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Recent studies have shown that the risk of variceal bleeding in patients with liver cirrhosis increases with infections such
as spontaneous bacterial peritonitis (SBP). In this study, we hypothesized that pretreatment with intraperitoneal LPS may
escalate portal hypertension. In fibrotic livers (4 weeks after bile duct ligation, BDL), the activation of Kupffer cells (KCs) by
zymosan (150 mg/ml) in the isolated non-recirculating liver perfusion system resulted in a transient increase in portal
perfusion pressure. Pretreatment with intraperitoneal LPS (1mg/kg body weight (b.w.) for 3 h) increased basal portal
perfusion pressure, and prolonged the zymosan-induced increase from transient to a long-lasting increase that was
sustained until the end of the experiments in BDL but not in sham-operated animals. Pretreatment with gadolinium
chloride (10mg/kg b.w.), MK-886 (0.6mg/kg b.w.), Ly171883 (20 mM) or BM 13.177 (20 mM) reduced the maximal and
long-lasting pressure increase in BDL animals by approximately 50–60%. The change in portal perfusion pressure was
paralleled by a long-lasting production of cysteinyl leukotriene (Cys-LT) and thromboxane (TX) after LPS pretreatment.
However, the response to vasoconstrictors was not altered by intraperitoneal LPS. Western blot analyses showed an
increased Toll-like receptor (TLR)4 and MyD88 expression after LPS pretreatment. In vivo experiments confirmed that
intraperitoneal LPS increased basal portal pressure, and extended the portal pressure increase produced by intraportal
zymosan or by LPS infusion. In conclusion, upregulation of TLR4 and MyD88 expression in fibrotic livers confers
hypersensitivity to LPS. This may lead to escalation of portal hypertension by production of TX and Cys-LT after
endotoxin-induced KC activation. Therefore, LT inhibitors may represent a promising treatment option in addition to early
administration of antibiotics in SBP.
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Liver cirrhosis is associated with the development of
hyperdynamic circulation and portal hypertension.1 The
increase in portal pressure is triggered by persistent splanchnic
vasodilation and increased intrahepatic vascular resistance.
Molecular changes in the cirrhotic liver include alterations in
the generation and degradation of vasodilators and vaso-
constrictors, as well as in changes in cellular responses to the
same.2–4 Hepatic vascular tone changes are caused by an
increase in vasoconstrictors such as thromboxane (TX) A2

5,6

or cysteinyl leukotrienes (Cys-LT: leukotrine C4, D4, E4),
7 and

a decrease in vasodilators.8

Variceal bleeding is a life-threatening complication of portal
hypertension. Mortality is closely related to any failure to
control the initial bleed or early rebleeding, which can occur in

up to 30–40% of patients.9 Variceal bleeding is closely asso-
ciated with bacterial infections.10–13 In patients with cirrhosis,
the risk of variceal bleeding increases with infections such as
spontaneous bacterial peritonitis (SBP). However, the patho-
physiology of this phenomenon is not well understood. The
phagocytosis of bacterial products in the liver is pre-
dominantly dependent on the activity of Kupffer cells (KCs),
which are hepatic macrophages.14,15 Therefore, KCs could have
a leading role in the regulation of infection-related variceal
bleeding, as proposed previously.16 The activation of KCs is
dependent on surface receptors such as Toll-like receptors
(TLRs) and intracellular effectors such as MyD88.

Patients with liver cirrhosis often suffer from SBP, which is
partly caused by increased gut permeability and decreased
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bowel motility.17,18 In this study, the effects of intraperitoneal
LPS on portal pressure and the involved pathways were
investigated.

MATERIALS AND METHODS
Animal Studies
All animals were ethically treated according to the criteria
prepared by the National Academy of Sciences and published
by the National Institutes of Health in addition to the legal
requirements in Germany. All animal experiments were ap-
proved by the local government (Regierung von Oberbayern,
Munich, Germany) and were reported to the responsible
authorities every 3 months.

