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IN AN ACUTE ENDOTOXEMIC PIG MODEL
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ABSTRACT—The objective of the present study was to determine the effects of increasing dosages of continuously
infused epoprostenol (PGI), a prostacyclin analog, on intestinal oxygen supply and jejunal mucosal tissue oxygen tension
in an acute endotoxic pig model. Jejunal mucosal tissue PO2, oxygen saturation of jejunal microvascular hemoglobin, and
gut microvascular blood flow were investigated. Systemic hemodynamic variables, mesenteric-venous and systemic acid
base and blood gas variables, and lactate measurements were recorded. Measurements were performed at baseline, after
Escherichia coli LPS administration, and at 20-min intervals during incremental PGI infusion (n = 8; 25, 50, 100, and
200 2gIkgj1Ihj1, respectively); or infusion of an equal amount of isotonic sodium chloride solution (n = 7). LPS infusion led
to a significant decrease in mucosal tissue oxygen tension and microvascular hemoglobin oxygen saturation. Epoprostenol
infusion led to a significant, dose-dependent increase in cardiac index and systemic oxygen delivery. Mucosal tissue oxygen
tension and microvascular hemoglobin oxygen saturation increased after PGI administration and even returned to more-than-
baseline values. Continuously infused PGI increased intestinal hemoglobin oxygen saturation and mucosal tissue oxygen
tension in a dose-dependent manner mainly due to an increase in villus blood flow in this acute endotoxic pig model.
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INTRODUCTION

Alterations in intestinal microcirculatory function resulting

from sepsis can cause damage of the microcirculatory endo-

thelium and local changes in vascular permeability, leading to

possible bacterial translocation (1Y3). Bacterial translocation

concomitant with a subsequent activation of the gut-associated

lymphatic tissue may cause and/or maintain a systemic inflam-

matory response that is thought to initiate or perpetuate multiple

organ dysfunction (4Y6). This pathomechanism led to the idea

of a search for drugs that can Bopen the microcirculation and

keep it open[ to optimize microcirculatory blood flow to the

tissue (7). Epoprostenol (PGI), a prostacyclin analog, may be

one of these drugs because of its vasodilation properties (8). In

addition, prostacyclin may have cytoprotective and free radical

scavenging effects (9, 10). Prostacyclin is involved in the regu-

lation of capillary permeability and has a direct effect on the

aggregation inhibition of thrombocytes (11, 12). All these ef-

fects may improve microcirculatory flow properties and, conse-

quently, mucosal tissue oxygen supply (13). This consideration

finds support from both experimental and clinical studies, which

suggest that prostacyclin improves splanchnic microcirculatory

blood flow (14Y16).

The present study, performed on an acute endotoxemic pig

model, was conceived to further elucidate the effect of prosta-

cyclin on the mucosal microcirculation. In contrast to other

studies that evaluated perfusion parameters, we directly eval-

uated the oxygenation of the pathophysiologically and clinically

most important cells of the gastrointestinal tract, the intestinal

mucosal cells. Furthermore, we investigated different dosages

in incremental steps to clarify a dose-response relationship. The

objective of this acute endotoxic porcine model was to investi-

gate the direct effects of PGI infusion in increasing dosage steps

on intestinal tissue oxygen supply and, in particular, the jejunal

mucosal tissue oxygen tension. The hypothesis of the present

study was that PGI improves endotoxinemia-induced depression

of mucosal tissue hypoxia due to an increase in microvascular

blood flow in a dose-dependent manner.

METHODS

Anesthesia and animal instrumentation
The experimental protocol was approved by the Federal Ministry of Science and

Research in Vienna, Austria. Animals were managed in accordance with the American

Physiological Society institutional guidelines and the Position of the American Heart

Association on Research Animal Use as adopted on November 11, 1984. Anesthesia

was used in all surgical interventions, all unnecessary suffering was avoided, and

research was terminated if unnecessary pain or distress resulted. Our animal facilities

meet the standards of the American Association for Accreditation of Laboratory

Animal Care.

