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ORIGINAL ARTICLE

Gentle organ manipulation during harvest
as a key determinant of survival of fatty
livers after transplantation in the rat

Abstract Both in situ organ manip-
ulation during harvest and steatosis
reduce survival after liver trans-
plantation via mechanisms involving
Kupffer cells; thus, their effect on
survival was compared here. Mod-
erate steatosis was induced by a sin-
gle dose of ethanol to Lewis rats,
while long-term administration of
ethanol yielded severe steatosis in
donor animals. After minimal dis-
section during the first 12 min, livers
were either manipulated gently or
left alone for 13 min subsequently.
Orthotopic liver transplantation was
performed after 1 h of cold storage
in UW solution. Ethanol increased
hepatic lipid content to a level of
moderate or severe steatosis that
reduced survival after transplanta-
tion from 100 % to approximately
70% (P < 0.05). However, gentle
manipulation decreased survival to
approximately 30 % (P < 0.05) in
livers from normal, saline-treated
rats and in livers from rats fed a
high-fat control diet. Moreover, af-
ter short- or long-term ethanol ad-
ministration, manipulation of fatty
livers decreased survival from 70 %
to approximately 13 % (P < 0.05).
Further, manipulation elevated se-
rum transaminases, total bilirubin,
and necrosis significantly about 2- to
20-fold in fatty grafts after trans-

plantation. At the end of harvest,
trypan blue distribution time and
hypoxia assessed from 2-nitroimi-
dazole binding were elevated signif-
icantly about two- to fourfold by
manipulation of fatty grafts. Gado-
linium chloride, a Kupffer cell toxi-
cant, blocked the detrimental effects
of manipulation. These data dem-
onstrate for the first time that, while
steatosis is detrimental for survival,
organ manipulation plays a much
greater role than fat in mechanisms
of primary nonfunction.
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Fig.1 Effect of short- and long-term ethanol administration on in-
tracellular lipid accumulation. In a binge-drinking model, rats were
gavaged with a single dose of ethanol or isovolemic normal saline
in chow-fed controls before organ harvest. In a long-term ethanol-
drinking model, animals were fed a liquid high-fat diet for 4 weeks,
with 36 % of calories from ethanol or maltose-dextrin. To compare
fat content, livers were stained with osmium as described in Mate-
rials and methods. Values are mean + SEM (P < 0.05 by two-way
ANOVA with Student-Newman-Keuls post hoc test; n =5-10).
a P <0.05 compared with saline controls; b P < 0.05 compared
with moderate steatosis (acute ethanol, maltose-dextrin)

Introduction

Liver transplantation is the therapy of choice in an in-
creasing number of liver diseases [28]; however, the or-
gan pool is limited. Since primary nonfunction and dys-
function occur in 5-30 % of human liver transplantation
cases, for reasons that still remain unclear [29], there is
an urgent need to understand the underlying mecha-
nisms.

Brain-dead accident victims are a major source of do-
nor organs; since accidents are overwhelmingly associat-
ed with alcohol consumption, alcohol use is probably a
common characteristic of organ donors [16, 27]. Unfor-
tunately, ethanol causes hepatic fat infiltration, and ap-
proximately 35% of potential donor livers exhibit fat
accumulation to some extent [3]. It is well known that
livers with a high fat content are frequently associated
with nonfunction or dysfunction after transplantation
[29,39]. Livers with a mild fat accumulation have better
rates of function and are reported to be suitable for

transplantation [2, 35]; however, many transplant cen-
ters do not accept marginal livers as grafts because of
the significantly higher risk of primary nonfunction,
even though many fatty livers perform well after trans-
plantation [2, 39]. To extend the donor pool, the inci-
dence of primary nonfunction needs to be reduced, es-
pecially with fatty livers.

Recently, in situ manipulation by touching, retract-
ing, and moving liver lobes gently during harvest, which
cannot be prevented with standard harvesting tech-
niques, has been demonstrated to dramatically reduce
survival after transplantation [32]. Further, in clinical
liver transplantation, it was observed that dissection of
the liver during harvest reduced graft function after
transplantation. Moreover, in pigs, preparation of the
portal vein alone impairs the intrahepatic microcircula-
tion [11, 18, 20, 34]. Since both in situ organ manipula-
tion during harvest and steatosis reduce survival after
liver transplantation via mechanisms involving Kupffer
cells, their effect on survival was compared here. In ad-
dition, this study was designed to determine whether de-
pletion of Kupffer cells could improve the overall out-
come of liver transplantation by reducing the effect of
manipulation.