Induction of liver fibrosis by bile duct ligation
Male Sprague–Dawley rats (weighing 180–200 g; Charles
River, Sulzfeld, Germany) were anesthetized by intra-
peritoneal pentobarbital injection (50mg/kg body weight
(b.w.)). After a midline laparotomy was performed, the
common bile duct was ligated twice with 3-0 silk suture and
cut between the two ligations.6,19 Sham-operated rats were
subjected to laparotomy without bile duct ligation (BDL).
Liver perfusion with Krebs–Henseleit buffer and in vivo ex-
periments were performed 4 weeks after the operation, as
described in the following sections.

In situ rat liver perfusion study
Four weeks after sham operation or BDL, rats were
anesthetized with an intraperitoneal injection of sodium
pentobarbital (50mg/kg b.w.). After incision of the abdom-
inal wall, blood was collected from the inferior vena cava
(approximately 3–4ml) to determine serum parameters.
Thereafter, the portal vein was cannulated with a 14-G Teflon
intravenous catheter, and the liver was perfused at a constant
flow rate. The inferior vena cava was cannulated through the
right atrium and ligated above the right renal vein. In all
experiments, the livers were perfused with Krebs–Henseleit
solution (pH 7.4, 371C) in a non-recirculating manner. The
perfusion buffer was gassed with a mixture of 95% O2 and
5% CO2 using an oxygenator.6,20 Portal perfusion pressure
was monitored continuously. The bile duct was cannulated
with polyethylene tubing (PE10) to monitor bile flow in both
sham-operated and non-operated animals. The liver was al-
lowed to stabilize for 25min before any substances were
added. During this initial 25-min stabilization period, the
criteria for liver viability were stable perfusion pressures and
LDH efflux rates o5mU/min� gram liver. LDH activity was
analyzed as reported previously. Even if one of the criteria for
viability was not satisfied, the experiment was discarded.

Intraperitoneal LPS administration and KC activation
All the following experiments were conducted with and
without additional intraperitoneal LPS administration for 3 h
(Escherichia coli 026:B6, 1mg/kg b.w. dissolved in NaCl
0.9%). KCs were activated by the infusion of cell wall

particles from Saccharomyces cerevisiae (zymosan A, n¼ 5).
Zymosan was prepared and infused as described previously
(150 mg/ml, 40–46min after starting perfusion experiments).6

In control experiments, the livers were perfused with Krebs–
Henseleit buffer in addition to the solvent DMSO (22mM,
30–60min, n¼ 4) after zymosan infusion (150 mg/ml,
40–46min after starting the perfusion experiments). To
block KCs, a pretreatment with gadolinium chloride (GdCl3,
10mg/kg b.w., 48 and 24 h before experiments) was per-
formed in addition to LPS administration and after KC
activation (n¼ 5).21 The LT receptor antagonist Ly171883
(20 mM, 30–60min, n¼ 5) and the TX receptor antagonist
BM 13.177 (20 mM, 30–60min, n¼ 5) were given in addition
to LPS pretreatment (1mg/kg b.w., 3 h) and zymosan infu-
sion (150 mg/ml, 40–46min). The LT synthase inhibitor MK-
886 (0.6mg/kg b.w.) was administered intraperitoneally
30min before starting LPS pretreatment (1mg/kg b.w.
for 3 h); zymosan (150 mg/ml, 40–46min) was administered
during liver perfusion, which started altogether 3.5 h after
MK-886 administration.

Infusion of the vasoconstrictors TX A2 and LT C4
The TX A2 analog U46619 (0.1 mM, 40–46min, n¼ 5) and
LTC4 (20 nM, 40–46min, n¼ 5) were infused with and
without additional intraperitoneal LPS administration (1mg/
kg b.w. for 3 h, each n¼ 5).

