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Introduction

Summary

Selective Kupffer cell blockade by gadolinium chloride (GdCl;) pretreatment of
liver donors previously proved to be effective in reducing ischemia/reperfusion
injury in rat liver transplants. Physiological mechanisms of this effect have not
been specified so far. Vasoactive peptides are involved in liver blood flow regu-
lation. We tested the hypothesis, that hepatic hemodynamic effects of GdCls
pretreatment are mediated by intrahepatic endothelin-1 (ET) secretion in a
standardized porcine model of warm liver ischemia and reperfusion. Standard-
ized warm hepatic ischemia (45 min) was induced after laparotomy in intuba-
tion narcoses (ITN) by Pringle-maneuver in pigs (n = 12). Animals were
either pretreated with GdCl; (20 mg/kg i.v.) or sodium chloride 0.9% (control
group) in a randomized manner 24 h before investigation. Relaparotomy was
performed at day 7. Before, during ischemia and until 6 h after liver reper-
fusion, transhepatic blood flow (portal venous + hepatic artery flow) was
defined by ultrasonic flow probes and hepatic parenchymous microcirculation
evaluated by implanted thermodiffusion electrodes. ET plasma concentrations
were analyzed (commercial RIA) at all time points in the hepatic veins after
selective canulation. GACl; pretreatment of animals markedly improved hepatic
macro- and microperfusion before and particularly after warm ischemia. Mean
ET plasma concentrations in the hepatic vein were significantly lower before,
6 h and 7 days after ischemia, compared with controls. Kupffer cell destruction
by GdCl; pretreatment improves hepatic micro- and macroperfusion after
warm ischemia, thus indicating reduced ischemia/reperfusion injury. Documen-
ted reduction of postischemic liver blood flow impairment after GdCl; pre-
treatment could be mediated by a decreased hepatic ET secretion, as
hemodynamic effects were associated with significantly reduced ET plasma lev-
els in hepatic veins.

transplantation, especially in preinjured organs from
elderly donors, or grafts with fatty degeneration. Release of

Primary nonfunction or dysfunction still is a major prob-
lem after liver transplantation (LTX). Severe preservation
injury and graft dysfunction is encountered in up to 30%
of patients. Up to 10% of patients have to be retransplant-
ed during the first 4 weeks [1]. Ischemia/reperfusion
injury is the main reason for hepatic dysfunction after

mediators by activated Kupffer cells and endothelial cells
play a key role in the pathogenesis of hepatic ischemia/
reperfusion injury. Oxygen radicals, proteolytic enzymes,
thromboxane, prostaglandin, leukotrienes, tumor necrosis
factor o and interleukin have been shown to be released
by Kupffer cells. Endothelial cells are known to release
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arachidonic acids, cytokines, oxygen radicals and endothe-
lin [2,3]. A main function of Kupffer cells is the elimin-
ation of toxins, such as endotoxin (lipopolysaccharide;
LPS) and bacteria from the splanchnic circulation. Kupffer
cells further are of relevance for antigen presentation and
specific immune responses [4,5].

Several approaches have been tested in experimental
research to reduce hepatic ischemia/reperfusion injury in
various settings. So far, none of them have found their way
into clinical practice [1,6,7]. Pretreatment of liver donors
with gadolinium chloride (GdCls) could possibly constitute
a potentially feasible clinical approach in future. Treatment
with GdCl; effectively destroys 80% of Kupffer cells within
24 h after application [8,9]. Infused GdCl; particles are
incorporated by macrophages via phagocytosis, then inges-
ted into lysosomes where acidic pH leads to free Gd** ions.
This causes rapid destruction of cells. Hepatic cellular
repopulation subsequently starts 4 days after GdCl; injec-
tion, primarily with undifferentiated blood monocytes.

