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Abstract
This study investigated the effects of dual endothelin (ET) receptor blockade in rat models of liver
ischemia and reperfusion injury (IRI). Three models of IRI were used: (1) in vivo total hepatic warm
ischemia with portal shunting for 60 minutes with control (saline) and treatment groups (15 mg/kg
tezosentan intravenously prior to reperfusion), (2) ex vivo hepatic perfusion after 24 hours of cold
storage in University of Wisconsin solution with control and treatment groups (10 mg/kg tezosentan
in the perfusate), and (3) syngeneic liver transplantation (LT) after 24 hours of cold storage in
University of Wisconsin solution with control and treatment groups (10 mg/kg tezosentan
intravenously prior to reperfusion). Tezosentan treatment significantly improved serum transaminase
and histology after IRI in all 3 models. This correlated with reduced vascular resistance, improved
bile production, and an improved oxygen extraction ratio. Treatment led to a reduction in neutrophil
infiltration and interleukin-1 beta and macrophage inflammatory protein 2 production. A reduction
in endothelial cell injury as measured by purine nucleoside phosphorylase was seen. Survival after
LT was significantly increased with tezosentan treatment (90% versus 50%). In conclusion, this is
the first investigation to examine dual receptor ET blockade in 3 models of hepatic IRI and the first
to use the parenterally administered agent tezosentan. The results demonstrate that in both warm and
cold IRI tezosentan administration improves sinusoidal hemodynamics and is associated with
improved tissue oxygenation and reduced endothelial cell damage. In addition, reduced tissue
inflammation, injury, and leukocyte chemotactic signaling were seen. These results provide
compelling data for the further investigation of the use of tezosentan in hepatic IRI.

Hepatic dysfunction following ischemia and reperfusion injury (IRI) represents an inevitable
consequence of liver surgery and liver transplantation (LT). IRI can manifest as a transient
elevation of liver enzymes or may result in liver failure. The growing disparity between the
number of suitable donors and the number of candidates awaiting LT has prompted renewed
efforts to use extended criteria livers, which can be associated with poor graft function due, in
part, to IRI. Novel strategies to prevent IRI are needed to ensure the safe use of such organs
and increase the potential donor organ pool.
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The precise mechanism of hepatic IRI remains elusive despite extensive investigations. The
initial events elicited during this process are characterized by oxidative injury and sinusoidal
flow disturbances.1 Then, secondary inflammation occurs through the infiltration of
neutrophils, which is mediated through Kupffer cell–derived chemotactic signals.1 The final
common pathway of liver IRI involves a continuum of interrelated processes, all of which
culminate in varying degrees of hepatocellular dysfunction/death.

Endothelin (ET) is a potent vasoactive peptide that is synthesized and released from endothelial
cells (EC).2 Three subtypes of ET have been isolated (ET-1, ET-2, and ET-3), and 2 ET
receptors have been identified (ETA and ETB).3 ET-1 exerts the strongest vasoconstrictive
properties and displays the highest affinity for ETA receptor.3 There is evidence that ET-1 is
an important mediator in the microcirculatory disturbances following hepatic IRI. Following
ischemia, elevated ET-1 levels have been reported in the suprahepatic vena cava4 and portal
vein,5 indicating that ET-1 is produced in the sinusoidal and mesenteric circulations during
periods of hepatic ischemia. The pathogenic role of ET-1 in hepatic IRI may be related to its
vasoconstrictive properties resulting in microcirculatory derangements and hypoxic conditions
and thereby leading to hepatocellular damage.4,5 ET receptors are abundant on the hepatic
stellate cell (ie, Ito cell), which has been identified as a primary target for ET-mediated
sinusoidal constriction.6 Additionally, in vitro data have demonstrated the association of ET
with hepatic Kupffer cells, which stimulates the synthesis and release of platelet activating
factor.7 A potent phospholipid mediator, platelet activating factor has an important role in
platelet aggregation and inflammation during hepatic IRI.8 Unfortunately, the exact role of ET
in hepatic IRI remains unclear.