In vivo measurement of portal pressure
Body weight was determined directly before experiments.
Surgery (4 weeks after BDL) was commenced after anesthesia
using an intraperitoneal injection of sodium pentobarbital
(50mg/kg b.w.). Arterial blood pressure was monitored
continuously through a carotid catheter. Laparotomy was
performed, and a PE-tube (23 G, 0.6� 30mm2) was inserted
over the ileocolic vein and advanced into the confluence of
the portal and splenic veins. This cannula was used for the
simultaneous infusion of zymosan and the registration of
portal pressure through a transducer system (Sirecust 404
from Siemens, Germany and Transducer Gabarith from
Becton Dickinson, Singapore), as described previously.6 Two
different bacterial products were infused in distinct experi-
ments through the portal vein: b-glycan-rich zymosan
(3.2mg/min, from 0–6min, n¼ 7)6,22 or LPS (4mg/kg b.w.,
0–6min, n¼ 7). In an additional set of experiments, animals
were pretreated with intraperitoneal LPS for 3 h (1mg/kg
b.w. for 3 h, each n¼ 7), and then zymosan or LPS was ad-
ministered as stated above.

Measurements of Serum Parameters
Serum parameters were measured using an Olympus AU2700
analyzer (Olympus Germany GmbH, Hamburg, Germany),
according to standard tests based on the recommendations of
the International Federation of Clinical Chemistry (IFCC).
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Histological Evaluation
Liver tissues were fixed in 4% buffered formalin, dehydrated
in graded ethanol and embedded in paraffin using standard
procedures. Longitudinal sections of 4-mm thickness were
stained with hematoxylin and eosin (H&E) and Elastica van
Gieson (EvG) using standard procedures.

ELISA
The levels of TXB2 (the stable degradation product of TXA2)
produced by the livers were quantified by measuring their
release into the perfusate. The levels of TXB2 were measured
in duplicate using an enzyme immunoassay (Assay Design,
Ann Arbor, MI, USA). The levels of Cys-LTs (LTC4/D4/E4)
were also measured in duplicate using an enzyme im-
munoassay (Cayman Chemical, Ann Arbor, MI, USA).
Serum immunoreactive IL-6 levels were also determined
in duplicate by a rat-specific ELISA linked to horseradish
peroxidase (HRP) and with a detection limit of 30 pg/ml
(Biosource International, Camarillo, CA, USA). Assay spe-
cificity was confirmed and percentage recoveries were de-
termined by serum samples with recombinant rat IL-6 as the
standard.

Western Blot Analysis for TLR4 and MyD88
Western blot analysis was performed according to standard
procedures. Briefly, proteins transferred to the membrane
were detected by incubation with primary antibodies (anti-
TLR4, anti-goat polyclonal; Santa Cruz, USA, 1:200 at 41C,
overnight or anti-MyD88, anti-rabbit polyclonal, Abcam,
USA, 1:500 at 41C, overnight), followed by incubation with
an HRP-conjugated secondary antibody (Santa Cruz or GE
Healthcare Life Sciences, Munich, Germany). The reactive
bands were visualized using a chemiluminescent detection kit
(ECL Plus, Amersham Pharmacia, Uppsala, Sweden). b-Actin
was used as a control (GE Healthcare Life Sciences). The
protein expression was quantified using the ImageJ software
(NIH, USA).

Drugs and Reagents
Zymosan and LPS from E. coli (026:B06) were obtained from
Sigma-Aldrich (Munich, Germany). Ly171883 was obtained
from Calbiochem (Darmstadt, Germany). BM 13.177 was a
gift from Roche (Mannheim, Germany). U46619 and LTC4

were purchased from Cayman Chemical.

Statistical Analyses
All data are expressed as means±s.d. Statistical analyses of
the data were performed using Mann–Whitney U-test for not
normally distributed data. A value of Po0.05 was considered
to be statistically significant. Statistical preparation and
analyses were performed in collaboration with the Institute
for Biometrics and Epidemiology of the University of Munich
(IBE, Munich, Germany).