Multiple data have previously stated a beneficial effect
of GdCl; pretreatment in various animal models of
experimental liver damage. Release of tumor necrosis fac-
tor o (TNF-o) and prostaglandin E2 could be prevented
by prior Kupffer cell destruction following standardized
surgical mechanical manipulation of rat livers [10]. Endo-
toxin clearance was found to improve after Kupffer cell
destruction, probably because of increased liver perfusion
and improvement of liver cell function. Kupffer cell
destruction by GdCl; in rats further has proved to be suc-
cessful for prevention of experimental alcoholic liver
injury. Selective Kupffer cell destruction by GdCl; pre-
treatment of donors also proved to be effective in redu-
cing ischemia/reperfusion injury after experimental LTX
[5,7,9,11]. Kupffer cell depletion by GdCl; in liver trans-
plants was associated with reduced serum transaminase
levels, histological liver injury and mortality in a rat
model compared with controls [12,13]. GdCl; pretreat-
ment of liver donors also was shown to minimize hepatic
ischemia/reperfusion injury, to optimize liver perfusion
and to reduce the rate of liver graft failure after pig LTX
[9,14]. Application of GdCl; or other faster acting agents
as the amino acid glycine to potential donors thus could
potentially enlarge the future pool of liver transplants by
improvement of marginal organs [1]. Application of
GdCl; could even potentially be indicated to reduce post-
operative liver dysfunction after liver resection because of
temporal hepatic ischemia or mechanical stimulation.

Vasoactive peptides are involved in liver blood flow
autoregulation [15,16]. Physiological mechanisms of the
liver perfusion increment detected after GdCl; treatment
have not yet been clearly specified. Endothelin-1 (ET) is a
very potent vasoconstrictor peptide, synthesized and
secreted by endothelial cells. ET is known to be an
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important factor in splanchnic and hepatic blood flow
regulation [17,18]. We therefore tested the hypothesis that
hemodynamic effects of GdCl; pretreatment in the liver
are mediated by hepatic endothelin secretion in a well-
established porcine model of warm liver ischemia and
reperfusion. This large animal model has not been used
to examine the hemodynamic effects of GdCl; pretreat-
ment before.

Materials and methods

Experimental protocol/induction of warm liver ischemia
Experiments were performed in young pigs (German
domestic pig). All investigations were performed under
deep general anesthesia with Ketamin (Ketanest-S®,
8-10 mg/kg/h) and Piritramid (Dipidolor®, 0.6-0.7 mg/
kg/h) and during continuous cardiopulmonary monitor-
ing (Systemic arterial and central venous blood pressure,
oxygen saturation, pH, blood gases and hemoglobin
concentration).

After median laparotomy, the liver hilus was surgically
prepared and measurement of hepatic perfusion (see
below) performed. Both common hepatic artery and por-
tal vein were temporarily occluded by a tourniquet appli-
cation around the hepatoduodenal ligament in both
groups (Pringle maneuver). Blood flow was kept com-
pletely interrupted for exactly 45 min, reperfusion was
then instituted by tourniquet removal. After reperfusion,
animals were further ventilated with opened abdomen for
an observation period of 6 h under general anesthesia.
Then the abdomen was closed. Pigs were re-operated after
7 days, graft perfusion was re-evaluated and blood sam-
ples and biopsies taken. After the experiments animals
were killed by infusion of potassium in deep anesthesia.

Groups of animals

Two experimental groups were formed in a randomized
manner.

Control group

In the control group (A; n = 6), warm ischemia was per-
formed without GdCl; donor pretreatment. Group A ani-
mals received an infusion of acidic 0.9% NaCl solution
(pH = 3.0) in a comparable volume with group B 24 h
before surgical procedure.

GdACl; therapy group

In the therapy group (B; n = 6) animals were pretreated
with GdCl; in a standardized dosage of 20 mg/kg. GdCl;
was dissolved in acidic 0.9% NaCl solution (pH = 3.0),
slowly infused over a 5-min period into the central caval
vein 24 h before surgical procedure.
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Before any treatment, baseline measurements of all
parameters, except the histological evaluation and liver
perfusion, were not significantly different between groups.

Laboratory parameters

Blood samples for biochemical and hematological parame-
ters were drawn from a central venous line before the pro-
cedure and at the following predefined time points: 2 h,
6 h, 2 days and 7 days postoperatively. Blood samples from
the hepatic vein were directly taken before ischemia and at
time points 6 h and 7 days after reperfusion in both groups.
During ischemia no hepatic vein blood samples were collec-
ted. ET plasma concentrations were analyzed in all samples
using a commercial radioimmunoassay (RIA) [19]. Addi-
tionally, cellular blood counts, liver transaminase enzymes
aspartate transmerase (AST) and alanine transaminase
(ALT), bilirubin levels, prothrombin coagulation time (PT)
and partial thromboplastin time (PTT) were determined.