Twenty domestic pigs (35 Y 42 kg, both sexes) were made to fast for 12 h but

had free access to water. After induction of anesthesia with ketamine hydrochloride

(20 mg/kg, i.m.), the tracheas of the animals were intubated and mechanically

ventilated with a positive end-expiratory pressure of 5 mmHg. Tidal volume and

respiratory frequency were adjusted to maintain a PCO2 of 35 to 45 mmHg at

baseline; fractional inspiratory oxygen concentration was primary set at 0.3 and

further adjusted to arterial oxygen tension measurements (PaO2 of approximately

130 mmHg). Anesthesia was maintained using a continuous infusion of midazolam

(0.5 mgIkgj1Ihj1) and fentanyl (10 2gIkgj1Ihj1). If hemodynamic variables or

clinical evaluation indicated an inadequate depth of anesthesia, an additional bolus

of midazolam (5 mg) and fentanyl (100 2g) was administered. All animals were

infused to an equal extent with Ringer lactate and modified gelatin (MW, 22,600) to

keep central venous pressure between 10 and 12 mmHg constant throughout the
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experiment. After preparation of the right carotid artery and the internal jugular vein,

an arterial line and a 7.5-F pulmonary artery catheter (Baxter, Irvine, Calif) were

inserted. Midline laparotomy was then performed, and a 16-gauge catheter was placed

in the superior mesenteric vein for intermittent blood sampling. To expose part of

the mucosa for tissue oxygenation and laser Doppler flow measurements, a 20-cm

antimesenteric enterotomy was performed in the midjejunum. The boundary of the

mucosa was sutured on a cork plate with an oval opening. The intestine was re-

introduced into the abdominal cavity with the exception of the exposed mucosa. The

temperature of the preparation was maintained at 38.5-C (normal porcine temperature)

by covering the preparation with a plastic box, including a temperature sensor and a

servo-controlled heated water bath.

Hemodynamic and blood gas measurements
Arterial-, pulmonary artery, and central venous pressures were measured using

three Statham P10EZ pressure transducers (Spectramed-Statham, Bilthoven, The

Netherlands). Cardiac output was determined in triplicate by the thermodilution

method. Heart rate, blood pressure, and core temperature were continuously recorded.

Zero reference for all pressures was the midchest position. Arterial, central venous,

and mesenteric venous blood gases and acid-base status were determined using an

automatic blood gas analyzer (AVL 995; AVL, Graz, Austria). Hemoglobin oxygen

saturation was measured with a hemo-oximeter (Cooximeter; AVL). Hemoglobin

concentration was assessed using the cyanmethemoglobin method. Arterial and

mesenteric venous lactate was measured with a lactate analyzer based on reflectance

photometry (Accusport; Boehringer, Mannheim, Germany).

Measurements of jejunal mucosal tissue oxygenation
and microvascular blood flow

Measurement of mucosal tissue oxygen tension (Clark-type multiwire surface

electrodes; Eschweiler, Kiel, Germany), microvascular hemoglobin oxygen saturation

(Erlangen microlight guide spectrophotometer [EMPHO II]; BGT, Überlingen,

Germany), and jejunal microvascular blood flow (laser Doppler velocimetry; LDF,

Periflux 4001; Perimed; Järfella; Sweden) has been described in detail in previous

studies (17Y19).

Experimental protocol
Figure 1 presents the detailed experimental protocol. A total of 20 animals were

randomly assigned into a PGI group (Flolan; GlaxoSmithKline Pharma GmbH,

Vienna, Austria) and a control group. After the initial part of surgery, a 90-min resting

period, and baseline measurements of systemic hemodynamic variables, arterial,

mesenteric venous, mixed venous blood gas analysis and hemoglobin oxygen satu-

ration measurements, serum lactate, PO2muc, and hemoglobin oxygen saturation

(HbO2) were performed. Systemic oxygen delivery, oxygen consumption, and

systemic as well as intestinal oxygen extraction ratio were calculated. Afterward,

in both groups, a bolus of 200 2g of Escherichia coli LPS (62325 LPS from E. coli
Serotype 011:B4; Fluca, Buchs, Switzerland), followed by a continuous infusion of

0.1 2gIkgj1Iminj1, was administered. After a further 60 min, another set of baseline

measurements was started. Epoprostenol animals were infused with increasing

dosages in 30-min increments of PGI (25, 50, 100, and 200 2gIkgj1Iminj1). The

dosages were chosen after evaluating macrocirculatory and microcirculatory effects

after four pilot animals and in adjustment to previous investigations with PGI on

pigs (20, 21). Epoprostenol is a labile prostanoid with a half-life of 4 min at 37-C
and does not cumulate (22). The increasing dosages were chosen to elucidate

dose-response relationship regarding microvascular effects. All measurements

were obtained within the last 10 min of each dosing interval. In control animals,

measurements were repeated at 90, 120, 150, and 180 min without intervention,

but with infusion of an equal amount of isotonic sodium chloride solution. At the

end of the experiments, deeply anesthetized animals were euthanized by central

venous bolus injection of 40 mM potassium chloride.