Materials and methods

Experimental animals and treatment

Lewis rats (200-230 g) were allowed free access to laboratory chow
and tap water. In one experimental series, fed female donor rats
were treated with a single high dose of ethanol (binge-drinking
model) by gavage 20 h before harvest [41]. Chow-fed control rats
were given an equivalent volume of normal saline. In a second ex-
perimental series, female donor rats (4-5 weeks of age) were caged
individually and pair-fed a modified liquid high-fat diet for
4-5 weeks (final weight 200-230 g) [23]. Both high-fat control and
high-fat ethanol-treated groups received equivalent amounts of
corn oil (35 % of calories), with 36 % of calories coming from etha-
nol (chronic ethanol model) or isocaloric maltose-dextrin. In both
experiments, some donor animals were given a single injection of
gadolinium chloride (GdCl;; 10 mg/kg in acidic saline) through
the tail vein 24 h prior to organ harvest. This treatment destroys
all large ED2-positive Kupffer cells and minimizes ED1-positive
Kupffer cells [15]. All animals were given humane care in compli-
ance with institutional guidelines.

Organ harvest procedure

To determine the influence of gentle manipulation on fatty livers,
donor livers were harvested within 25 min prior to perfusion with
cold UW solution as described elsewhere [32]. Briefly, minimal dis-
section was performed in a standardized fashion during the first
12 min, including freeing the organ from ligaments and cannula-
tion of the bile duct. During the next 13 min, livers were either
left alone or manipulated gently. To standardize conditions, gentle
manipulation was carried out by the same surgeon touching, re-
tracting, and moving the liver lobes in situ for exactly 13 min uni-
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formly and continuously [32]. At 25 min, perfusion with 8 ml of
cold Ringer’s solution followed by 3 ml of cold UW solution was
performed in situ via the portal vein. Cuffs were attached in the
cold to the infrahepatic vena cava and portal vein after explanta-
hon.

Transplantation

All animals were anesthetized with methoxyflurane. Orthotopic
liver transplantation was performed using arterialization [13],
since hepatic artery reconstruction is routinely used in clinical liver
transplantation. After explantation, livers were stored at 0—4 °C for
1 h in UW solution to exclude effects of cold storage on graft via-
bility [38]. Grafts were rinsed with 10 ml of normal saline (18°C)
and implanted by connecting the suprahepatic vena cava with a
running 7/0 Prolene suture, inserting cuffs into the corresponding
vessels and anastomosing the bile duct and hepatic artery over an
intraluminal polyethylene splint. Transplantation required less
than 40 min; during this time the portal vein was clamped for
12-15 min. After transplantation, recipients had free access to
chow and tap water.

Histological procedures

Some rats were killed 8 h after transplantation, and livers were
fixed by perfusion with 4 % paraformaldehyde in Krebs-Henseleit
bicarbonate buffer (118 mM NaCl, 25 mM NaHCO;, 1.2 mM
KH,PO,, 1.2 mM MgSO,, 4.7 mM KCl, 1.3 mM CaCl,) at-pH 7.6,
embedded in paraffin, and processed for light microscopy. Liver
damage was assessed by estimating the proportion of necrotic to
nonnecrotic areas in H&E-stained sections as described elsewhere
[38]. Briefly, five fields ( x 100 magnification) were selected at ran-
dom from at least four different sections per sample, and mean val-
ues were calculated. Further, osmium staining was used to detect
lipids as described elsewhere [24]. A Universal Imaging Corpora-
tion image acquisition and analysis system (Image-1/AT; Chester,
Pa.) incorporating an Axioskop 50 microscope (Carl Zeiss, Thorn-
wood, N.Y.) was used to capture and analyze osmium-stained tis-
sue sections at x 100 magnification [5].

Assessment of hepatic microcirculation

Prior to organ removal, when perfusion with cold preservative so-
lution would normally have been performed, some donor livers
were perfused in situ via the portal vein at 3-4 ml/min per gram of
liver with oxygenated Krebs-Henseleit bicarbonate buffer at pH
7.6, saturated with 95% O, and 5% CO, at 37° C. Trypan blue
(500 uM; Aldrich, Milwaukee, Wis.) was infused for 10 min, and
the time for the dye to distribute completely was recorded to index
the hepatic microcirculation [19].