Tezosentan, designed for parenteral use, is a novel compound with high water solubility that
competitively antagonizes the specific binding of ET-1 and ET-3 on cells and tissues carrying
ETA and ETB receptors, with inhibitory constants in the nanomolar range. Tezosentan exhibits
an elimination half-life of 2 hours in rats9 and 3.3 to 3.9 hours in humans,10 and this makes it
particularly attractive for use in the peritransplant period. Tezosentan has never been
investigated in models of liver IRI but has demonstrated efficacy in experimental models of
renal IRI.11

We investigated, using experimental models of warm and cold ischemia, the impact of
tezosentan on the microhemodynamic, biochemical, and histological manifestations of hepatic
IRI.

MATERIALS AND METHODS
Animals

Inbred male Sprague-Dawley rats weighing between 250 and 300 g (Harlan Sprague Dawley,
Indianapolis, IN) were used for all experiments. Animals were cared for according to the
guidelines of the University of California–Los Angeles Institutional Animal Research
Committee and the Guide for the Care and Use of Laboratory Animals from the National
Institutes of Health. Rats were allowed water ad libitum and access to standard rat chow until
12 hours before experiments.

Tezosentan
Tezosentan [Veletri, Ro 61-0612; 5-isopropyl-pyridine-2-sulfonic acid 6-(2-hydroxy-
ethoxy)-5-(2-methoxy-phenoxy)-2-(2-1H-tetrazol-5-yl-pyridin-4-yl)-pyrimidin-4-ylamide;
molecular weight = 649.6 Da] was supplied by Actelion Pharmaceuticals (Allschwil,
Switzerland); it was dissolved in saline at 1 mg/mL and administered intravenously with
previously established dosing strategies.9
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In Vivo Warm Ischemia and Reperfusion Model—The first hepatic IRI model was total
hepatic ischemia (THI) with placement of a portojugular shunt (PJS) to prevent portal and
mesenteric venous congestion. Rats underwent midline laparotomy and cannulation of a cecal
branch of the mesenteric vein with a 20-gauge angiocatheter (Becton Dickinson Infusion
Therapy Systems, Sandy, UT). The external jugular vein was cannulated with an 18-gauge
angiocatheter. The catheters were then connected with silastic tubing (1.01-mm internal
diameter; Dow Corning Co., Midland, MI). A 3-way connector (Cole-Parmer Instrument Co.,
Chicago, IL) was used for the administration of normal saline (20 mL/kg) and to assess the
patency and flow of the shunt. After an intravenous sodium heparin (100 U/kg) injection, the
portal vein, hepatic artery, and common bile duct were occluded with an atraumatic clamp for
60 minutes. After removal of the clamp, the cecal vein was decannulated and ligated. The
external jugular catheter was maintained for serial blood draws at 5 minutes, 2 hours, 6 hours,
and 24 hours following reperfusion. Blood samples were collected for serum aspartate
aminotransferase (AST) measurement with an autoanalyzer from ANTECH Diagnostics
(Irvine, CA). Serum levels of purine nucleoside phosphorylase (PNP) were measured with a
spectrophotometer at 24 hours post-reperfusion as an index of ischemic damage to the EC. The
rats were sacrificed at 24 hours post-reperfusion, at which time a portion of liver tissue was
snap-frozen; the remaining tissue samples were fixed in 10% buffered formalin. The following
2 groups were examined with this model: a control group [THI/PJS with administration of
normal saline (n = 6)] and a treatment group [THI/PJS with intravenous tezosentan (15 mg/
kg) 5 minutes prior to reperfusion (n = 6)].