Statistical analysis
Systemic oxygen delivery, oxygen consumption, and systemic and mesenteric

oxygen extraction ratio were calculated according to standard formulas. PO2muc and

HbO2 were recorded for a period of at least 100 s. Laser Doppler flowmetry mea-

surements were performed for a period of 300 s. Mean values of these variables were

used for statistical comparison. For systemic hemodynamic variables, oxygen trans-

port, systemic and mesenteric venous acid-base status, blood gas variables, arterial

and mesenteric venous lactate concentrations, arterial to mesenteric venous lactate

concentration differences, PO2muc, HbO2, and intestinal oxygen extraction ratio, an

ANOVA for repeated measurements was performed to assess differences between

and within groups. Global hypothesis was tested two-sided on a 0.05 significance

level. In case of significant differences, further comparisons were made using paired

t tests within groups versus baseline and between groups at individual time points.

The Bonferroni test was used to correct P values because of multiple (16) com-

parisons (P G 0.0031). Data are presented as mean values T SD if not indicated

otherwise.

RESULTS

A total of 15 pigs were used for statistical analysis (PGI

animals, n = 8; control animals, n = 7). Three animals died of

acute right heart failure immediately after beginning of LPS

infusion. Two animals had to be excluded from further analysis

because of hemorrhage during surgery.

Systemic and intestinal variables after endotoxin
administration

No statistically significant systemic variables occurred

between groups at baseline measurement (Table 1). The initial

response to infusion of E. coli LPS was characterized by an

increase in mean pulmonary artery (MPAP). Endotoxin admin-

istration led to a significant decrease in arterial and mesenteric

venous pH, and an increase in arterial and mesenteric venous

lactate levels without a significant change in systemic oxygen

delivery or systemic/intestinal oxygen extraction ratio in

control animals. Arterial PO2 decreased over time in control

and PGI animals. The volume of fluid required to keep central

venous pressure between 10 and 12 mmHg did not differ

between groups.

FIG. 1. Experimental protocol. After baseline measurements at time point 0 min (B), a bolus injection of 200 2g of E. coli LPS, followed by a continuous
infusion of 0.1 2gIkgj1Iminj1 throughout the experiment, was administered. After another measurement in endotoxinemia at time point 60 min (BLPS),
continuous infusion of increasing dosages of PGI was started. Epoprostenol animals were infused with increasing dosages in 30-min intervals (M1YM4). Control
animals were infused only with normal saline, and measurements were repeated at the same intervals.
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TABLE 1. Systemic hemodynamics, arterial blood gas analysis, arterial lactate concentrations, and systemic oxygen transport in control
animals and pigs receiving PGI

B BLPS

M1
(90 min)

M2
(120 in)

M3
(150 min)