Determination of reduced, protein-bound pimonidazole by
enzyme-linked immunosorbent assay and immunohistochemistry

Pimonidazole, a 2-nitroimidazole hypoxia marker, binds to hy-
poxic liver cells in vivo [6]. Pimonidazole was given intravenously
to donors 5 min before organ harvest. Pimonidazole adduct accu-
mulation was measured in tissue homogenates with a competitive
enzyme-linked immunosorbent assay (ELISA) procedure, de-
scribed previously [30] and modified for liver tissue [6]. Protein
levels in tissue homogenates were determined with the bicinchoni-

nic acid assay using a commercially available kit (Pierce Chemical
Company, Rockford, Il1.). Paraffin blocks of formalin-fixed liver
tissue were sectioned at 6 um, and pimonidazole was detected
with a biotin-streptavidin-peroxidase indirect immunostaining
method using diaminobenzidine as chromogen as described previ-
ously [6]. The Image-1/AT imaging system was used [5].

Kupffer cell number was assessed in vivo immunohistochemi-
cally [10]. Immediately after harvesting and 8 h after transplanta-
tion, liver was collected. Sections (6 um) were cut on a rotary mi-
crotome and stained for ED1-positive Kupffer cells immunohisto-
chemically using the DAKO Envision System and a primary anti-
ED1 antibody (Biosource International, Camarillo, Calif.). Subse-
quently a counterstain of hematoxylin was applied.

Assays

Blood samples were collected from the tail vein 8 h after transplan-
tation. Serum was obtained by centrifugation and stored at ~80°C
until analysis. Aspartate immunotransferase (AST) and alanine
immunotransferase (ALT) were determined by standard enzymat-
ic methods [7]. Eight hours after transplantation, total bilirubin
was determined in sera by direct spectrophotometry at 454 nm as
described elsewhere [31].

Statistics

Mean values + SEM for various groups were compared using Fish-
er’s exact test or two-way analysis of variance with Student-New-
man-Keuls post hoc test as appropriate. P < 0.05 was selected prior
to the study as the criterion for significance.

Results

Effects of gentle organ manipulation on survival after
transplantation of fatty livers

To compare lipid accumulation, donor livers were
stained with osmium. Livers from rats given saline dis-
played less than 5% osmium-positive cells, while short-
term ethanol administration increased the number of
positive cells to about 50% (moderate steatosis). Fur-
ther, about 40% (moderate steatosis) of cells were
stained with osmium in rats treated with a long-term
high-fat control diet alone. In contrast, long-term etha-
nol administration yielded values of about 90 % (severe
steatosis; P < 0.05; Fig. 1). In saline and high-fat controls
receiving maltose-dextrin, survival was 100% after
transplantation; however, fat induced with short- or
long-term ethanol decreased survival slightly from
100 % to approximately 70 % (P < 0.05). Further, gentle
in situ manipulation decreased survival significantly
from 100% to 30 % and from 70 % to 13 % in both con-
trol groups and fatty livers, respectively (Fig.2). More-
over, total bilirubin was increased significantly about 5-
fold after transplantation of fatty livers, while manipula-
tion increased values three- to ninefold (P < 0.05; Ta-
ble 1). Gadolinium chloride (GdCl,), which decreased
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Table 1 Effect of gentle organ manipulation on serum transami-
nases and total bilirubin levels after transplantation. Hepatic fat
was induced as described in Materials and methods. Eight hours
after transplantation blood was collected from the tail vein. Serum

AST, ALT and total bilirubin were determined as described in the
Materials and Methods. (A) Chow-fed (normal saline) and high-
fat controls, (B) fatty livers induced with acute and chronic ethanol

A No manipulation Manipulation Manipulation + GdCl;
Normal High-fat Normal High-fat Normal High-fat
saline maltose- saline maltose- saline maltose-
dextrin dextrin dextrin
AST (UN) 312+27 452 £ 97 1490 + 1577 1750 £ 1322 563 + 920 472 + 52°
ALT (U/1) 176 £ 25 193 £ 46 871 572 981 £ 77° 321 +33b 282 +43P
Bilirubin 0.1 +0.05 0.1 +£0.05 0.9 +0.02° 0.7 +0.04* 0.2+0.05° 0.3 +£0.01°
(mg%)
B Acute High-fat Acute High-fat Acute High-fat
ethanol chronic ethanol chronic ethanol chronic
ethanol ethanol ethanol
AST (U 2268 + 489¢ 905 +221¢ 4447 + 1095*¢ 4301 + 738*¢ 2581 + 741>° 2052 £ 2520¢
ALT (U/]) 645+ 161°¢ 640 +175°¢ 2486 +121*¢ 2874 £ 299~°¢ 683 +323b° 1296 + 148P-c
Bilirubin 0.5+0.1° 0.4 +0.05¢ 1.5+0.03»¢ 1.2 £0.05%¢ 0.4+0.1>¢ 0.2 +0.01°
(mg% )

