenuate hepatic injury and improve
graft viability and function subsequent to revascularization.
In this study, steatotic rat liver grafts with and
without VBE pretreatment were transplanted after different periods of preservation. We examined the effect of
VBE on the damage induced by cold preservation of
fatty liver tissue. The parameters studied included recipient survival, serum alanine transaminase (ALT),
aspartate transaminase (AST), lactic dehydrogenase
(LDH), plasma cytokines [tumour necrotizing factor
(TNF)-a and interleukin (1L)-61, malondialdehyde
(MDA), bile flow and liver histology.

treatment was administered. In rats selected for survival
analysis, bile duct continuity was established by the use of
an indwelling stent (PE 50, Baxter). In the remaining rats,
PE-50 tubes were inserted into the donor bile duct for
measurement of bile flow early after reperfusion.
Animal groups for experiments
The rats were divided into six groups (each group included 14 OLTs).

1. OLT after 1 h of cold preservation
-

2. OLT after 9 h of cold preservation
-

Materials and method

Normal graft (N-1)
Steatotic graft (S-1)
Steatotic grafts pretreated with VBE (S + VBE-1)

-

Normal grafts (N-9)
Steatotic grafts (S-9)
Steatotic grafts pretreated with VBE (S + VBE-9)

Animals and induction of fatty livers

In each group, eight rats were assessed for 7-day
survival, and six were selected for laboratory tests and
The study design was approved by the Dokuz Eylul bile flow analysis, only. Blood samples were taken via
University Medical School's Animal Care and Use cardiac puncture for measurement of serum liver enCommittee. Inbred male Wistar rats weighing 240-280 g zymes (ALT, AST and LDH), plasma cytokines (TNF-a
were obtained from the Multi-disciplinary Research Unit and IL-6) and MDA levels at 120 min after reperfusion,
(Izmir, Turkey). We fed donors with a choline-deficient following which their livers were removed for histology.
diet (CDD) (Harlan Teklad, Madison, USA) for 4 weeks
to induce moderate (30%-60%, predominantly macrovesicular) steatosis in the livers [3, 71. The recipient and Biochemical assay of hepatic injury
control donor rats were fed a standard laboratory diet.
All animals were housed in individual cages with con- To assess the damage to hepatic parenchymal cells, we
measured the activities of serum AST, ALT, and LDH,
trolled light/dark cycles and given free access to water.
using a Technicon OpeRa autoanalyzer.
Animal preparation and surgical procedures
CDD-fed rats and control rats were used as liver donors.
Rat orthotopic liver transplantations (OLTs) were performed under ether anaesthesia by use of a modified
Kamada technique [9]. Following systemic heparinization, the donor liver was flushed with 10 ml of cold (4°C)
UW solution through the portal vein. VBE in liver grafts
was performed as described by Zeng et al. [8]. The steatotic graft was removed after it had been flushed with UW
via the portal vein, and both the suprahepatic and the
infrahepatic vena cava were ligated with 6-0 silk ties.
Each graft was weighed, and an additional amount of
UW solution (40 m1/100 g-40% of the liver weight) was
infused into the graft via the portal vein, which was ligated following infusion. Immediately before transplantation all the grafts were flushed with 5 ml of cold lactated
Ringer's solution. At the end of the transplantation
procedure the recipient rats were given 2 ml of lactated
Ringer's solution through the penile vein. No antibiotic

Plasma TNF-a and IL-6 assay
Blood samples were collected into heparinized sterile
tubes. Plasma was separated by centrifugation at 4,000 g
for 10 min and stored at -84"C.Assays were performed
in a 96-well micro-titre plate, by use of a rat TNF-a test
kit (Endogen, Wolburn, Mass., USA) and rat IL-6 test
kit (Endogen) based on an enzyme-linked immunosorbent assay. All samples were tested in duplicate. The
plate was read on a microplate reader (Bio-Rad Novapath) at 450-595 nm, and the TNF-a and IL-6 concentrations in experimental samples were calculated from a
standard curve.
Plasma MDA assay
We determined lipid peroxidation in the liver by measuring the levels of MDA, which is the end product of
lipid metabolism. Blood samples were transferred
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immediately to tubes on ice then centrifuged without
delay at 4,000 g for 10 min at 4°C. The plasma obtained
was stored at -80°C until required for analysis. Plasma
MDA concentrations were assayed by a high-performance liquid chromatographic method that used a Shimatzu Class VP analyzer (mobile phase, 60/10 mmol/l;
KH2P04:40methanol; pH 6.8; flow rate 0.5 ml/min;
detector: UV-532 nm; injection volume 50 pl; C18 column, length 15 cm, pore diameter 5 pm).