RESULTS
Enhancement of Portal Hypertension by Preactivation
with LPS
Portal pressure of BDL rats, determined immediately before
the isolated liver perfusion experiments, was elevated to
21.5±1.2 cm H2O, which was greater than that of sham-
operated animals (8.8±0.9 cm H2O). All BDL rats had ele-
vated values on liver function tests compared with sham-
operated animals (g-glutamyltransferase (U/l): 21±1.3 vs
1.3±0.4, bilirubin (mg/dl): 8.3±0.5 vs 0.2±0.1, aspartate
aminotransferase (U/l): 98±17 vs 45±8 and alanine ami-
notransferase (U/l): 38±5 vs 34±5) and the weight of the
spleen had also increased (data not shown). Portal pressure in
BDL rats was further increased by application of in-
traperitoneal LPS to 25.2±1.7 cm H2O. In contrast, pre-
treatment with LPS did not alter the basal portal pressure in
sham-operated animals (9.1±0.8 cm H2O). Subsequent to
portal pressure measurements in vivo, the livers were isolated
and perfused in situ. Again, portal perfusion pressure was
higher in the BDL group with additional LPS pretreatment
than in the BDL-only group. Similarly, portal perfusion
pressure of in situ-perfused livers was still higher in the BDL
group than in the sham group (Figure 1a). The maximal
zymosan-induced increase in portal perfusion pressure was
higher in the BDL group with the additional LPS pretreat-
ment than in the BDL group without LPS pretreatment, and
this difference was enhanced until the end of the perfusion
period (Figure 1a). In contrast, LPS pretreatment did not
influence the portal perfusion pressure increase in the sham
group (Figure 1a). The measurement of IL-6 in the serum
showed that no IL-6 was detectable before LPS pretreatment
in sham-operated animals (serum IL-6 o0.03 ng/ml) and in
BDL animals (serum IL-6 o0.03 ng/ml). LPS pretreatment
increased the IL-6 values in both groups, ie, sham-operated
animals and BDL animals, but the IL-6 level increased to a
higher level in BDL animals (3.4þ 0.7 vs 12.8þ 2.5 ng/ml,
Po0.05). The livers of sham-operated and BDL animals with
and without LPS pretreatment were analyzed by H&E and EvG
staining to exclude morphological alterations by LPS pre-
treatment. Sham-operated animals pretreated with vehicle or
LPS showed normal liver histology (Figure 1b). Livers from
BDL rats showed typical morphological signs of these livers
with proliferation of bile ducts, mixed cellular infiltration
around the portal vein, isolated areas of necrosis and fibrotic
alterations (Figure 1b). No morphological differences could be
detected in the above-mentioned characteristics of the BDL
livers pretreated with LPS compared with vehicle-treated rats.
The effects on portal pressure of LPS pretreatment with sub-
sequent zymosan infusion were reversed by a pretreatment with
GdCl3 that blocked the KCs (Figure 1b).

Increase in the Protein Expression of TLR4 and MyD88
by LPS Pretreatment
The expression of TLR4 and MyD88 was analyzed by western
blotting and subsequent quantification. Application of LPS in
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BDL rats caused upregulation of TLR4 and MyD88 expres-
sion in the liver (Figure 2a and b). This effect of LPS on
hepatic TLR4 and MyD88 expression in BDL rats was pre-
vented by KC blockade with GdCl3 (Figure 2a and b).

Augmented Production of the Vasoconstrictors and
their Functional Relevance
The zymosan-induced increase in portal perfusion pressure
was paralleled by zymosan-induced production of the

vasoconstrictor TXB2, the stable degradation product of
TXA2, and of the vasoconstrictive Cys-LTs (Figure 3a and b).
Although this increase was transient in the BDL group,
the increase was long lasting in the LPS pretreatment
group for both vasoconstrictor types (TXB2 and LTC4/D4)
(Figure 3a and b). The initial and maximal levels of
TXB2 and Cys-LTs detected in the effluent perfusate were
increased by LPS pretreatment (Figure 3a and b). The
functional relevance of these vasoconstrictors was evaluated

Figure 1 Intraperitoneal LPS escalates the KC-dependent portal pressure increase in fibrosis. Data are expressed as mean±s.d. (a) Portal perfusion pressure

started at a lower basal level in sham-operated rats (n¼ 5) compared with the bile duct-ligated rats (*Po0.02, BDL for 4 weeks, n¼ 5). The basal portal

perfusion pressure, and hence the maximal portal perfusion pressure, was further enhanced by LPS pretreatment for 3 h (1mg/kg b.w. intraperitoneal, n¼ 5)

in animals with biliary fibrosis (**Po0.01), but not in the sham-operated animals. In addition, transient portal perfusion pressure increase was extended to a

long-lasting portal perfusion pressure increase in LPS-pretreated BDL rats (**Po0.01), but, again, not in sham-operated animals. (b) The microscopic analysis

showed normal liver histology in sham-operated rats with and without LPS pretreatment. Furthermore, the typical histological picture of BDL livers