Values are mean * SEM (P < 0.05 by two-way ANOVA with Stu-
dent-Newman-Keuls post-hoc test, n = 5-8). * P < 0.05 for compar-
ison with appropriate groups not receiving manipulation;
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Fig.2 Effect of gentle organ manipulation on survival rates of fatty
livers after transplantation. Hepatic fat was induced as described in
Fig. 1. Donor livers were harvested with or without gentle manipu-
lation during harvest. Some donors from each group were pretreat-
ed with GdCl; as described in Materials and methods. After har-
vest, grafts were stored in UW solution at 0—4°C for 1 h and trans-
plantation was performed using arterialization. a P < 0.05 for com-
parison with appropriate groups not receiving manipulation;
b P < 0.05 for comparison with appropriate groups with manipula-
tion but without pretreatment with GdCls; ¢ P < 0.05 compared
with saline controls by Fisher’s exact test; n = 14-18

® P < 0.05 comparison with appropriate groups with manipulation
but without pretreatment with GdCly; ¢ P < 0.05 compared with
corresponding controls

the number of EDI1-positive Kupffer cells by 70%,
blocked the effect of gentle manipulation on graft via-
bility after transplantation in all groups. GdCl; im-
proved survival nearly to control values (P <0.05;
Fig.2). The same protective effect due to Kupffer cell
depletion was observed in total bilirubin (Table 1).

Effect of gentle organ manipulation on liver injury in
fatty livers

In all groups studied, tissue injury was undetectable pri-
or to cold storage, but mild necrosis developed 8 h after
transplantation in chow-fed and high-fat controls. He-
patic lipid increased necrosis about five- to twenty-fold
(P < 0.05), while serum transaminases were increased
significantly two- to sevenfold (Table 1, Fig.3). More-
over, fatty grafts induced with short-term ethanol ad-
ministration released about twofold more transami-
nases than fatty livers from rats treated chronically
with ethanol. Hepatic manipulation aggravated reperfu-
sion injury significantly reflected by about 20 % necrotic
tissue (Fig.3) and a fourfold increase in serum transam-
inases (Table 1) 8 h after transplantation. Gentle mani-
pulation of fatty grafts induced with ethanol further in-
creased necrosis after transplantation to about 40%
(P <0.05; Fig.3) and increased serum transaminases
two- to fourfold (Table 1). GdCl, given to donors prior
to harvest blunted these pathological changes
(P < 0.05; Table 1, Fig.3).
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Fig.3 Effect of gentle organ manipulation on necrosis in fatty liv-
ers. Hepatic fat was induced as described in Fig. 1. Liver damage
was assessed by estimating the proportion of necrotic to nonne-
crotic areas in five fields ( x 100 magnification) selected at random
from at least four different sections per sample 8 h after transplan-
tation. Some donors were treated with GdCl; before harvest. Val-
ues are mean + SEM (P <0.05 by two-way ANOVA with Stu-
dent-Newman-Keuls post hoc test; #n = 4-8). a P < 0.05 for compar-
ison with appropriate groups not receiving manipulation; bP < 0.05
for comparison with appropriate groups with manipulation but
without pretreatment with GdCls; ¢ P < 0.05 compared with saline
controls

Effect of gentle organ manipulation on microcirculation
in fatty livers

Prior to organ removal, donor livers were perfused in
situ with trypan blue via the portal vein. The time for
the dye to distribute completely was used as an index
of changes in intrahepatic microcirculation [19]. Over-
all, hepatic fat increased the time for trypan blue to dis-
tribute homogencously about two- to sevenfold
(P < 0.05); however, manipulation increased this time
by a further two- to fourfold (P < 0.05; Fig.4). When
Kupffer cells were destroyed by GdCl;, the microcircu-
lation was not different from controls (Fig.4). Distribu-
tion of blood at reperfusion followed the same pattern
(data not shown).

Effect of gentle organ manipulation on hypoxia in fatty
livers

Here, binding of pimonidazole reflecting hypoxia was
increased more than twofold in fatty livers induced

[ maltose-dextrin
B chronic ethanol

[ ] normal saline
B acute ethanol
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600 - I

300 -

-

no l manipulation ‘
manipulation

Trypan blue distribution time (seconds)

+GdCl,

Fig.4 Effect of gentle organ manipulation on microcirculation in
fatty livers. Hepatic fat was induced as described in Fig.1. Some
donors from each group were pretreated with GdCl;. After har-
vest, livers were perfused in situ with trypan blue to index microcir-
culation as described in Materials and methods. Values are
mean + SEM (P < 0.05 by two-way ANOVA with Student-New-
man-Keuls post hoc test; n =5-10). a P <0.05 for comparison
with appropriate groups not receiving manipulation; b P < 0.05
for comparison with appropriate groups with manipulation but
without pretreatment with GdCly; ¢ P < 0.05 compared with saline
controls

with ethanol prior to cold storage (Fig.5). Gentle liver
manipulation during harvest elevated binding of pimon-
idazole in normal livers about twofold (P < 0.05) and in
fatty livers by a further two- to fourfold (P < 0.05), while
GdCl; blunted the effect of manipulation on tissue hy-
poxia in all groups studied (Fig.6). Pimonidazole bind-
ing predominated in pericentral regions, where oxygen
supply is naturally low (Fig.5).