Statistical analysis
Data were expressed as mean
SEM. We used one-way
analysis of variance, followed by the Kruskal-Wallis
method of multiple comparisons, to compare group
means. Using Fisher's exact test, we compared the animals' survival times. A probability value less than 0.05
was considered to be significant.

Results
Bile flow rate

Survival

Bile output was measured for 10 min after revascularization, with a PE-50 tube. Data were expressed as the
length of the tube in centimetres per 10 minutes.
Histopathological examination
The removed livers were fixed in 10% formalin, routinely processed and embedded in paraffin. Sections of
5 pm thickness were stained with haematoxylin and
eosin and evaluated by one pathologist (0s) who was
blind to the study groups and laboratory data. The
amount of fatty change was graded semi-quantitatively,
depending on the degree of fatty infiltration: mild
( < 30%), moderate (30%-60%) and severe ( > 60%)
[lo]. We determined the extent of reperfusion injury by
assessing the hepatocyte swelling, necrosis and sinusoidal neutrophilic exudation subjectively.

After 1 h, preservation survival rates were similar for all
the groups (Table I). After 9 h preservation, however,
there was a significant drop in survival for the group with
transplanted steatotic livers [normal (N) = SjS vs steatotic (S) = OjS, P < 0.0011. All recipients were lost within
the 48 h following transplantation. However, in the
treatment group, VBE resulted in a significant improvement in survival (S = 0/8 vs S + VBE = 6/8, P < 0.01).

Table 1 Comparison of 7-day survival rates between the groups

Cold preservation time

Normal

Steatotic

Steatotic

l h
9h

8/8
8/8 b,c

718
Oj8

7/8
6/8

+ VBE

Serum liver enzymes
Serum enzyme levels in the steatotic liver grafts (S and
S + VBE) were significantly higher than the normal
controls at each corresponding time point of cold preservation (P< 0.05) (Table 2). After 9 h of preservation,
S + VBE-9 revealed significantly lower serum liver enzyme levels than s-9 (P<O.O5). After 1 h of preservation, VBE pretreatment resulted in lower serum liver
enzymes levels than in the group with no treatment with
steatotic grafts, but the difference did not reach statistical significance (St-VBE-1 vs S-1, P=n.s.).
Plasma TNF-a

aversus steatotic, P < 0.01
bVersus normal, P < 0.01
'Versus normal, P = n.s.

Plasma TNF-a levels from steatotic livers were significantly higher than in controls after 1 h and 9 h of

Table 2 Serum AST, ALT, and LDH levels (mean i SE) at 120 min of reperfusion following OLT
Parameter

Cold preservation time (h)
Normal

AST (IUjl)
ALT (IUjl)
LDH (IUjl)

Steatotica

Steatotic

+ VBEa

Ih

9h

1 h"

9 hb

1 hC

9 hb

290 i40
190 f 30
604 f46

580 i70
396 + 54
974i118

1,258 i447
954 f265
4,150 f894

2,270 f684
1,640 i482
8,572i 1,168

1,154 i346
876 + 468
3,446 i338

1,520f434
1,100 i352
5,082 i832

Versus normal, P < 0.05
bSteatotic vs steatotic + VBE, P < 0.05
'Steatotic vs steatotic + VBE, P = n.s.
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b

a

preservation ( P < 0.01). Although VBE treatment resulted in a significant reduction in TNF-a levels at both
preservation times, the levels were still significantly
higher than in controls (Fig. la). After 9 h of preservation, S + VBE-9 yielded significantly lower levels of
plasma TNF-a than S-9 (150k6.8 pg/ml and
243 k 29 pg/ml, respectively, P < 0.01). However, VBE
treatment did not result in a significant difference between the groups after short-term preservation (S-1 vs
S+VBE-1, P=n.s.). For all study groups there was a
significantly elevated plasma TNF-a level at 9 h compared with 1 h (P<O.Ol) (Fig. la).

0 I hrofCP

1

Fig. l a 4 Post-reperfusion plasma levels of (a) TNF-a, (b) IL-6, (c)
malondialdehyde, and (d) bile flow in rats that received VBEtreated or untreated steatotic liver grafts after long-term (9 h) or
short-term (1 h) preservation. Control groups received normal
livers. Bile output was measured after revascularization by use of a
PE-50 tube for 10 min. Bile flow data are expressed as length of bile
in tube in centimetres per 10 minutes. CP cold preservation
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Plasma IL-6
Plasma IL-6 levels in the steatotic groups (S-1 and S-9),
were significantly higher than in the controls (N-1 and
N-9) ( P < 0.01). After VBE pretreatment (S + VBE),
plasma IL-6 levels obtained from the steatotic grafts
were significantly decreased and close to the levels of
normal controls at corresponding time points (Fig. lb).
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SteatoticNBE