Liver perfusion measurement

Hepatic microperfusion and macroperfusion was evalu-
ated before warm ischemia and at time points 1, 2, 4, 6 h
and 7 days after postischemic reperfusion. Blood flow in
both the common hepatic artery and portal vein was
measured by implanted Doppler flow probes around ves-
sels (Transonic Systems Inc., Ithaca, NY, USA). Total
transhepatic blood flow (THBF) was calculated by addi-
tion of both parameters. Thermodiffusion (TD) electrodes
(Thermal Technologies Inc., Cambridge, MA, USA) were
implanted in the liver parenchyma to evaluate parenchy-
mous liver microperfusion [20]. The technique of TD has
been previously described in detail [21].

Liver histology

Liver wedge biopsies were taken immediately before warm
ischemia and at time points 6 h and 7 days after reper-
fusion. Biopsies were cut into blocks of <1 mm diameter
and immediately stored in formalin. Paraffin sections
were stained with hematoxylin and eosin. All histologic
examinations were performed with the use of a compu-
ter-assisted histology analyzer and a video microscope
(Leitz, Wetzlar, Germany). Numbers of macrophages,
necrotic hepatocytes and intracellular vacuoles were ana-
lyzed in five random high power fields (magnification
400x). Average numbers were calculated in all specimens.

Statistics

Data are given as mean + SD. Fisher’s exact test or Stu-
dent’s t-test were used to test statistical significance where
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appropriate. P < 0.05 were accepted to define statistical
significance of differences.

Ethics and animal rights

Approval for the experimental procedures was obtained
by the German Committee for Animal Care, Regie-
rungspraesidium Karlsruhe, Germany. During the experi-
ments all animals received humane care in compliance
with the United States National Research Council’s
criteria for human care, as outlined in ‘Guide for the
Care and Use of Laboratory Animals’, prepared by the
National Institution of Health (NIH publication no.
86-23, revised 1985).

Results

Kupffer cell depletion

The GdCl; treatment was very effective for destruction of
Kupffer cells. Number of macrophages in liver biopsies of
treated animals (group B) was reduced by 80% compared
with controls. Macrophages of 13.5 £ 1.5 per high power
field were seen in control liver biopsies, while GACl; trea-
ted animals only showed 3.9 = 0.1 macrophages per field
in liver tissue (P < 0.05; Fig. 1).

Hepatic cellular injury

Hepatocellular injury, reflected by serum AST, was signifi-
cantly reduced in GdCl; treated livers during early postis-
chemic reperfusion (time point, 6 h: 126 + 14 U/l
vs. 39 £ 11 U/l; 2 days: 216 = 14 U/l vs. 124 + 25 U/};
P < 0.05). No significant difference between mean serum
AST levels was detected on the seventh postoperative day
(47 £ 58 U/l vs. 31 £ 11 U/l, P = 0.6; Fig. 2). Biopsies of
GdCl; pretreated livers taken 6 h, 2 and 7 days after trans-
plantation had less severe signs of ischemia/reperfusion
injury compared with non-treated organs, as reflected by
numbers of necrotic cells, infiltrating leukocytes and vacu-
oles (Table 1; Fig. 1). Control animals had a significantly
higher number of serum leukocytes 6 h and 2 days after
reperfusion (time point, 6 h: 26.5 + 4.2 leukocytes/nl vs.
19.6 = 2.7 leukocytes/nl; 2 days: 15.2 £ 2.5 leukocytes/nl
vs. 8.3 £ 1.7 leukocytes/nl; P < 0.05). No difference was
seen 7 days after reperfusion.