Discussion

Gentle in situ organ manipulation during harvest is a
key determinant for survival of fatty livers

Many patients die each year before a suitable organ be-
comes available. Of those receiving livers, primary non-
function and dysfunction still occur in 5-30% of cases
[29], leading to significant morbidity and mortality [29,
35]. Approximately 35% of potential donor livers ex-
hibit elevated lipid levels to some extent, most frequent-
ly caused by short- or long-term ethanol consumption
[3, 16,21, 27]. Previous clinical and experimental studies
have linked intrahepatic lipid content and ethanol con-
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Fig.5. Effect of gentle organ manipulation on pattern of pimoni-
dazole binding in fatty livers. Conditions as in Fig.4. Photomicro-
graphs depict patterns of pimonidazole binding, which reflect hy-
poxia, in fatty livers after harvest. In all groups studied, pimonidaz-
ole binding predominated in pericentral regions of the liver lobule.
Immunohistochemistry using antibodies to bound pimonidazole is
described in Materials and methods. Some donors from each group
were pretreated with GdCl,. Photos in upper row, short-term etha-
nol; lower row, long-term ethanol. Typical experiments

sumption to a higher incidence of early graft injury and
reduced graft function after transplantation; however,
mechanisms of primary nonfunction of fatty livers re-
main unclear [2, 25, 35, 39].

Recently, in situ manipulation by touching, retract-
ing, and moving liver lobes gently during harvest has
been demonstrated to dramatically reduce survival of
nonfatty grafts after transplantation by mechanisms in-
volving priming or activation of Kupffer cells [32]. Graft
manipulation during harvest cannot be prevented with
standard harvesting techniques [34]. Since primary graft
nonfunction is increased both by manipulation and ste-
atosis, their effect on survival was compared here. Fur-
ther, this study was designed to determine whether de-
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pletion of Kupffer cells, which play a major role in re-
perfusion injury and primary nonfunction, could im-
prove the overall outcome of liver transplantation. To
simulate the clinical situation, both a binge-drinking
model and chronic ethanol treatment were used to in-
duce steatosis. In clinical liver transplantation, accumu-
lation of hepatic fat has been categorized into three
groups: minimal (less than 33 % of hepatocytes contain-
ing fat), moderate (33%-66%) and severe (more than
66 % ) [35]. In this study, a single dose of ethanol caused
moderate fat accumulation, while long-term ethanol in-
duced severe steatosis (Fig.1). Interestingly, both mod-
erate and severe steatosis induced with ethanol reduced
survival after transplantation slightly from 100 % in sa-
line and high-fat controls to about 70 %; however, the
major finding of this study was the considerably greater
impact of in situ graft manipulation compared with the
effect of steatosis on survival (Figs. 1, 2). Manipulation
of fatty grafts reduced survival by 60-70 % (Fig.2). The
impact of manipulation on reperfusion injury and graft
function was about threefold greater than the effect of
steatosis, reflected by increases in necrosis, serum trans-
aminases, and bilirubin (Tables 1, 2, Fig.3). Depletion
of Kupffer cells blunted effects of manipulation on all
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parameters studied. How can this be explained? These
findings are consistent with the hypothesis that Kupffer
cells become activated by ethanol [1, 12, 33] and are stim-
ulated further by in situ organ manipulation [32]. Activa-
tion of Kupffer cells enhances the production of vasoac-
tive mediators, which cause constriction of intrahepatic
vessels [4], thus disturbing hepatic microcirculation
(Fig.4).leading to hypoxia (Figs. 5, 6). Several lines of ev-
idence suggest that microcirculatory disturbances are a
key factor in enhanced donor organ susceptibility to
cold and warm ischemia in fatty livers {17, 37]. In this
study, manipulation caused two- to fourfold greater dis-
turbances in microcirculation and hypoxia prior to cold
storage than steatosis due to ethanol per se (Figs.4-6).
This early Kupffer cell-dependent effect of manipulation
may be responsible for reduced survival and graft viabili-
ty after reperfusion compared with steatotic, nonmanip-
ulated livers. Manipulation during harvest might further
stimulate Kupffer cells [32], leading to release of toxic
mediators [36], which could effect the later fate of the
graft [8, 26]. In support of this hypothesis, outcome after
transplantation of fatty grafts was markedly improved
by GdCl;, a Kupffer cell toxicant [15], given to donors
prior to harvest (Table 1, Figs. 2-6).