Ex Vivo Cold Ischemia and Reperfusion Model—The second hepatic IRI model was
the ex vivo isolated rat liver perfusion apparatus (IRLPA) as previously described.12 Briefly,
after midline laparotomy incision, donor rats were heparinized with cannulation of the portal
vein, common bile duct, and inferior vena cava. The liver was flushed via the portal vein with
University of Wisconsin solution (10 mL; Viaspan, Dupont Pharma, Wilmington, DE),
procured, and stored for 24 hours at 4°C. Livers were then perfused ex vivo for 2 hours on
IRLPA. The perfusate consisted of whole rat blood diluted with Kreb’s bicarbonate solution
to a hematocrit of 15%, the temperature was maintained at 37°C, the pH was buffered at 7.4,
and the portal flow was adjusted to keep the portal pressure constant at 13 cm of water. Portal
blood flow was recorded at 30-minute intervals and is expressed as milliliters per minute per
gram of wet liver tissue. Blood samples were collected at 30-minute intervals for AST
measurement, and total bile production (μL/g of wet liver) was measured. Blood samples were
obtained from portal venous inflow and hepatic venous outflow for blood gas analysis at 30-
minute intervals. The hepatic oxygen extraction ratio (ERO2) was calculated by the division
of oxygen consumption (VO2) by oxygen transport (TO2), which is the difference in the arterial
and venous oxygen content (CxO2) divided by the arterial oxygen content (CaO2):

CxO2 was calculated according to the following equation:

where [Hb] is the hemoglobin concentration, SO2 is the saturation of oxygen, and pO2 is the
pressure of oxygen. At the conclusion of the experiment, a portion of the liver was snap-frozen,
and the remainder of the tissue was fixed in 10% buffered formalin. Two groups were studied
in this model: a control group [no treatment (n = 4)] and a treatment group [tezosentan (10 mg/
kg) diluted in a perfusate solution (n = 4)].
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Syngeneic LT Model
The last IRI model used was rat LT as previously described.13 Donor livers were procured and
stored in University of Wisconsin solution at 4°C for 24 hours. LT without hepatic artery
reconstruction was performed according to the cuff technique,14 with the anhepatic phase
lasting less than 20 minutes. Treatment rats were given tezosentan (15 mg/kg intravenously)
just prior to portal vein anastomosis. Control animals received no treatment. One group of rats
was sacrificed at 24 hours with blood and liver tissue collected for analysis (n = 4 rats per
group). A second group of rats was sacrificed on postoperative day 7 to assess differences in
survival (n = 10 rats per group). All animals underwent necropsy, with all deaths attributed to
liver failure because of the lack of any other significant surgical or organ pathology.

PNP Assay
Serum levels of PNP, an enzyme localized in the cytoplasm of sinusoidal EC,15 were assayed
with a spectrophotometer at 25°C. Changes in absorbance at 293 nM were detected during 5-
minute incubation with phosphate-dependent conversion of inosine to uric acid in the presence
of sufficient xanthine oxidase.16 The reaction mixture consisted of 1.35 mL of a 100 mM
potassium phosphate buffer (pH 7.4), 0.05 mL of a 7.5 mM inosine solution, 0.05 mL of 10
U/mL xanthine oxidase, and 0.05 mL of heparinized serum as a sample. For a blank control,
0.05 mL of phosphate buffer was added instead of the sample. The PNP concentration (U/mL)
was calculated as follows: [(ΔA/minute test – change in absorbance (ΔA)/minute blank)/12]/
0.05 mL, where 12 represents the millimolar extinction coefficient of uric acid at 293 nm. One
unit of PNP was defined as the quantity of enzyme causing the phosphorolysis of 1.0 μmol of
inosine to hypoxanthine and ribose 1-phosphate per minute at pH 7.4 at 25°C. Potassium
phosphate, inosine, and xanthine oxidase were purchased from Sigma Chemical Co. (St. Louis,
MO).