(proliferation of bile ducts, mixed cellular infiltration around the portal vein, isolated areas of necrosis, fibrotic alterations) was observed in both groups, ie, in

BDL animals and in BDL animals pretreated with LPS. No morphological differences could be detected in the mentioned characteristics of the BDL livers

pretreated with LPS. (c) KC activation by Zymosan A (K, Zy, 150 mg/ml, 40–46min, n¼ 5) in BDL animals transiently increased portal perfusion pressure

compared with control experiments (o, n¼ 5). These animals were additionally pretreated with NaCl (0.9%). Intraperitoneal LPS (1mg/kg b.w. for 3 h, n¼ 5)

increased the basal, maximal and chronic portal perfusion pressures (*Po0.05). In the next experiments, BDL animals were pretreated with gadolinium

chloride to block Kupffer cells (’, GdCl3, 48 and 24 h before starting experiments, 10mg/kg b.w. intraperitoneal, n¼ 5), were then pretreated with LPS

(1mg/kg b.w. for 3 h, intraperitoneal), and then zymosan was infused during the isolated liver perfusion. GdCl3 pretreatment attenuated the basal, maximal

and chronic portal perfusion pressure increases (?Po0.05).
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by the administration of the LT receptor inhibitor
Ly171883, the LT synthase inhibitor MK-886 and the
TX receptor antagonist BM 13.177. The blockade of
the LT receptor attenuated both the maximal immediate
and the long-lasting zymosan-induced increase of portal
perfusion pressure (Figure 3c). A similar result was achieved
by the TX receptor antagonist BM 13.177 (Figure 3c).
Both the long-lasting and the maximal immediate zymosan-
induced increases of portal perfusion pressure were

attenuated by the additional infusion of BM 13.177.
The intraperitoneal pretreatment over a period of 3.5 h
with the LT synthase inhibitor MK-886 reduced the basal,
maximal and long-lasting portal perfusion pressure increases.
In contrast, the IL-6 concentration in the serum was
not influenced by MK-886 pretreatment (11.8þ 2.1 vs
12þ 2.5 ng/ml).

Unaltered Response to the Vasoconstrictors After LPS
Pretreatment
In contrast to the production of the vasoconstrictors, which
was enhanced by LPS, the responsiveness to the vasocon-
strictors was not influenced by LPS pretreatment over 3 h.
The infusion of the TX analog U46619 increased the portal
perfusion pressure of BDL rats transiently (Figure 4a).
Neither the maximal portal perfusion pressure nor the
long-lasting portal perfusion pressure was influenced by
pretreatment with LPS (Figure 4a). Similar to U46619, the
infusion of LTC4 also increased the portal perfusion pressure
transiently (Figure 4b). The maximal portal perfusion
pressure after LTC4 infusion was slightly lower than that
after U46619 infusion (Figure 4a and b). Again, neither
the maximal nor the long-lasting portal perfusion pressure
increase caused by LTC4 was influenced by pretreatment with
LPS (Figure 4b).

Effects of LPS on Portal Pressure: In Vivo Measurements
The results obtained from the isolated liver perfusions were
confirmed by in vivo experiments. Portal pressure was higher
in the BDL group with LPS pretreatment than in the BDL
group without LPS pretreatment (Figure 5a and b). The in-
fusion of zymosan or LPS increased the portal pressure
(Figure 5a and b). The absolute extent in portal pressure
increase after zymosan or LPS infusion was comparable in
the groups with and without LPS pretreatment (Figure 5a
and b). However, the absolute value of maximal portal
pressure was higher in the LPS pretreatment groups (Figure
5a and b). The long-lasting zymosan- and LPS-induced in-
creases of the portal pressure were again markedly enhanced
by LPS pretreatment before intraportal LPS or zymosan
infusion (Figure 5a and b). The mean arterial pressure