Graft viability does not correlate with hepatic fat
content

Since survival was not different in livers with moderate
or severe steatosis (Fig.2), it can be concluded that fat
content had little effect on graft viability in these exper-
iments (Fig.1, 2). Indeed, fat droplets in hepatic cells
may increase lipid peroxidation, which could be linked
with injury to the graft; however, parenchymal cells,
which contain most of the hepatic fat, have radical scav-
engers that can protect cells from injury. Further, lipid
peroxidation may actually be prevented by lipid-soluble
antioxidants. Moreover, intracellular fat droplets in the
liver are most probably metabolically inert [14, 40]. In
addition, ruptured parenchymal cells in severe steatotic
livers could release fat droplets into the intrahepatic mi-
crocirculation, which may result in microcirculatory dis-
turbances [39]. Indeed, microcirculation was disturbed
in fatty livers from ethanol-treated donors; however, mi-
crocirculation was similar in donors which displayed
marginal or extensive steatosis (Fig.4). Further, reperfu-
sion injury reflected by increased necrosis and serum
transaminases also did not correlate with steatosis [42].
In fact, there was twofold more necrosis {(Fig. 3} and se-
rum enzyme release (Table 1) after transplantation of
unmanipulated livers with marginal compared with se-
vere steatosis. Taken together, results of this study do
not support the hypothesis that lipid accumulation is it-
self responsible for graft injury and primary nonfunction
of fatty livers.

[] normal saline [ maltose-dextrin

B acute ethanol I chronic ethanol

1500

1000 A

Pimonidazole binding
pmoles/mg protein

no ‘ manipulation }

manipulation
+ GdCl,

Fig.6 Effect of gentle organ manipulation on hypoxia in fatty liv-
ers. Hepatic fat was induced as in Fig.1. Some donors from each
group were pretreated with GdCl;. Competitive ELISA of pimon-
idazole is described in Materials and methods. Results are means
+ SEM (P <0.05 by two-way ANOVA with Student-Newman-
Keuls post hoc test, n = 5). a P < 0.05 for comparison with appro-
priate groups not receiving manipulation; b P < 0.05 for compari-
son with appropriate groups with manipulation but without pre-
treatment with GdCly; ¢ P < 0.05 compared with saline controls

The role of ethanol treatment before harvest

Results of this study suggest a role for ethanol in mecha-
nisms of primary nonfunction. Although fat content was
similar in livers from rats given a high-fat control diet or
short-term ethanol treatment (Fig. 1), graft survival was
reduced exclusively by short-term ethanol administra-
tion(Fig.2). Moreover, both short- and long-term etha-
nol administration caused markedly different degrees
of steatosis (Fig. 1), yet graft survival was reduced equal-
ly (Fig.2). Thus, an effect of ethanol per se on survival is
possible [41, 43]. This phenomenon could be explained
by the fact that Kupffer cells become sensitized to gut-
derived endotoxin in cells isolated 24 h after short-term
ethanol administration,reflected by increased [Ca®'],
tumor necrosis factor-o. (TNF-a) production, and large
increases in the endotoxin receptor CD14 [12]. Ethanol
also may deplete glutathione, which is important in the
protection of cells against reactive oxygen species [22],
and reduce hepatic glycogen stores, an energy source
used during anoxia [9]. This could increase susceptibility
to oxidative stress on reperfusion. In this study, Kupffer
cell-dependent reperfusion injury was increased by
both short- and long-term ethanol treatment (Table 1,
Fig. 3), supporting this hypothesis.
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Conclusion and clinical implications

These data indicate for the first time that brief, gentle
organ manipulation during harvest is a key factor in

Kupfter cell-dependent graft injury of fatty livers. Mod-
ulating Kupffer cell function could improve the overall

outcome of liver transplantation, because it reduces the
effects of gentle organ manipulation during harvest.

References

1.

10.

11.