Reverse-Transcription Polymerase Chain Analysis Cytokine Analysis
Total RNA was extracted from liver tissue samples frozen at −70°C, and the RNA concentration
was determined with a spectrophotometer. A 5-μg sample of RNA was reverse-transcribed
into complementary DNA with oligo (dT) primers. Reverse-transcriptase polymerase chain
reaction was performed by different cycle numbers at the annealing temperature for each primer
pair: 60 cycles at 60°C [interleukin-1 beta (IL-1β)], 35 cycles at 60°C [macrophage
inflammatory protein 2 (MIP-2)], and 35 cycles at 63°C (β-actin). To compare the relative level
of each cytokine in different samples, all samples were normalized against the respective β-
actin template complementary DNA ratio. The following cytokines/ chemokines were
analyzed: IL-1β and MIP-2.

Tissue Myeloperoxidase (MPO) Assay
MPO was measured as a marker for tissue neutrophil content17 as previously described.12

Frozen tissue was thawed and homogenized in a mixture of 4 mL of 0.5%
hexadecyltrimethylammonium bromide (Sigma) and a 50 mM potassium phosphate buffer
solution buffered to a pH of 5.0. Each sample was then centrifuged at 13,000 rpm for 15 minutes
at 4°C, and the supernatants were combined with hydrogen peroxide–sodium acetate and
tetramethylbenzidine solutions (Sigma). The change in spectrophotomorphic absorbance was
measured at 655 nm. One unit of MPO activity was defined as the quantity of enzyme degrading
1 mmol of peroxide per minute at 25°C per gram of tissue.

Histological Analysis
Formalin-stored tissue specimens were embedded in paraffin and cut into 4-mm sections.
Representative cross sections of the liver were examined by routine hematoxylin and eosin
staining. Samples were analyzed by a single pathologist (C.L.) in a blinded manner.

Farmer et al. Page 4

Liver Transpl. Author manuscript; available in PMC 2010 November 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Statistical Analysis
All data are expressed as the mean ± standard deviation. Differences between experimental
groups were analyzed in the ex vivo IRLPA with a paired 2-tailed Student t test. The survival
difference in the LT model was analyzed with a chi-square log-rank test. Statistical
comparisons in the in vivo THI/PJS were analyzed with 1-way analysis of variance with the
Tukey-Fisher least-significant difference criterion to establish significant differences between
groups. A P value less than 0.05 was considered statistically significant.

RESULTS
In Vivo Warm Ischemia and Reperfusion Model

Figure 1A illustrates AST after 60 minutes of warm THI/PJS and 24 hours of reperfusion.
Tezosentan administration significantly attenuated AST levels at all study time points in
comparison with the control. Additionally, liver histological evaluation at 24 hours
demonstrated a significant reduction in hepatocellular necrosis in the treated livers (Fig. 2B)
in comparison with the control group (Fig. 2A). Serum PNP levels were measured as a marker
for sinusoidal EC injury. Untreated rats showed a significant elevation of serum PNP 24 hours
after IRI (control: 0.44 ± 0.07 U/mL); tezosentan treatment led to a significant reduction in
PNP levels (tezosentan: 0.24 ± 0.05 U/mL; P = 0.029 versus controls). Reverse-transcriptase
polymerase chain reaction analysis of IL-1β and MIP-2 demonstrated that tezosentan
administration significantly inhibited the production of both IL-1β (0.71 ± 0.27 IL-1β/β-actin
for tezosentan versus 1.13 ± 0.22 IL-1β/β-actin for control; P = 0.004 versus controls) and
MIP-2 (0.50 ± 0.13 MIP-2/β-actin for tezosentan versus 0.78 ± 0.17 MIP-2/β-actin for control;
P = 0.009 versus controls) following 24 hours of reperfusion.