C

h

Plasma MDA
After 1 h of preservation, there was a significantly
higher plasma MDA level in both steatotic groups (S-1
and S+VBE-1) compared with the control group (N-1)
( P < 0.01) (Fig. lc). However, no statistical difference
was observed between the S-1 and S + VBE-1 groups
(P=n.s.). For the groups subjected to 9 h of preservation, MDA levels in the control, steatotic and VBEtreated steatotic groups were 1.03 0.07 pmol/l,
2.14&0.1 pmol/l, and 1.6k0.06 pmol/l (PcO.01)
(Fig. lc).
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Bile output
After 1 h of preservation there was no significant difference in bile flow rates between the three groups
( P = n.s.) (Fig. Id). In contrast, after 9 h of preservation
post-reperfusion, bile secretion in the groups of N, S and
S+VBE were 23.8f 1.8 cm/lO min, 6.2*0.5 cm/
10 min, and 13.7 f0.9 cm/lO min, respectively, which
was statistically significant ( P < 0.01). For all groups,
long-term preservation resulted in significantly less bile
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secretion than
(Fig. Id).

short-term

preservation

(P< 0.01) ( > 60%) livers are almost always discarded [13]. The

The success of liver transplantation has dramatically
increased during the past 15 years, and OLT has become
the standard treatment for patients with a variety of endstage liver disease. However, donor organ shortage remains a serious problem. Even in centres with a high
throughput, 10% to 30% of transplant candidates die
while awaiting a donor organ [ll]. In order for the
increasing demand to be met, marginal donor livers,
especially those with steatosis, have been used. Mildly
steatotic (up to 30%) donor livers are successfully
transplanted, with patient and graft survival similar to
non-steatotic ones [12], whereas severely steatotic

outcome with moderately steatotic (30%-60%) livers,
however, is associated with increased tendency for the
development of severe ischaemic injury as well as PNF
[l, 21. This observation has made them unsuitable for
elective OLT, and, consequently, approximately 10% of
recovered donor livers are rejected due to hepatic steatosis [2]. It is, therefore, useful for us to investigate
methods of using steatotic livers as safe grafts.
In steatotic livers, the total hepatic blood flow is reduced by half [3,4, 5, 14, 151, and the flow in the hepatic
microcirculation falls to approximately 16% of that in
normal controls [S]. One possible explanation for this
might be that only a proportion of the liver blood flow is
passing through the sinusoids, while the rest is being
shunted. The narrowed and distorted sinusoidal architecture, caused by fat accumulation, has been implicated
in flow reduction. In liver transplantation, inherently
high microvascular resistance and markedly reduced
flow in the sinusoidal lumen of fatty livers might lead to
impaired perfusion with cold preservation solution
during organ retrieval [4, 51. Thus, these grafts will be
subject to the consequences of inadequate distribution
and exposure of preservation solution. Blebs and solidified fat globules released into the sinusoidal space at the
time of hypothermia will further compromise the
microvascular space [4, 5, 6, 71.
UW is the most commonly used preservation solution,
and its favourable effect has not been evident in fatty
livers compared with the normal ones [3, 161. However,
with conventional static storage techniques, even in
normal livers, organ preservation solution does not
completely fill the microvasculature or remain there [ 17,
181. The fluid can freely drain out of open vessels and
create a suboptimum preservation environment, especially for lining endothelial cells [6, 191. The resulting

Fig. 2 Moderate amount of macrovesicular steatosis caused by
CDD diet. (H&E; original magnification x40)

Fig. 3 Prominent hepatocyte swelling and a focus of cell necrosis
accompanying fatty changes after 120 min of reperfusion (H&E;
original magnification x 100)

Histopathology
Liver grafts from CDD-fed rats demonstrated a moderate amount (30%-60%) of fatty infiltration, which
was primarily macrovesicular (Fig. 2). Compared with
normal livers, after 120 min of reperfusion, steatotic liver grafts revealed more prominent parenchymal injury,
seen as hepatocyte swelling, spotty necrosis of hepatocytes with neutrophilic or mononuclear cell infiltrates
and neutrophils within the sinusoids. However, on light
microscopy no significant difference in terms of necroinflammatory changes was observed between the treated
and untreated steatotic grafts, after either 1 h or 9 h of
preservation (Fig. 3). Furthermore, there was no difference in the histology of the livers, as observed after 1 h
or 9 h of preservation, in any of the groups.