Adachi Y, Moore LE, Bradford BU,
Gao W, Thurman RG (1995) Antibiot-
ics prevent liver injury in rats following
long-term exposure to ethanol. Gastro-
enterology 108: 218-224

. Adam R, Reynes M, Johann M, Morino

M, Astacioglu I, Kafetzis I, Castaing D,
Bismuth H (1991) The outcome of
steatotic grafts in liver transplantation.
Transplant Proc 23: 1538-1540

. Alexander JW, Vaughn WK (1991) The

use of “marginal” donors for organ
transplantation. Transplantation 51:
135-141

. Altin JG, Bygrave FL (1988) Non-par-

enchymal cells as mediators of physio-
logical responses in liver. Mol Cell Bio-
chem 83:3-14

. Arteel GE, Thurman RG, Yates JM,

Raleigh JA (1995) Evidence that hy-
poxia markers detect oxygen gradients
in liver: pimonidazole and retrograde
perfusion of rat liver. Br J Cancer 72:
889-895

. Arteel GE, Iimuro Y, Yin M, Raleigh

JA, Thurman RG (1997) Chronic en-
teral ethanol treatment causes hypoxia
inrat liver tissue in vivo. Hepatology 25:
920-926

. Bergmeyer HU (1988) Methods of en-

zymatic analysis. Academic Press, New
York

. Calmus Y, Cynober L, Dousset B, Lim

SK, Soubrane O, Conti F, Houssin D,
Giboudeau J (1995) Evidence for the
detrimental role of proteolysis during
liver preservation in humans. Gastro-
enterology 108: 1510-1516

. Caraceni P, Ryu HS, Subbotin V, De

Maria N, Colantoni A, Roberts L, Tre-
visani F, Bernardi M, Van Thiel DH
(1997) Rat hepatocytes isolated from
alcohol-induced fatty liver have an in-
creased sensitivity to anoxic injury.
Hepatology 25: 943-949

Cook HT, Bune AJ, Jansen AS, Taylor
GM, Loi RK, Cattell V (1994) Cellular
localization of inducable nitric oxide
synthase in experimental endotoxic
shock in the rat. Clin Sci 87: 179-186
D’Alessandro AM, Stratta RJ,
Southard JH, Kalayoglu M, Belzer FO
(1989) Agonal hepatic artery vaso-
spasm: demonstration, prevention, and
possible clinical implications. Surg Gy-
necol Obstet 169: 324-328

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Enomoto N, Ikejima K, Bradford BU,
Rivera CA, Kono H, Brenner DA,
Thurman RG (1998) Alcohol causes
both tolerance and sensitization of rat
Kupffer cells via mechanisms depen-
dent on endotoxin. Gastroenterology
115: 443-451

Gao W, Lemasters JJ, Thurman RG
(1993) Development of a new method
for hepatic rearterialization in rat or-
thotopic liver transplantation. Trans-
plantation 56: 19-24

Gibbons GF, Khurana R, Odwell A,
Seelaender MCL (1994) Lipid balance
in HepG2 cells: active synthesis and
impaired mobilization. J Lipid Res 35:
1801-1808

Hardonk MJ, Dijkhuis FWJ, Hulstaert
CE, Koudstaal J (1992) Heterogeneity
of rat liver and spleen macrophages in
gadolinium chloride-induced elimina-
tion and repopulation. J Leukoc Biol
52:296-302

Hilden M, Christoffersen P, Juhl E,
Dalgaard JB (1977) Liver histology in a
“normal” population: examinations of
503 consecutive fatal tratfic casualties.
Scand J Gastroenterol 12: 593

Hui A, Kawasaki S, Makuuchi M, Na-
kayama J, Ikegami T, Mtyagawa J
(1994) Liver injury following normo-
thermic ischemia in steatotic rat liver.
Hepatology 20: 1287-1293

Imagawa DK, Olthoff KM, Yersin H,
Shackleton CR, Colquhoun SD, Shaked
A, Busuttil RW (1996) Rapid en block
technique for pancreas-liver procure-
ment. Transplantation 61: 1605-1609
Jones SM, Thurman RG (1996) L-Argi-
nine minimizes reperfusion injury in a
low-flow, reflow model of liver perfu-
sion. Hepatology 24: 163-168

Klar E, Kraus T, Osswaid BR, Bleyl J,
Fernandes L, Mehrabi A, Newman W,
Gebhard MM, Herfarth C, Otto G
(1995) Induktion einer Mikrozirkula-
tionsstorung durch in situ Hiluspripa-
ration bei Lebertransplantation. Zen-
tralbl Chir 120: 482485

Lieber CS (1983) Alcohol, protein nu-
trition, and liver injury. Curr Concepts
Nutr 12: 49-71

Lieber CS (1991) Hepatic, metabolic
and toxic effects of ethanol: 1991 up-
date. Alcohol Clin Exp Res 15: 573-592

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Lieber CS, DeCarli LM (1989) Liquid
diet technique of ethanol administra-
tion: 1989 update. Alcohol Alcoholism
24:197-211