M4
(180 min) Time effect

Time � Group
interaction

Group
effect

Dose, 2gIkgj1Iminj1

PGI 0 0 25 50 100 200

Control 0 0 0 0 0 0

HR, beats per minute

PGI 87 T 16 84 T 10 109 T 11* 120 T 15* 125 T 19* 136 T 30† P G 0.001 P = 0.053 P = 0.852

Control 91 T 14 93 T 8 122 T 27 114 T 22 117 T 28 114 T 21

MAP, mmHg

PGI 96 T 11 95 T 15 81 T 15* 73 T 10† 68 T 11† 54 T 16† P G 0.001 P G 0.001 P = 0.171

Control 88 T 16 85 T 7 85 T 10 87 T 8‡ 85 T 8‡ 81 T 7§

CVP, mmHg

PGI 11 T 2 10 T 1 10 T 1 11 T 1 10 T 1 13 T 4 P = 0.083 P = 0.036 P = 0.221

Control 11 T 2 10 T 3 10 T 2 10 T 1 10 T 1 10 T 1‡

PAP, mmHg

PGI 26 T 2 36 T 3† 39 T 5† 38 T 6† 34 T 3† 29 T 3† P G 0.001 P G 0.001 P = 0.094

Control 24 T 2 36 T 6† 35 T 4† 39 T 5† 40 T 4†,‡ 43 T 4†,§

PCWP, mmHg

PGI 12 T 1 12 T 0 11 T 1 11 T 1 12 T 1 15 T 4* P = 0.006 P = 0.053 P = 0.832

Control 13 T 1 12 T 2 11 T 2 12 T 2 13 T 2 11 T 2

CI, mlIkgj1Iminj1

PGI 146 T 40 124 T 13 171 T 14 181 T 31* 188 T 27 202 T 62* P = 0.005 P G 0.001 P = 0.087

Control 149 T 26 142 T 24 152 T 31 151 T 32 139 T 35‡ 126 T 34‡

DO2sys, mlIkgj1Iminj1

PGI 16.8 T 4.8 16.2 T 2.3 22.7 T 1.4* 22.2 T 5.8† 22.5 T 4.2* 23.5 T 8.7* P = 0.001 P G 0.001 P = 0.222

Control 18.4 T 5.8 17.6 T 3.7 21.9 T 6.5 19.4 T 3.8 17.2 T 3.5‡ 13.4 T 2.3‡

V̇O2sys, mlIkgj1Iminj1

PGI 6.1 T 1.4 5.4 T 1.2* 6.6 T 1.4* 6.6 T 1.0 6.8 T 1.5 7.5 T 3 P = 0.032 P = 0.186 P = 0.698

Control 5.6 T1.5 6.1 T 0.8 7 T 1.2 6.2 T 0.9 6.5 T 1.1 6.1 T 0.6

ERsys, %

PGI 36 T 4 35 T 4 31 T 6* 30 T 6* 30 T 5* 45 T 17 P = 0.001 P = 0.098 P = 0.949

Control 31 T 5 32 T 7 34 T 7 33 T 7 38 T 7 40 T 9

pHa

PGI 7.48 T 0.05 7.43 T 0.03* 7.42 T 0.03* 7.40 T 0.04* 7.41 T 0.06* 7.36 T 0.05† P G 0.001 P = 0.441 P = 0.224

Control 7.50 T 0.04 7.43 T 0.07* 7.43 T 0.03* 7.43 T 0.03* 7.42 T 0.04* 7.41 T 0.04*

PaCO2, mmHg

PGI 36 T 3 39 T 3* 40 T 3† 42 T 3† 40 T 3* 44 T 5† P G 0.001 P = 0.140 P = 0.792

Control 38 T 1 39 T 4 40 T 2 41 T 2* 40 T 3 41 T 4

PaO2, mmHg

PGI 133 T 25 111 T 10 109 T 11* 100 T 13* 104 T 18* 73 T 19† P G 0.001 P = 0.251 P = 0.352

Control 137 T 22 116 T 20 108 T 17 106 T 19* 103 T 20* 98 T 14*

Lactateart, mM

PGI 2.4 T 0.8 2.8 T 0.7 3.0 T 0.5* 3.0 T 0.5 3.2 T 0.5* 3.6 T 1.0 P G 0.001 P = 0.814 P = 0.981

Control 2.2 T 0.6 2.8 T 0.8* 3.3 T 0.9* 3.0 T 0.8* 3.3 T 0.7† 3.3 T 0.8†

*Significant uncorrected post-hoc baseline comparison (P G 0.05).
†Significant Bonferroni-corrected post hoc baseline comparison (P G 0.0031).
‡Significant uncorrected post hoc group comparison (P G 0.05).
§Significant Bonferroni corrected post-hoc group comparison (P G 0.0031).
CI indicates cardiac index; CVP, central venous pressure; DO2sys, systemic oxygen delivery; ERsys, systemic oxygen extraction ratio; HR, heart rate;
Lactateart, arterial lactate concentration; MPAP, mean pulmonary arterial pressure; PaCO2, arterial carbon dioxide tension; PaO2, arterial oxygen tension;
PCWP, pulmonary capillary wedge pressure; pHa, arterial pH; V̇O2sys, systemic oxygen consumption. Values are mean T SD. Baseline is time 0 min.
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Endotoxinemia and small intestinal mucosal tissue
oxygenation

Jejunal microvascular hemoglobin oxygen saturation and

mucosal tissue oxygenation decreased significantly after endo-

toxin administration in control animals (Fig. 2). Microvascular

blood flow remained unchanged throughout the study period

(Table 2).