Liver excretory function and synthesis

No differences were seen with regard to hepatic excre-
tory liver function (bilirubin plasma levels) between
controls and treated animals. Quick value (PT) was sig-
nificantly higher in Kupffer cell depleted organs
compared with controls 6 h and 2 days after LTX
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Figure 1 Number of polymorph nucleated leukocytes (PNL)/field
(magnification 400x) in biopsies of pig livers before warm ischemia
and 6 h and 7 days after reperfusion. PNL were counted in hematoxy-
lin and eosin stained liver biopsies and are shown to represent mainly
Kupffer cells in the liver. *P < 0.05; Student’s t-test.

(Time point, 6 h: 68 £ 3,4% vs. 81 % 6,1%; 2 days:
74 + 3.8% vs. 88 + 4.1%, P < 0.05). No difference was
seen in PTT.
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Figure 2 Serum transaminases 6 h, 2 days and 7 days after 45 min
of warm ischemia in pigs with and without GdCls treatment.
*P < 0.05; Student’s t-test.
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Table 1. Liver histology 6 h and 7 days after warm ischemia.

(Number per field 400x)

Necroses Vacuoles

6 h 7 days 6h 7 days
Controls 92+1.8 1.5+0.5 12.7+04 7.2+0.9
GdCls group 23+ 1.1 1.5+03 29+ 1.1 29+038
P-value <0.01 1.0 <0.05 <0.01

Histology of liver biopsies taken 6 h and 7 days after 45 min warm liver
ischemia of control or GdCls treated livers. Biopsies were formalin
fixed, paraffin embedded and hematoxylin—eosin stained. All histologic
examinations were performed using a computer-assisted histology
analyzer and a video microscope (Leitz). In every biopsy five random-
ized high power fields (magnification 400x) were examined for necrotic
hepatocytes and vacuoles in hepatocytes by two different analyzers.
Student'’s t-test was used to calculate significant differences.

Systemic macrocirculation

Systemic macrocirculation was not changed in anyway
by GdCl; treatment. Continuous cardiopulmonary mon-
itoring revealed no differences in heart rate, mean
arterial or central venous pressure at any time point
before or after ischemia (shortly after ischemia heart
rate of animals was 88 + 15 in controls and 88 + 11 in
GdCl; treated animals and mean arterial pressure was
56 £ 7 in controls vs. 60 = 13 in Kupffer cell depleted
animals.)

Hepatic macro- and microcirculation

After ischemia, hepatic arterial and portal blood flow and
hepatic microcirculation were improved in Kupffer cell
depleted animals compared with controls at all time
points later than 2 h after reperfusion. Hepatic blood flow
and parenchymal microcirculation was significantly
enhanced 4 h, 6 h and 7 days after reperfusion. THBF
was 516 + 106 (4h), 527 +72 (6h) and 638 + 55
ml/min (7 days) in controls versus 696 + 163 (4 h),
817 £ 107 (6h) and 1000 + 156 ml/min (7 days) in
GdCl; treated pigs after reperfusion (P < 0.05, Fig. 3). At
all time points hepatic arterial blood flow almost doubled,
76 + 25 ml/min (6 h, controls) vs. 136 + 50 ml/min (6 h,
GdCl; treated animals), while portal venous flow was
increased by more than 30% in treated livers,
535 + 126 ml/min (6 h, controls) vs. 816 + 170 ml/min
(6 h, GdCl; treated animals). TD was 54 + 6.8 (4 h),
54 +8.8 (6h) and 66 £ 13 ml/min/100 g (7 days) in
untreated animals versus 76 + 12.3 (4 h), 91 + 18.3 (6 h)
and 88 + 8.4 ml/min/100 g (7 days) in Kupffer cell deple-
ted animals (P < 0.001; Fig. 4). Differences between
THBF and TD mean values were insignificant 1 and 2 h
after reperfusion.
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Figure 3 Transhepatic blood flow (THBF) before warm ischemia and
1, 2, 4, 6 h and 7 days after reperfusion in pigs with and without
GdCls treatment. *P < 0.05; Student’s t-test.
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Figure 4 Parenchymous liver microcirculation (TD) in control or Kupf-
fer cell depleted livers before warm ischemia and 1, 2, 4, 6 h and
7 days after reperfusion. *P < 0.05; Student’s t-test.