ISOLATED RAT LIVER PERFUSION APPARATUS
Next, with IRLPA, the effect of warm ischemia and ex vivo reperfusion was assessed.
Tezosentan administration significantly diminished AST release into the perfusate at 60, 90,
and 120 minutes following reperfusion in comparison with controls (Fig. 1B). Cumulative bile
production was markedly improved in livers treated with tezosentan (20.6 ± 6.7 μL/g of liver
tissue) versus untreated control livers (9.5 ± 4.4 μL/g of liver tissue; P = 0.0018). With the
portal inflow pressure kept at a constant 13 cm of water, portal blood flow (adjusted for liver
weight) was directly measured as an index of sinusoidal resistance. As shown in Fig. 3,
administration of tezosentan significantly improved portal blood flow at each time point studied
(P < 0.05 versus control group), and this indicated decreased sinusoidal resistance. ERO2 was
assessed at 30-minute intervals during the use of IRLPA (Fig. 4). ERO2 was initially equivalent
in both control and tezosentan groups at 30 minutes, but by 60 minutes, although ERO2
deteriorated steadily thereafter in the control group, tezosentan showed a steady improvement
over time, with differences reaching statistical significance at 90 and 120 minutes.
Furthermore, markedly elevated MPO activity was seen in controls (1.97 ± 0.21 U/g of tissue)
versus tezosentan treatment (1.46 ± 0.09 U/g of tissue; P = 0.0015 versus controls).

Syngeneic LT Model
The LT model was used as it combines both cold and warm ischemia followed by reperfusion
and expands in vivo analysis beyond IRLPA. Tezosentan treatment decreased hepatocyte
injury, as evidenced by a significant (P < 0.05) reduction in AST levels at both study time
points (Fig. 1C). This was associated with markedly improved liver histopathology. The
tezosentan group showed minimal necrosis at 24 hours (Fig. 2D), whereas control tissues
showed extensive pan lobular coagulative necrosis (Fig. 2C). Proinflammatory IL-1β and
chemotactic MIP-2 mRNA levels were also significantly reduced in the tezosentan group (0.81
± 0.15 IL-1β/β-actin for tezosentan versus 2.58 ± 0.23 IL-1β/β-actin for control; P < 0.0001
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versus controls) and MIP-2 (0.60 ± 0.11 MIP-2/β-actin for tezosentan versus 1.91 ± 0.19
MIP-2/β-actin for control; P < 0.0001 versus controls). Tezosentan treatment reduced
neutrophil infiltration as evidenced by a marked reduction in MPO activity (1.63 ± 0.19 U/g
of tissue for tezosentan versus 4.65 ± 0.20 U/g of tissue for control; P < 0.0001 versus controls).
Lastly, untreated control rats had a 50% 7-day survival following LT, whereas tezosentan-
treated recipients had a 90% 7-day survival (Fig. 5; P = 0.033). All deaths occurred within 24
hours of LT and were consistent with hepatic dysfunction at necropsy.

DISCUSSION
ET has been implicated in various pathophysiological conditions involving hepatic
vasoconstriction and hypoxia.4 Hypoxic conditions are capable of inducing ET expression in
cultured EC.18 In the liver, the Ito cell expresses the highest concentration of the ETA type
receptor and is responsible for ET-induced sinusoidal vasoconstriction.6 Recent studies of
hepatic IRI by Zhang et al.19 and Witzigmann et al.20 have implicated the ETA type receptor
as the predominant mediator. The role of the Kupffer cell and EC, which possess predominantly
ETB type receptors, remains controversial. A few studies have shown that stimulation of
ETB receptors using a receptor-specific agonist can create increased portal pressure, but this
response may not be directly mediated by ETB and instead may be exerted through the
production of other vasomediators.21 Because of these controversies, we feel that the most
beneficial approach to ET receptor blockade appears to be dual receptor antagonism.

Clozel et al.9 characterized tezosentan as a potent ET-1 antagonist with a high affinity for both
ETA and ETB receptors. Tezosentan was synthesized as a non-peptide derivative of bosentan
(Ro 47-0203) to achieve improved water solubility for intravenous administration while
maintaining high potency for both receptors.9 It has undergone extensive pharmacological
profiling in both animal models and humans, including studies relevant to intravenous
administration in the face of hepatic and renal impairment.9,10,22,23 All of these data make this
agent an attractive drug worthy of studies on IRI.