Systemic and intestinal variables after PGI administration

Epoprostenol infusion led to a dose-dependent decrease in

MAP concomitant with an increase in heart rate (Table 1). This

in turn increased cardiac index in company with systemic

oxygen delivery. Nevertheless, PGI animals experienced a drop

in arterial and mesenteric venous pH (Tables 1 and 2). This

observation was associated with an increase in arterial and mes-

enteric venous lactate levels at a dosage of 100 2gIkgj1Iminj1

of PGI. Arterial and mesenteric venous PCO2 increased over

time, and arterial PO2 decreased in PGI animals.

PGI and small intestinal mucosal tissue oxygenation

After administration of PGI, jejunal HbO2 returned to baseline

values, and mucosal tissue PO2 even exceeds baseline values in

a dosage of 25 to 100 2gIkgj1Iminj1 (Fig. 2). This increase

was followed again by a drop in both microcirculatory para-

meters at a dosage of 200 2gIkgj1Iminj1.

DISCUSSION

In this porcine animal model, E. coli LPS infusion resulted in

pathologic alterations of the jejunal mucosal tissue oxygen-

ation. Continuous intravenous administration of PGI restored

jejunal microvascular hemoglobin oxygen saturation and

mucosal tissue oxygen tension at incremental dosages up to

100 2gIkgj1Iminj1 (Fig. 2).

Administration of endotoxin did not only result in a significant

impairment of jejunal tissue oxygen supply and mucosal tissue

oxygenation but also in a decrease in mesenteric venous pH in

company with an increase in mesenteric venous lactate level

over time (Table 2). We cannot conclude that the gut is the sole

origin of the increased lactate production due to tissue dysoxia

because no increase in the gap between arterial and mixed

venous lactate levels could be observed. In addition, no alter-

ations in intestinal oxygen extraction ratio, mesenteric venous

oxygen tension, or microvascular blood flow could be detected

over time. Endotoxinemia resulted in a nearby selective patho-

logic impairment of the jejunal mucosal tissue oxygenation due

to redistribution of blood flow away from the gut mucosa. This

assumption can be made because jejunal hemoglobin saturation

decreased inert; microvascular blood flow even remained

unchanged, and both the laser Doppler flowmeter and the

EMPHO II measure through the entire jejunal wall (19). Only

the Clark-type electrodes assess the endothelial tissue layer of

the gut mucosa, making it impossible for techniques measuring

through the whole gut wall detecting a mucosal oxygen supply

deficiency. The LPS effect on jejunal mucosa oxygenation may

be mediated by a regional vasoconstrictive mechanism. In sup-

port of this concept, endotoxin has been reported to reduce

intestinal microvascular blood flow and, in particular, mucosal

villus blood flow (23, 24). In addition, the density of perfused

capillaries in the small intestinal villi is reduced after endotoxin

administration (25).

The novel aspect of the present study is the direct measure-

ment of tissue oxygen tension and microvascular hemoglobin

oxygen saturation of the jejunal mucosa during continuous PGI

administration in an autoperfused, innervated jejunal segment.

Epoprostenol restored in part jejunal microvascular hemoglobin

oxygen saturation and, in particular, mucosal tissue oxygen

tension. Epoprostenol therapy targets primarily the gut mucosa

due to redistribution of microcirculatory blood flow from mus-

cularis and serosa to the mucosa of the jejunum.