Figure 2 Increased expression of TLR4 and MyD88 after intraperitoneal LPS

pretreatment. (a) The protein expression (measured by western blot) of

TLR4 and MyD88 was increased in the bile duct-ligated (BDL) animals by

LPS pretreatment (1mg/kg b.w. for 3 h, each n¼ 5) compared with BDL

animals with vehicle pretreatment (NaCl 0.9% 1ml/kg b.w., n¼ 5). The

augmented protein expression after LPS pretreatment in BDL animals was

attenuated by additional GdCl3 pretreatment (10mg/kg b.w., 24 and 48 h

before experiments, n¼ 5). b-actin served as a control. (b) These results

were confirmed by quantitative analyses by ImageJ (NIH, USA).

Figure 3 Enhanced production of the vasoconstrictors and their functional role after intraperitoneal LPS administration in liver fibrosis. Data are expressed

as mean±s.d. (a) The increase in portal perfusion pressure in the bile duct-ligated (BDL) animals after Zymosan A (o, Zy, 150 mg/ml, 40–46min, n¼ 5) was

paralleled by an augmented production of thromboxane (TX) B2, the stable degradation product of thromboxane A2. TX production was further enhanced

by intraperitoneal LPS pretreatment (K, 1mg/kg b.w. for 3 h, n¼ 5) in addition to KC activation by zymosan (150 mg/ml, 40–46min, *Po0.05). (b) The

cysteinyl leukotrienes (LTs) C4/D4/E4 were produced by KC activation (o, Zy, 150 mg/ml, 40–46min, n¼ 5). The LT efflux in the perfusate was higher at the

beginning, peak and at the end of the experiments in the LPS pretreatment group (K, 1mg/kg b.w. for 3 h, n¼ 5). (c) Kupffer cell activation by Zymosan A

(150 mg/ml, 40–46min, n¼ 5) in BDL animals increased portal perfusion pressure. Intraperitoneal LPS administration (1mg/kg b.w. for 3 h, n¼ 5) increased

basal, maximal, and chronic portal perfusion pressures (*Po0.05, #Po0.05, yPo0.05). In the same experimental setting, the additional infusion of the

leukotriene C4/D4 receptor antagonist Ly171883 (20mM, 30–60min, n¼ 5) or of the thromboxane A2 receptor antagonist BM 13.177 (20 mM, 30–60min,

n¼ 5) attenuated the acute (##Po0.05, ###Po0.05) and the chronic (yyPo0.05, yyyPo0.05) portal perfusion pressure increases. The additional administration

of MK-886 (0.6mg/kg b.w. intraperitoneally, 30min. before LPS administration) reduced basal (**Po0.05), maximal (####Po0.05) and long-lasting

(yyyyPo0.05) portal perfusion pressure increases.
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decreased slightly, but not significantly, from the intra-
peritoneal LPS pretreatment (data not shown). The addi-
tional intraportal administration of LPS did not affect the
mean arterial pressure, whereas zymosan infusion decreased
the mean arterial pressure (data not shown).

DISCUSSION
This study described a novel mechanism of portal pressure
increase in fibrotic livers by intraperitoneal LPS administra-
tion. There were three principal findings of our study: (1)
The intraperitoneal administration of LPS for 3 h increased
basal portal pressure and extended the portal pressure in-
crease that occurred after a second administration of mi-
crobial constituents zymosan or LPS from transient to long
lasting; (2) The hepatic expression of TLR4 and MyD88 was
increased after LPS pretreatment, and the LPS-pretreated
livers responded with an augmented and relevant efflux of
vasoconstrictors TX and LT; and, (3) In contrast, LPS pre-
treatment did not alter the responsiveness to TX or LTC4.
These results were obtained using in situ-perfused livers

Figure 4 Intraperitoneal LPS did not alter response to the vasoconstrictors.