Experimentally, the efficacy of tezosentan has been demonstrated only in a renal IRI model.
11 No studies have been performed to date with this agent in hepatic IRI. Therefore, we
undertook this investigation to (1) study the efficacy of tezosentan in hepatic IRI, (2) determine
if this agent did indeed warrant further preclinical investigations into hepatic IRI, and (3)
robustly test this agent using substantial liver injuries in both warm and cold ischemia models.

Bosentan is an older generation nonpeptide, dual receptor antagonist that has commonly been
used in many published studies.24 Speigel et al.25 noted reduced serum AST/alanine
aminotransferase and improved tissue oxygenation in a bosentan-treated rat model of warm
total hepatic IRI. The same group26 used increasing doses of bosentan in a warm total hepatic
IRI model to show a dose response efficacy. Koeppel et al.27 used bosentan treatment and
intravital microscopy in a rat lobar warm IRI model to show improved microvascular perfusion
with decreased leukocyte-endothelial interactions. Ricciardi et al.28 administered bosentan in
a porcine hepatic cold IRI followed by ex vivo perfusion model and determined that portal
perfusion and resistance were improved, oxygen consumption and bile production were
enhanced, and response to bile acid challenge was augmented. Significantly, however, indices
of hepatocellular damage were unchanged in comparison with untreated controls. Although
bosentan does demonstrate efficacy, the agent does not appear to have clinical potential for an
acute injury such as IRI, thus rendering these studies purely experimental. Peptide ET
antagonists have also been investigated,29 although the use of this class of ET receptor
antagonists is felt to be of limited clinical utility.24
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In our hands, all 3 IRI models used in this study represent a severe and lethal hepatic injury as
shown by control animal survival. Prior investigations25–29 using other agents employed less
severe degrees of hepatic injury either by limiting the ischemia time or by applying the ischemia
in a lobar fashion. Furthermore, this model demonstrated that neutrophil tissue infiltration as
measured by MPO is reduced after treatment with a dual ET receptor antagonist. Others have
noted fewer neutrophil-EC interactions using in vivo microscopy,26 but none have expanded
this to show that these reduced interactions actually lead to a reduction in tissue infiltration.
We feel that this is important as the neutrophil is considered a major mediator of hepatic IRI.
17

The use of an ex vivo IRLPA in these experiments affords a significant advantage in that it
allows the direct measurement of macrovascular hemodynamics, tissue oxygenation, and bile
production. Tezosentan treatment led to marked improvements in oxygen extraction, a
parameter shown to strongly correlate with hepatocellular dysfunction.30 Although other
studies have measured tissue oxygenation,25 these investigations differ fundamentally as
measurements were obtained with topical probes, thereby reflecting oxygenation in only a
small and superficial region. We feel that the use of the ERO2 ratio used herein represents a
more accurate approach as it provides a more global assay of hepatic oxygen consumption. We
are aware of only 1 investigation that has attempted to directly measure hepatic oxygen
extraction after treatment with bosentan.28

The macrovascular hemodynamic data obtained with the ex vivo IRLPA are another important
result of this type of therapy. One of the major mechanisms of ET receptor antagonism is the
amelioration of the ET-dependent vasoconstriction. Using intravital microscopy, other studies
have demonstrated that the use of ET receptor antagonists leads to microvascular flow
improvement, including sinusoidal dilatation and reduced intravascular cell adhesion.26,27

However, these studies examined only a few microvascular beds in the superficial regions of
the liver and extrapolated these data to represent microvascular flow in the organ as a whole.
Using the ex vivo IRLPA, we can directly and accurately measure portal venous flow and thus
calculate a whole organ vascular resistance that reflects both macrovascular and microvascular
beds. Our data demonstrate marked improvements in portal venous flow and resistance and
complement the data reported previously.26,27 Only 1 other study has attempted to directly
measure portal venous flow in an ex vivo model using bosentan.28

Bile production during reperfusion represents an important and significant indicator of hepatic
function.31 The use of the ex vivo IRLPA allows direct measurement of bile production, and
tezosentan-treated livers showed a marked increase in cumulative bile production. Ricciardi
et al.28 also examined bile production after bosentan administration and reported similar
findings.