Posthepatic endothelin plasma levels

Mean posthepatic endothelin plasma concentration in the
hepatic vein already was markedly reduced in GdCl; trea-
ted animals at all time points compared with controls
(time point, 6 h: 0.9 + 0.3 pg/ml vs. 0.3 = 0.1 pg/ml;
2 days: 1.0 £ 0.3 pg/ml vs. 0.4 £ 0.2 pg/ml, P < 0.05).
Levels were already increased in treated animals before the
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Figure 5 Posthepatic endothelin concentrations in the suprahepatic
caval vein before warm liver ischemia and 6 h and 7 days after reper-
fusion of livers from pigs with and without GdCls preconditioning.
*P < 0.05; Student's t-test.

induction of ischemia (0.3 £ 0.2 pg/ml vs. 0.2 = 0.1 pg/
ml, P = 0.6; Fig. 5).

Endothelin levels 6 h and 7 days after ischemia also
were significantly increased in saline treated animals
(P < 0.05).

Discussion

Kupffer cells play a crucial role in the mediation of rep-
erfusion injury by production of toxic substances like
reactive oxygen species, proteases and release of media-
tors such as interleukin, adhesion molecules and TNF-o
(5,7,11,13,22,23]. Destruction of Kupffer cells by GdCl;
can prevent these events and minimize hepatic ischemia/
reperfusion injury in various rat models after warm and
cold ischemia, toxic injury by LPS, acute and chronic
ethanol intoxication [3,11,24-26]. Furthermore, pretreat-
ment of alcohol fed donors by GdCl; prevents failure of
fatty marginal grafts after experimental LTX in rats
[26,27]. It was previously further shown that Kupffer
cell depletion could also reduce ischemia/reperfusion
injury after LTX in both rats and pigs [3,7,9,23]. Our
current study has now demonstrated for the first time,
that also severe hepatic injury after a prolonged period
of warm ischemia and subsequent reperfusion can be
markedly reduced by GdCl; pretreatment in a large ani-
mal model, as reflected by both postischemic AST
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plasma kinetics and liver histology. Histologic examina-
tion of biopsies at different time points after warm isc-
hemia revealed a significantly reduced injury after
pretreatment. Mean numbers of necrotic cells and areas
6 h after warm ischemia were significantly reduced. Six
hours and 7 days after warm liver ischemia significantly
less vacuoles were detected in hepatocytes. Numbers of
polymorph nucleated leukocytes (PNL) were reduced in
livers before ischemia because of destruction of Kupffer
cells by GdCls. This effect was still detectable 7 days
after warm ischemia. In contrast, control animals
showed a significant rise in PNL in liver tissue 7 days
after warm ischemia and reperfusion.

Disturbance of macroperfusion and microperfusion is a
crucial factor and clearly defines the extent of hepatic
damage, also of ischemia/reperfusion injury. Perfusion
disturbances in parenchymous organs not only reflect
injury, but also can be responsible for any damage itself.
Previous experiments have also shown an increase in liver
perfusion after Gdcl; pretreatment. After experimental
LTX macroperfusion as well as microperfusion was signi-
ficantly improved in Kupffer cell depleted livers compared
with controls [9]. In our current model of warm hepatic
ischemia, macroperfusion (reflected by THBF) as well as
microperfusion (reflected by TD) were significantly
improved in Kupffer cell depleted livers 4 h, 6 h and
7 days after temporal warm ischemia, while both groups
showed a marked impairment of hepatic blood flow 1 h
after reperfusion. THBF showed minimum values 4 h and
microperfusion already 2 h after reperfusion. In treated
animals blood flow reduction was less pronounced at
all time points. Recovery of macroperfusion was first
detected 6 h after reperfusion and progressive. THBF even
exceeded preischemic baseline liver perfusion values
7 days after reperfusion in pretreated animals. In contrast,
THBF was still reduced by more than 10% compared
with baseline values at this time point in controls. Hep-
atic microperfusion also first recovered 4 h after reper-
fusion. Corresponding to THBF values, peak hepatic
microcirculation flow values at the time points 6 h and
7 days after ischemia exceeded baseline preischemic flow
values.