Data are expressed as mean±s.d. (a) Infusion of the TX analog U46619

(0.1 mM, 40–46min, n¼ 5) increased portal perfusion pressure (**Po0.008)

in biliary fibrosis, which was not altered by intraperitoneal LPS pretreatment

(1mg/kg b.w. for 3 h, n¼ 5). (b) Again, infusion of LTC4 (20 nm, 40–46min,

n¼ 5) elevated portal perfusion pressure (**Po0.008), and intraperitoneal

LPS administration (1mg/kg b.w. for 3 h, n¼ 5) did not change the portal

perfusion pressure increase.

Figure 5 In vivo effects of intraperitoneal LPS for 3 h and additional

intraportal zymosan or LPS administration. Data are expressed as

mean±s.d. (a) Intraperitoneal LPS administration (K, 1mg/kg b.w. for 3 h,

n¼ 5) extended the increase in portal pressures from transient to chronic in

vivo after intraportal zymosan infusion (’, Zy, 3.2mg/min, 0–6min, n¼ 7,

*Po0.05). Control experiments with a stabilization period of 10min and a

observation period of 40min afterwards showed no change in portal

pressure (m, n¼ 4). (b) Subsequent to the intraperitoneal LPS pretreatment

for 3 h (1mg/kg b.w.), LPS was additionally infused through the portal vein

in fibrotic livers during in vivo experiments (K, **Po0.05, n¼ 5). Basal

portal pressure, maximal portal pressure and portal pressure at the end of

the observation period of 40min were augmented compared with the

experiments without LPS pretreatment (’, n¼ 5). Intraportal LPS infusion

alone (’, *Po0.05, n¼ 5) increased portal pressure acutely and resulted in

a portal pressure increase at the end of the observation period of 40min.
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confirmed by subsequent in vivo studies. We investigated the
effects in sham-operated and bile duct-ligated rats. The
diagnosis of fibrosis was made on the basis of the presence of
ascites and elevated portal pressure in vivo.

Effects of LPS Pretreatment on Portal Pressure
The initial set of experiments showed that basal portal per-
fusion pressure in situ and portal pressure in vivo were higher
in BDL rats than in sham-operated rats. The intraperitoneal
application of LPS for 3 h further increased basal portal
pressure and extended the portal pressure increase caused by
the administration of zymosan or LPS from transient to long
lasting. This effect was observed in fibrotic animals 4 weeks
after BDL. Intraperitoneal LPS did not affect portal perfusion
pressure in sham-operated animals.

The experimental setting may be of clinical relevance.
Patients with liver cirrhosis often suffer from SBP. To simu-
late SBP, we applied intraperitoneal LPS in cirrhotic rats.
Cirrhotic rats are characterized by bacterial translocation.17,23

Interestingly, the intraperitoneal application of bacterial en-
dotoxin affected portal pressure and enhanced the response
to the microbial constituents that reached the liver through
the portal vein. Different routes of bacterial constituents into
the portal vein as a ‘second hit’ are conceivable. First, bac-
terial products may reach the systemic blood flow as a con-
sequence of the SBP and thereby reach the liver. Second,
patients with liver cirrhosis have increased bowel perme-
ability and decreased bowel motility, which can result in a
bacterial contamination of the portal vein by translocation of
gut bacteria to mesenteric lymph nodes.24 Finally, patients
with liver cirrhosis have an impaired immune system and
may therefore frequently suffer from bacterial infections.

KC-Dependent Effects of Intraperitoneal LPS
The simultaneous treatment with the KC-depleting agent
GdCl3 reduced the basal, maximal and long-lasting increases
of portal perfusion pressure induced by LPS pretreatment.
This indicates that LPS effects were mainly mediated by KCs.
GdCl3 has been used in different studies to block KCs.25–27