Discussion
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increased cold ischaemic damage may compound the
exaggerated reperfusion injury associated with steatosis.
In steatotic livers several factors, including fat globules, fibrin microthrombi and cellular elements in the
blood, may cause microcirculatory impairment following reperfusion [4, 201. Furthermore, the ability to generate ATP is decreased in steatotic livers [ 3 , 21,221. Poor
recovery of energy metabolism results in loss of hepatocyte integrity and cell death, which is predominantly
by necrosis [23]. As the lipids released in the sinusoidal
space are used as substrate for lipid peroxidation, increased formation of free radicals results in further disruption of the microcirculation [24, 251. The production
of pro-inflammatory mediators such as TNF-a and IL-6,
and free radicals by activated Kupffer cells may cause a
decline in the antioxidants and cellular energy stores of
the fatty liver [4, 261. Taken together, multiple mechanisms are potentially involved in the impaired tolerance
to ischaemic injury of steatotic livers. Recently, ischaemic preconditioning, a brief period of ischaemia prior to
a prolonged ischaemic insult, was found to control lipid
peroxidation, hepatic microcirculation failure and neutrophil accumulation, reducing the subsequent hepatic
injury in fatty livers [27]. However, currently no protective strategy is available in the clinical setting.
In rats, Zeng et al. have established a method of VBE
during cold storage by infusing UW solution via the
portal vein, followed by occlusion of all vessels to trap
the fluid throughout the intrahepatic vasculature [8].
VBE has been shown to increase the resistance of nonsteatotic donor livers to prolonged cold ischaemic injury
(up to 30 h) and to maintain uniform distribution of
portal blood after reperfusion. Aside from the uniform
exposure of the entire graft to the preservation solution,
VBE is thought to facilitate reperfusion by avoiding
sinusoidal collapse during static preservation. Our study
assesses whether VBE, demonstrated to be effective in
normal livers, could also confer protection in the presence of steatosis.
In the majority of fatty donor livers the fat globules
are macrovesicular. Microvesicular steatosis is less
common in liver donors. In contrast to the use of livers
with macrovesicular steatosis, the use of donor livers
with even severe microvesicular steatosis has been shown
to be associated with graft survival rates similar to those
of non-steatotic grafts [28]. In this study, the donor rats
were fed a choline-deficient diet for 4 weeks, which has
been shown to result in fatty livers that were predominantly macrovesicular in nature [3, 71. According to
criteria described above, the steatotic livers in this series
would be classified as moderate [lo].
The present study verified the clinical observation
that steatotic grafts are more susceptible to cold ischaemic injury than normal ones. After the livers had
undergone 1 h of preservation, the outcome for recipients transplanted with either normal or steatotic grafts

was similar. In contrast, 9 h of preservation resulted in a
significant reduction in the post-transplant viability of
the steatotic graft. We found that the survival of recipients transplanted with steatotic livers declined markedly
in correlation with the duration of preservation. After
9 h of preservation, no recipient rat with a steatotic graft
survived. However, VBE pretreatment appeared to be
beneficial by all outcome indices. The most important
observation was that, with VBE, survival was possible
with moderately steatotic liver grafts, even after 9 h of
preservation. Similarly, serum liver enzyme levels were
also markedly improved after VBE pretreatment. Activation of Kupffer cells, during cold storage and subsequent reperfusion, was indicated by the increased
release of TNF-a [29]. After 120 min of reperfusion,
TNF-a and IL-6 levels were significantly increased in
steatotic livers compared with the controls. However,
both pro-inflammatory cytokines were decreased in
those livers subjected to VBE pretreatment. MDA
analysis, a marker of lipid membrane integrity, also directly correlated with graft function and survival. High
plasma MDA levels, demonstrated with steatotic grafts,
were markedly decreased after VBE pretreatment. In
addition, we evaluated the amount of post-reperfusion
bile flow, which has been shown to correlate with the
ATP levels in hepatocytes after ischaemia and reperfusion injury [30]. In our series, the markedly impaired bile
flow rates in steatotic grafts were found to improve
following VBE pretreatment.
VBE pretreatment appeared to be beneficial for
steatotic donor livers transplanted after prolonged, rather than short, preservation periods. This imitates the
clinical situation where 9 h of cold ischaemia is common practice, whereas transplantation after 1 h is less
likely.
Histopathologically, after 120 min of reperfusion,
no significant difference in terms of parenchymal necro-inflammatory changes were found on light
microscopy, between the VBE-pretreated and untreated steatotic livers at corresponding preservation
times. This might be explained by insufficient duration
of reperfusion to induce parenchymal injury to an
extent such that necro-inflammatory differences between the treated and untreated steatotic livers became
evident.
In conclusion, our results show that in steatotic rat
liver grafts, VBE might attenuate the damage induced by
prolonged cold preservation and reperfusion, resulting
in improved early graft function and subsequent graft
survival. As the number of available liver grafts is limited in clinical practice, VBE might be a possible method
of improving the safety of steatotic livers.
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