Several mechanisms may explain the results of the present

study. Epoprostenol may increase blood flow due to vaso-

dilation. As previously mentioned, LPS may induce a vaso-

constriction of terminal arterioles with impaired blood flow to

the tissue of the villus (23, 24). The circulatory anatomy of the

villus is characterized by a rectangular leaving of the end-

arteriole into the villus tip. In low-flow states, this rectangular

configuration may turn a laminar flow into a turbulent flow, with

consequently further deterioration in blood flow. In addition, the

FIG. 2. Mean mucosal tissue oxygen tension (PO2muc) and mean
microvascular hemoglobin oxygen saturation (HbO2) of the jejunum
in control animals and animals receiving PGI. There were no significant
differences in PO2muc and HbO2 between groups at baseline. Epoprostenol
significantly increased PO2muc and HbO2 when compared with control animals
and compared with baseline (PO2muc: time effect, P = 0.005; Time � Group
interaction, P = 0.008; group effect, P G 0.001; HbO2: time effect, P = 0.039;
Time � Group interaction, P G 0.001; group effect, P G 0.001). B indicates
baseline; BLPS, baseline after LPS administration; M1YM4, measurement
intervals during administration of PGI in increasing dosages. *Significant
uncorrected post hoc group comparison (P G 0.05); **significant Bonferroni-
corrected post hoc group comparison (P G 0.0031); Lsignificant uncorrected
post hoc baseline comparison (P G 0.05); LLsignificant Bonferroni-corrected
post hoc baseline comparison (P G 0.0031).
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presence of a parallel run of artery and vein within the villus

makes the mucosal tissue layer further vulnerable to decreased

blood flow. This arrangement permits shunting of oxygen from

artery to vein, thereby producing a gradient in tissue PO2 from

the base to the apex. Tissue PO2 at the base of the villus can

exceed that at the apex by as much as 25 mmHg (26),

indicating that the degree of shunting of oxygen is largely

dependent on the blood flow through the villus (27). A reduc-

tion in villus blood flow through endotoxin-induced vaso-

constriction increases the degree of shunting and increases the

oxygen gradient between the apex and the base of the villus in

the small intestine. Prostacyclin is the predominant arachidonic

metabolite released by the splanchnic vascular bed (28) and

acts as a strong vasodilator in flow homeostasis in the splanch-

nic circulation. In fact, insufficient prostacyclin synthesis in

sepsis was demonstrated to induce an imbalance in the micro-

circulation in favor of vasoconstrictors (29). Several studies

clearly demonstrated that prostacyclin can reverse endotoxin-

induced intestinal vasoconstriction (14, 15). Delivery of oxygen

to the mucosal tissue layer is a function of both blood flow and

oxygen content of the supplied blood. In our model, it can be

assumed that prevailing oxygen content was unchanged; thus,

the reason for the improvement in jejunal mucosal tissue oxy-

gen supply is due to an increase in microvascular blood flow to

the jejunal villus. Unfortunately, we observed no differences

in microcirculatory blood flow between groups in the present

study. We suppose that the microcirculatory blood flow is

redistributed in favor of muscularis and serosa of the jejunum

in endotoxinemia, which is restored after prostacyclin admin-

istration. This assumption can be made because oxygen partial

pressure of the mucosa decreased in a more distinctive way

(maximum of 35% decrease from baseline) compared with

jejunal microvascular hemoglobin oxygen saturation (16%) or

the microcirculatory blood flow and the cardiac index (17%

and 17%, respectively); in addition, we have to consider that

both the laser Doppler flowmeter and the EMPHO II measure

through the entire jejunal wall (19). Therefore, these two mea-

surement techniques detect parameters sampled from the micro-

vasculature of the entire intestinal wall and are not restricted

to the mucosal layer, whereas the oxygen tension measured

with Clark-type electrodes is limited to the villus tips and is

equivalent to the oxygenation present in underlying cells because

of the small catchment volume of approximately 25 2m in the

diameter of the PO2 electrodes (17). Furthermore, Siegemund

et al. (30) also demonstrated a restoration of mucosal PO2 due

to redistribution of microvascular perfusion after administration

of the vasodilator 3-morpholino-sydnonimine in an endotoxemic

pig model.