The KC-dependent and long-lasting increase in portal per-
fusion pressure subsequent to LPS pretreatment was in ac-
cordance with earlier studies.5 In this previous study, the
basal, maximal and long-lasting portal perfusion pressures
were increased by additional LPS pretreatment for 6 h in
prefibrotic rats 1 week after BDL. In this study, the livers
had a pronounced fibrosis 4 weeks after BDL, and portal
hypertension was determined both in situ and in vivo. The
additional intraportal administration of two different
microbial products, b-glycan-rich zymosan and LPS, was
studied. As the portal pressure response to these constituents
was enhanced subsequent to intraperitoneal LPS application
for 3 h, an altered disposition of the involved cells was pos-
tulated as a consequence of LPS pretreatment. This hypoth-
esis was tested by western blot analyses from whole liver
homogenates. The protein expressions of TLR4 and its

effector MyD88 were increased in BDL livers when compared
with sham-operated livers in a previous study.28 Interestingly,
LPS pretreatment for 3 h further upregulated the expression
of TLR4 and MyD88 in BDL livers in this study. This LPS-
induced increase was attenuated by GdCl3 pretreatment.
TLR4 and MyD88 are expressed on KCs, sinusoidal en-
dothelial cells and hepatic stellate cells.15,29,30 KCs are highly
relevant for the production of vasoconstrictors in the in-
trahepatic microvasculature.6,16 The effects observed in this
study seem to be predominantly dependent on the KCs,
because GdCl3 pretreatment attenuated TLR4 and MyD88
expression after LPS pretreatment.

Vasoconstrictor Production and Responsiveness after
LPS Pretreatment
The cells most affected by intrahepatic vasoconstrictors are
the activated hepatic stellate cells and myofibroblasts.31,32

Therefore, we next examined the production of the vaso-
constrictors and the response to them after intraperitoneal
LPS pretreatment. LPS pretreatment augmented the genera-
tion of two relevant vasoconstrictors: TX and the Cys-LTs.
The augmented production of TX by LPS pretreatment has
been described previously,33 whereas increased LT generation
after intraperitoneal LPS has not been described, to our
knowledge. The effects of antagonists for the TX receptor and
the LT receptor, as well as the effect of the LT synthase blocker
on portal perfusion pressure demonstrated the functional
relevance of the enhanced production of the vasoconstrictors.
The importance of the TX receptor for hepatic micro-
circulation has been described previously.6,34 As shown by
our study, LTs and the reaction with their receptors may be of
similar relevance in the intrahepatic microvasculature. The
activity of IL-6 production, eg, by KCs in the liver, was not
influenced by the LT synthase inhibitor MK-886. In contrary,
inhibition of LT synthesis attenuated portal perfusion pres-
sure increase. Importantly, they have the advantage, that they
have no adverse effects on blood coagulation. This study
showed that the infusion of the TX analog U46619 and the
direct infusion of LTC4 both increased portal perfusion
pressure, as described previously.35 It is noteworthy that this
response was not altered by the existence of intraperitoneal
LPS in BDL animals. An enhanced vasoconstrictor response
has been described previously in different models of liver
cirrhosis, eg, by the upregulation of the intrahepatic Rho
kinase.31 However, the intraperitoneal administration of LPS
for 3 h did not alter the intrahepatic vasoconstrictor response
in BDL livers.

Clinical Considerations
Taken together, our data may propose a new model for the
role of LPS in portal hypertension and variceal bleeding. We
assume that chronic confrontation with LPS due to bacterial
translocation from the gut to mesenteric lymph nodes may
upregulate TLR4 and Myd88 expression in cirrhosis, which
was further upregulated by additional intraperitoneal LPS
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application. This confers hypersensitivity to LPS. As LPS may
increase portal pressure by the production of intrahepatic
vasoconstrictors including LTs, a sudden massive confronta-
tion with LPS in SBP or infections may lead to severe ag-
gravation of portal hypertension and variceal bleeding.
Therefore, LT receptor antagonists may represent a promising
treatment option in addition to early administration of an-
tibiotics in SBP.

Conclusions
In conclusion, intraperitoneal LPS leads to the production of
vasoconstrictors in the liver, including TX and LTs. As the
expression of TLR4 and its effector MyD88 is increased in
fibrotic livers, this confers hypersensitivity to LPS. In addi-
tion to antibiotics, LT inhibitors could therefore be an in-
teresting therapeutic option in chronic liver diseases.
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