The pathophysiological mechanisms of gadolinium
chloride which lead to increased liver perfusion have not
been fully clarified so far. A relevant pathophysiological
mechanism might be the decreased intrahepatic produc-
tion of reactive oxygen species after GdCl; induced Kupf-
fer cell depletion. Reactive oxygen species are known to
block the enzyme guanylat cyclase. This effect would then
lead to lower local cGMP concentrations in hepatic tissue
which then will decrease local NO production. This path-
ophysiological sequence is known to be markedly
enhanced by different mediators released from activated
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Kupffer cells. By knocking out Kupffer cells, this pathway
might be reduced in activity or even blocked. Intrahepatic
NO production and NO release could thereby be
increased after GACl; application and as a consequence
lead to hepatic vascular relaxation [6,14,23,27].

As Kupffer cells also play an important role in intercel-
lular hepatic communication, a decreased release of medi-
ators like TNF-a, platelet activating factor (PAF) and
leukotriene could also lead to decreased platelet aggrega-
tion, which also will improve hepatic sinusoidal perfusion.
Furthermore, particularly a diminished release of TNF-o,
which is known to be a major stimulus for endothelin-1
generation by endothelial cells, could be responsible for
reduction of ET synthesis and secretion, as demonstrated
in our current experiments [4-6,11,20,23,24]. This could
be responsible for a decreased contraction of the intra-
hepatic vascular system or of stellate cells [28].

The peptide ET is one of the most potent vasoconstric-
tors know so far. ET not only causes constriction of arteri-
oles and venoles, but also can lead to a contraction of
intrahepatic stellate cells [29]. This may increase intrahe-
patic resistance up to a complete stasis in sinusoids. Hyp-
oxia again leads to decreased oxidative phosphorylation
and impairment of ATP-dependent electrolyte pumps.
Secondary transcellular electrolyte shifts lead to swelling of
hepatocytes and may increase resistance in liver sinusoids.
This can constitute a vicious circle. Disturbances of
macro- and microperfusion after warm ischemia of the
liver were found to be associated with a significant
increase of ET-1 plasma concentration in the hepatic vein
6 h and 7 days after reperfusion in our current experi-
ments. Furthermore, in GdCl; treated animals endothelin
levels in the hepatic vein, which should be characteristic
for intrahepatic ET secretion, were significantly reduced at
all time points compared with controls. In contrast, a
boost of endothelin secretion after postischemic liver
reperfusion was detected in untreated control livers. ET
serum levels in the hepatic vein were still elevated 7 days
after reperfusion, compared with preischemic baseline
levels in untreated animals. This could be effectively pre-
vented by GdCl; induced destruction of the Kupffer cells
and clearly has significantly reduced disturbances in liver
perfusion, which were noticed in untreated animals. Two
pathways may explain this interesting phenomenon, which
has not been described so far. First, as explained above,
activated Kupffer cells release different mediators which
may activate endothelial cells and lead to TNF-a-depend-
ent endothelin production and release. By knocking out
Kupffer cells, this pathway is blocked. Secondly, minim-
izing ischemia/reperfusion injury should furthermore be
associated with less hepatic endothelial damage leading to
subsequent activation of endothelial cells, again reducing
the release of endothelin [3,6,7,14,20,23,30,31].
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Summarizing the results of the current experimental
study we can conclude that GdCl; treatment leads to
destruction of Kupffer cells in the liver in pigs. As was
previously shown in a porcine model of cold hepatic stor-
age and subsequent LTX, destruction of Kupffer cells by
GdCl; also minimizes hepatic ischemia/reperfusion injury
and improves hepatocellular function in the porcine
model with warm liver ischemia/reperfusion. Decreased
endothelin concentration detected in the hepatic vein
point to a reduced intrahepatic ET secretion after GdCls
pretreatment. This factor may have contributed to
enhance liver perfusion, compared with the control set-
ting as demonstrated in our current experiment.

Therapeutic Kupffer cell destruction with GdCl; before
liver surgery appears to be very effective in reduction of
postoperative ischemia/reperfusion injury in the liver. The
concept of GdCl; pretreatment can potentially be trans-
ferred into the clinical practice. Research must now focus
to exclude toxic side effects before using GdCl; in humans.
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