TABLE 2. Jejunal mesenteric venous blood gas analysis, mesenteric venous lactate concentration, intestinal oxygen extraction ratio,
and jejunal microvascular blood flow in control animals and pigs receiving PGI

B BLPS

M1
(90 min)

M2
(120 min)

M3
(150 min)

M4
(180 min)

Time
effect

Time �
Group interaction

Group
effect

Dose, 2mg I kgj1I minj1

PGI 0 0 25 50 100 200

Control 0 0 0 0 0 0

pHmv

PGI 7.41 T 0.04 7.36 T 0.04* 7.36 T 0.03* 7.35 T 0.04* 7.35 T 0.04 7.3 T 0.07* P G 0.001 P = 0.488 P = 0.607

Control 7.43 T 0.04 7.36 T 0.05† 7.35 T 0.03* 7.35 T 0.03* 7.35 T 0.05* 7.34 T 0.04†

PCO2mv, mmHg

PGI 42 T 3 46 T 4.5* 44 T 5.2 46 T 4.1 46 T 2.8* 46 T 3.7* P = 0.017 P = 0.549 P = 0.185

Control 44 T 3.4 47 T 3.5 50 T 4.2* 49 T 4.7* 47 T 5.4 48 T 5.9

PO2mv, mmHg

PGI 44 T 4.5 41 T 2.9 43 T 5.6 46 T 4.9 49 T 7.1 43 T 10 P = 0.575 P = 0.306 P = 0.148

Control 43 T 8.5 41 T 6.7 40 T 5.5 41 T 6.3 40 T 4.5 41 T 5.4

ERint, %

PGI 0.31 T 0.06 0.38 T 0.06 0.35 T 0.09 0.31 T 0.08 0.28 T 0.1 0.33 T 0.16 P = 0.345 P = 0.596 P = 0.138

Control 0.34 T 0.13 0.4 T 0.12 0.42 T 0.12 0.4 T 0.12 0.41 T 0.11 0.38 T 0.12

Lactatemv, mM

PGI 2.5 T 0.8 2.7 T 0.6 2.8 T 0.7 3.1 T 0.5 3.3 T 0.3* 3.5 T 0.9 P G 0.001 P = 0.589 P = 0.894

Control 2.1 T 0.5 2.8 T 1.0 3.2 T 1.1 3.0 T 0.9* 3.2 T 0.8* 3.3 T 0.7*

PU

PGI 207 T 59 172 T 39 208 T 62 259 T 105 84 T 53 236 T 150 P = 0.352 P = 0.318 P = 0.163

Control 187 T 23 184 T 49 186 T 57 179 T 44 189 T 60 172 T 36

Values are mean T SD. Baseline is time 0 min.
*Significant uncorrected post-hoc baseline comparison (P G 0.05).
†Significant Bonferroni corrected post-hoc baseline comparison (P G 0.0031).
ERint indicates intestinal oxygen extraction ratio; Lactatemv, mesenteric venous lactate concentration; PCO2mv, mesenteric venous carbon dioxide
tension; pHmv, mesenteric venous pH; PO2mv, mesenteric venous oxygen tension; PU, perfusion units.
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Although not directly studied in the present investigation, PGI

counteracts platelet aggregation and endothelial adhesion of

platelets and leukocytes (12, 31). Leukocyte interaction with the

vascular endothelium plays an important role in microvascular

function and tissue oxygen supply.

Prostacyclin improves microvascular function due to free

radical scavenging and capillary permeability regulation (9, 11).

Possible mechanisms of the cytoprotective effect of prosta-

cyclin include its ability to scavenge reactive oxygen species

(32) and to reduce the synthesis of mediators of the sepsis cas-

cade such as TNF-! by mononuclear leukocytes (33). Further-

more, endogenous prostacyclin is an important physiological

regulator of capillary permeability (11) and has a potent

permeability-reducing effect. Endotoxinemia can induce in-

creased capillary permeability of fluid into the interstitial space.

The Starling forces establish a new pressure balance across the

capillary wall. The interstitial hydrostatic pressure increases by

fluid accumulation, and the increasing dilution lowers interstitial

oncotic pressure to a greater extent than intravascular oncotic

pressure. Endothelial edema also occurs and further compro-

mises oxygen diffusion from end-arterioles and capillaries to

tissues (34).

Although PGI improved mucosal tissue oxygen tension

(Fig. 2), mesenteric venous pH and lactate levels were not

restored in this acute endotoxemic model (Table 2). This ob-

servation is in line with a recent experiment of low-dose pros-

tacyclin in endotoxemic cats (14). A possible explanation for

this fact may be the presence of other pathomechanisms in

cellular oxygen metabolism than disturbances of oxygen supply

on the microcirculatory level, for example, enhanced cellular

apoptosis or defective mitochondrial respiration (35, 36). The

contrast between the observation of increased tissue oxygen-

ation in various organs and our findings in the gut mucosa

can be explained due to the unique anatomy of the vessels in

the gut mucosa as previously mentioned. The mainly flow-

dependent delivery of oxygen to the villus tip is very vulner-

able. For that reason, it is not surprising that there exists a

decrease in tissue PO2 in the presence of disturbed blood flow

as it exists in endotoxinemia.