The third model used in this study examines the effects of cold and warm IRI through LT and
is important as it tests the ability of the liver to recover from the injury thus facilitating animal
survival. Hepatocyte function and architecture were preserved, and neutrophil infiltration was
markedly minimized as evidenced by the reduction in MPO levels in treated animals.
Inflammatory cytokine levels were also significantly decreased in the tezosentan-treated group.
Furthermore, survival results indicate that tezosentan administration was indeed associated
with a markedly improved outcome.

Although much of hepatic IRI research has focused on biochemical and histological parameters
of parenchymal cell damage, the direct injury sustained by the EC has received relatively little
attention. The EC has been previously described as the least tolerant of non-parenchymal
hepatic cells to IRI, as it represents the initial target of oxidative and inflammatory-mediated
damage.1 PNP is a cytoplasmic enzyme that catalyzes the conversion of inosine to
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hypoxanthine. Measurement of serum PNP levels is a sensitive marker of EC oxidative injury
and may predict irreversible hepatic IRI.15 Using a model of THI/PJS, we observed a significant
suppression of serum PNP levels with tezosentan administration. Although the mechanism
behind this effect is unknown, a direct EC protective effect by the agent and an indirect effect
mediated through improved perfusion and oxygenation are both plausible.

Finally, we investigated the cytokines IL-1β and MIP-2 because IL-1β has been implicated in
stimulating oxygen free radical production32 and MIP-2 is known to act as a neutrophil
chemotactic signal.33 The results indicated that tezosentan treatment was associated with a
reduction in the production of mRNA for IL-1β and MIP-2 following hepatic IRI. Although
the elaboration of these chemokines is thought to arise from the hepatic macrophage,33 other
cell types may contribute to this response, including circulating monocytes and neutrophils.1,
17 An interesting observation is that the treatment-induced reduction in the inflammatory
cytokines in our model correlates with a reduction in neutrophil infiltration during ex vivo
hepatic reperfusion; this suggests a link between ET-mediated cytokine production and
neutrophil recruitment. Another possible explanation for this observed effect may be related
to a direct effect of ET on neutrophil adhesion to EC as ET-1 has been shown to stimulate
neutrophil adhesion to cultured EC by affecting the expression of adhesion molecules in cardiac
IRI models.34 An untested hypothesis is that ET receptor blockade may result in reduced
expression of adhesion molecules and therefore reduced tissue infiltration by leukocytes.

In summary, using 3 different models of both warm and cold severe hepatic IRI, we have shown
that administration of a dual ET receptor antagonist, tezosentan, is associated with marked
improvements in outcomes. On the basis of the known physiology of ET, we feel that this dual
receptor antagonist acts to directly improve global hepatic blood flow, as demonstrated by the
data herein. We theorize that this may represent a critical step in the complex cascade of events
leading to hepatic IRI as we also observed improvements in other indices of tissue injury such
as hepatocyte necrosis/injury and EC injury. However, these improvements may not
necessarily result directly from the drug itself but may result from other cellular protective
mechanisms that arise secondarily which were not examined in the present investigation. As
with many studies, several new avenues of investigation can be initiated from these results in
an attempt to better understand the complex mechanisms surrounding the use of dual ET
receptor antagonism in IRI.