Luna L (1968) Manual of histologic
staining method of the Armed Forces
Institute of Pathology. McGraw-Hill,
New York

Marsman WA, Wiesner RH, Rodrigues
L, Batts KP, Porayko MK, Hay JE,
Gores GJ, Krom RAF (1997) Use of
fatty donor liver is associated with di-
minished early patient and graft survi-
val. Transplantation 62: 1246-1251
Oldhafer KJ, Schuttler W, Wiehe B,
Hauss J, Pichlmayr R (1991) Treatment
of preservation/reperfusion liver injury
by the protease inhibitor aprotinin after
cold ischemic storage. Transplant Proc
23:2380-2381

Ostrom M, Eriksson A (1993) Single-
vehicle crashes and alcohol: a retro-
spective study of passenger car fatalities
in northern Sweden. Accid Anal Prev
25:171-176

Pichlmayr R, Ringe B, Lauchart W,
Wonigeit K (1987) Liver transplanta-
tion. Transplant Proc 19: 103-112
Ploeg RJ, D’Alessandro AM, Knechtle
SJ, Stegall MD, Pirsch JD, Hoffmann
RM, Sasaki T, Sollinger HW, Belzer
FO, Kalayoglu M (1993) Risk factors
for primary dysfunction after liver
transplantation-a multivariate analysis.
Transplantation 55: 807-813

Raleigh JA, La Dine JK, Cline JM,
Thrall DE (1994) An enzyme-linked
immunosorbent assay for hypoxia
marker binding in tumours. Br J Cancer
69: 66-71

Savier E, Lemasters JJ, Thurman RG
(1994) Kupffer cells participate in re-
jection following liver transplantation
in the rat. Transpl Int 7:S183-S186
Schemmer P, Schoonhoven R, Swen-
berg JA, Bunzendahl H, Thurman RG
(1998) Gentle in situ liver manipulation
during organ harvest decreases survival
after rat liver transplantation: role of
Kupffer cells. Transplantation 65:
1015-1020

Shibayama Y, Asaka S, Nakata K
(1991) Endotoxin hepatotoxicity aug-
mented by ethanol. Exp Mol Pathol 55:
196-202



359

34.

35.

36.

Sollinger HW, Vernon WB, D’Alessan-
dro AM, Kalayoglu M, Stratta RJ, Bel-
zer FO (1989) Combined liver and pan-
creas procurement with Belzer-UW so-
lution. Surgery 106: 685-691

Strasberg SM, Howard TK, Molmenti
EP, Hertl M (1994) Selecting the donor
liver: risk factors for poor function after
orthotopic liver transplantation. Hepa-
tology 20: 829-838

Takei Y, Marzi I, Kauffman FC, Currin
RT, Lemasters JJ, Thurman RG (1990)
Increase in survival time of liver trans-
plants by protease inhibitors and a cal-
cium channel blocker, nisoldipine.
Transplantation 50: 14-20

37.

39.

40.

Teramoto K, Bowers JL, Kruskal JB,
Clouse ME (1993) Hepatic microcircu-
latory changes after reperfusion in fatty
and normal liver transplantation in the
rat. Transplantation 56: 10761082

. Thurman RG, Marzi I, Seitz G, Thies J,

Lemasters JJ, Zimmermann FA (1988)
Hepatic reperfusion injury following
orthotopic liver transplantation in the
rat. Transplantation 46: 502-506

Todo S, Demetris AJ, Makowa L, Te-
perman L, Podesta L, Shaver T, Tzakis
A, Starz] TE (1989) Primary nonfunc-
tion of hepatic allografts with preexist-
ing fatty infiltration. Transplantation
47: 903-905

Zammit VA (1996} Role of insulin in
hepatic fatty acid partitioning: emerg-
ing concepts. Biochem J 314: 1-14

41.

42.

43.

Zhong Z, Qu W, Connor HD, Thurman
RG (1995) Inactivation of Kupffer cells
minimizes reperfusion injury in fat-
loaded livers from ethanol-treated rats.
Transplant Proc 27: 528-530

Zhong Z, Connor H, Mason RP, Qu W,
Stachlewitz RF, Gao W, Lemasters JJ,
Thurman RG (1996) Destruction of
Kupffer cells increases survival and re-
duces graft injury after transplantation
of fatty livers from ethanol-treated rats.
Liver Transpl Surg 2: 383-387

Zhong Z, Connor HD, Mason RP, Le-
masters JJ, Thurman RG (1998) Etha-
nol, not fat accumulation per se, in-
creases free radical production in a low-
flow, reflow liver perfusion model.
Transplantation 66: 1431-1438