Our data suggest that PGI infusion may be useful in im-

proving intestinal mucosal tissue oxygenation during acute

endotoxinemia. However, these results can only be extrapo-

lated to humans and especially to critically ill patients with

great caution. When using prostacyclin for sepsis therapy, one

has to consider possible side effects such as increased bleeding

tendency or increased shunting of nonoxygenated blood in

the lung. Indeed, we observed a dose-dependent increase in

inspired oxygen fraction to maintain the arterial partial pres-

sure of oxygen in animals receiving PGI. We observed a sig-

nificant drop in PaO2 despite high FIO2 levels at a dosage of

200 2gIkgj1Iminj1 of PGI (Table 1). Systemic side effects

such as impairment of adequate perfusion pressure are also

well known. In the present experiment, we observed a reduc-

tion in mucosal tissue oxygenation at a dosage of 200 2g kgj1

minj1. This finding can be explained by a critical reduction in

MAP due to systemic vasodilation, leading to inadequate

perfusion not only of the gut but also of the heart in some

animals receiving PGI at the highest dosage used. This hypo-

thesis is supported by an increase in pulmonary capillary

wedge pressure at the end of the investigation. Myocardial

oxygen consumption may be compromised even in healthy

animals due to tachycardia and decreased coronary perfusion

pressure. Therefore, it cannot be excluded that patients with

known impaired coronary perfusion may experience myocar-

dial ischemia or even infarction due to significant perfusion

pressure reduction by high dosages of PGI. This phenomenon

underlines the interaction between flow and perfusion pressure

to maintain an adequate oxygen supply to the tissue. Never-

theless, mucosal tissue oxygenation was significantly higher in

the PGI group when compared with controls even with a

significant reduction in perfusion pressure. However, one has

to consider that the improvement in mucosal oxygenation was

achieved even with the lowest study dose, and no further

improvement could be observed. Furthermore, we cannot con-

clude whether the effects observed were molecule specific or

whether any vasodilator would have produced similar results

(30). Various studies show beneficial effects on the micro-

circulation using different vasodilators for the hypothesis to

open the microcirculation in endotoxinemia (7). Assadi et al.

(37) demonstrated a significant improvement in ileal mucosal

microcirculatory blood flow after sodium nitroprusside ad-

ministration in a porcine model of septic shock. Ileal micro-

circulatory blood flow increased linearly with cardiac output

increase due to nitroprusside administration (r2 = 0.49). In our

study, mucosal tissue oxygen tension increased considerably

more than the cardiac output did (80% vs. 50%, respectively,

with 50 2gIkgj1Iminj1 compared with BLPS). Comparing the

data from our study with the results from the experiment with

nitroprusside, PGI might be superior to resuscitate mucosal

microcirculation than the vasodilator sodium nitroprusside due

to mechanisms other than splanchnic blood flow increase.

The duration of the experiment is 180 min, and the experi-

ment investigates only the very acute state of endotoxinemia.

The duration of the present study may have been too short to

demonstrate other effects of PGI on mucosal oxygen tension

than found in the present experimental setup. Finally, one has to

consider that long-term effects of vasodilatory drugs on jejunal

and, in general, on splanchnic oxygen supply have not been

investigated.

Intravenously administered PGI can restore endotoxinemia-

induced impairment of intestinal hemoglobin oxygen satura-

tion and, in particular, mucosal tissue oxygen tension. This

improvement can be explained by increasing blood flow to the

jejunal villus due to the vasodilatory effect of PGI, whereas

PGI seems to have no effect on microcirculatory blood flow

in the gut serosa and muscularis. Other mechanisms of PGI

such as thrombocyte aggregation inhibition, free radical

scavenging, and decreased capillary permeability may further

account for the improvement in splanchnic microcirculation.

The positive effect of PGI on systemic oxygen supply by in-

creasing systemic blood flow is limited by a reduction in per-

fusion pressure.
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