In conclusion, the dual ET receptor antagonist tezosentan, when administered in rodent models
of hepatic IRI, is associated with improved outcomes. While acknowledging that further
preclinical mechanistic investigation is warranted, we feel that tezosentan may provide an
important and relevant strategy in protecting early liver function after various ischemic insults,
including transplantation. However, it must be emphasized that many of the ET receptor
antagonist effects seen in rodent models may not be directly translated into the human situation.
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Abbreviations

AST aspartate aminotransferase

CaO2 arterial oxygen content

CxO2 arteriovenous oxygen difference

EC endothelial cell(s)
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ERO2 oxygen extraction ratio

ET endothelin

[Hb] hemoglobin concentration

IL-1β interleukin-1 beta

IRI ischemia and reperfusion injury

IRLPA isolated rat liver perfusion apparatus

LT liver transplantation

MIP-2 macrophage inflammatory protein 2

MPO myeloperoxidase

PJS portojugular shunt

PNP purine nucleoside phosphorylase

pO2 pressure of oxygen

SO2 saturation of oxygen

THI total hepatic ischemia

TO2 oxygen transport

VO2 oxygen consumption
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Figure 1.
Serum AST reduction after tezosentan treatment in (A) THI/PJS, (B) IRLPA, and (C) LT. (A)
Control (black bar) and tezosentan-treated (white bar) rats underwent THI/PJS. Each bar
represents the mean ± standard deviation (*P < 0.05, **P < 0.02; n = 6 per group). (B) The
AST level is shown after reperfusion on IRLPA with sampling performed at 30, 60, 90, and
120 minutes. Control animals are shown with a black bar, and tezosentan-treated animals are
shown with a white bar. Each bar represents the mean ± standard deviation (*P < 0.05, **P <
0.02; n = 4 per group). (C) Serum AST levels after LT are shown at the analysis time points
of 6 and 24 hours. Again, control animals are shown with a black bar, and tezosentan-treated
animals are shown with a white bar. Each bar represents the mean ± standard deviation (*P <
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0.05; n = 4 per group). Abbreviations: AST, aspartate aminotransferase; IRLPA, isolated rat
liver perfusion apparatus; LT, liver transplantation; PJS, portojugular shunt; THI, total hepatic
ischemia.
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Figure 2.
Liver histopathology is improved after treatment with tezosentan. Representative
photomicrographs of the liver after (A,B) THI/PJS and (C,D) LT are shown. (A,C) Control
samples are on the left, whereas (B,D) tezosentan-treated samples are on the right (40×
magnification, hematoxylineosin stain). Abbreviations: LT, liver transplantation; PJS,
portojugular shunt; THI, total hepatic ischemia.
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Figure 3.
Portal blood flow is improved after treatment with tezosentan. With the isolated rat liver
perfusion apparatus, portal blood flow at 30-minute time intervals was measured during 120
minutes of ex vivo reperfusion. Control results are shown as black bars, and tezosentan results
are shown as white bars. Flow on the y axis is expressed as milliliters per minute per gram of
liver tissue. Each bar represents the mean ± standard deviation (*P < 0.05; n = 4 per group).
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Figure 4.
ERO2 steadily improves during the use of the isolated rat liver perfusion apparatus after
tezosentan treatment. ERO2, as calculated with hemoglobin and blood gas measurements,
provides a global assessment of hepatic oxygen consumption and viability. ERO2 was
measured at 30-minute intervals during the use of the isolated rat liver perfusion apparatus,
with the control results shown as black bars and the tezosentan results shown as white bars.
Each bar represents the mean ± standard deviation (*P < 0.02; n = 4 per group). Abbreviation:
ERO2, oxygen extraction ratio.
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Figure 5.
Survival after liver transplantation is improved with tezosentan treatment. Survival 7 days after
liver transplantation was assessed in control and tezosentan-treated rats (n = 10 animals per
group). The control is shown as the solid line with diamonds, and tezosentan is shown as the
dashed line with squares. Results are expressed as the actual survival percentage versus the
day (P = 0.033).
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