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ORIGINAL | |

Different effects of early
endotoxaemia on hepatic and small intestinal

oxygenation in pigs

Abstract Objective: Study on si-
multaneous O, supply/uptake rela-
tionships in liver and gut during
endotoxaemia, to determine
whether signs of dysoxia develop
uniformly in the splanchnic region.
Design: Animal study to assess the
carly effects of endotoxaemia on
oxygenation of both liver and small
intestine.

Interventions: Fight anaesthetized
pigs received a continuous portal
venous infusion of lipopolysacchar-
ide (0.5 pg-kg=*-h~1) for 6 h. Sys-
temic, pulmonary and splanchnic
haemodynamics as well as systemic
and splanchnic O, supply/uptake
relationships were determined.
Results: There was a multiphasic
haemodynamic response pattern
characterized by an early (within
the 1st h) and a subsequent more
prolonged phase (between the 2nd
and 6th h) of decreases and recovery
of hepatic arterial, portal venous
and superior mesenteric arterial
blood flows (electromagnetic flow

probes) and splanchnic O, deliv-
eries. Unrelated to perfusion pres-
sure and O, delivery, there were
early and sustained decreases in
ileal mucosal surface partial pres-
sure of oxygen (PO,) (multiwire
PO, electrode) and pH (tonometry).
This was not reflected by ileal
serosal surface PO,, O, uptake and
arteriomesenteric venous pH and
partial pressure of carbon dioxide
(PCO,) gradients. There was little
evidence of concomitant hepatic
dysoxia as evaluated by surface
PO..

Conclusions: The study demon-
strates early and sustained regional
(mucosa) intestinal hypoxia with
little evidence of simultaneous
hepatic dysoxia during initial
endotoxaemia.

Key words Lipopolysaccharide -
Liver - Small intestinal serosa and
mucosa - Tissue oxygen

tension - Acid-base balance

Introduction

Despite improved diagnostic monitoring and new
therapeutic modalities, sepsis remains a serious cause
of mortality in most intensive care units [1]. Many
reports confirm the role of endotoxin in the clinical
manifestation of septic shock [2]. It is generally accep-
ted that endotoxaemia is associated with an imbalance
between organ oxygen (O,) delivery and O, demands
[3-5]. The observed abnormal dependency of O, up-

take on O, delivery may be due to an alteration in
regional blood flow, and therefore limited O, delivery,
or to an increase in O, demand. The risk of such an
imbalance occurring during endotoxaemia seems to be
especially high in the splanchnic organs [3-5]. En-
dotoxin-induced early splanchnic dysoxia may be an
important factor in the development of subsequent
multiple organ failure. Therefore, early detection of
splanchnic organ dysoxia is essential for early thera-
peutic interventions to prevent persistent splanchnic
ischaemia.
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Early detection of critical O, deprivation in so-
called “silent” organs (i.e. organs such as the small
intestine and the liver that may become ischaemic with-
out showing immediate clinical signs) is particularly
problematic. Various parameters for recognizing
O, deprivation of silent organs have been suggested,
such as the relationship between O, supply and uptake
[6,7], tissue partial pressure of oxygen (PO,), ar-
teriovenous pH and partial pressure of carbon diox-
ide(PCO,) gradients [6], blood lactate concentrations
[6,7], tonometrically determined intestinal intra-
mucosal pH or PCO, [5,8] or the hepatic venous
f-hydroxybutyrate/acetoacetate concentration ratio
[7]. Studies looking at the early effects of en-
dotoxaemia have focused on either the liver [9] or the
gut [3,5,10-12]. It is, however, important to assess
simultaneously O, supply/uptake relationships in liver
and gut to determine whether signs of dysoxia develop
uniformly in the splanchnic region or whether there are
quantitatively or even qualitatively different responses
of liver and gut to early endotoxaemia. If present, such
differences may have therapeutic implications.

Accordingly, this study was performed to assess
simultaneously the early effects of endotoxaemia on
oxygenation of both liver and small intestine. Since
information on the global intestinal O, supply/uptake
relationship does not necessarily reflect the state of
mucosal oxygenation [ 3,10, 137, we evaluated oxygen-
ation of both intestinal mucosa and intestinal serosa.

Materials and methods

Animal preparation

Following approval by our local Ethics Committee on Animal
Research, these studies were performed in eight 3-month-old healthy
domestic pigs (weight 22-26 kg) of both sexes in conformity with the
German Law on the Protection of Animals. After overnight fasting,
the animals were premedicated with intramuscular flunitrazepam
(0.1 mg/kg). Anaesthesia was induced with intravenous (i.v.)
ketamine (5 mg/kg) and flunitrazepam (0.1 mg/kg) administered via
the ear vein. Following i.v. injection of vecuronium (0.4 mg/kg), the
trachea was intubated with a cuffed tube. Anaesthesia was main-
tained by continuous iv. infusions of ketamine (6 mg-kg~!-h™1)
and flunitrazepam (0.04 mg-kg~!-h~?!). Mechanical ventilation was
provided by a constant-volume ventilator (Siemens, SV 900 B,
Stockholm, Sweden) and facilitated by a continuous i.v. infusion of
vecuronium (1.5 mg-kg~!-h™!). Respiratory rates and inspired
O, concentratin were adjusted to maintain arterial PCO, between
38 and 42 mmHg and arterial PO, between 95 and 120 mmHg. All
animals were in the supine position. Body temperature was continu-
ously monitored by a thermistor of a flow-directed thermodilution
catheter (model 93A-131-7Fr, Edwards Laboratory), and was main-
tained by placing the animals on a heating pad and by warming the
inspired gases. Catheters were inserted into the abdominal aorta,
pulmonary artery and superior vena cava as previously described
[14,15]. Following midline laparotomy, the left hepatic vein (16-G
radiopaque polyurethane indwelling catheter, Arrow, Reading,
Penna., USA) and the portal vein (4 Fr x 51/8-inch two-lumen in-

dwelling catheter, Arrow, Reading, Penna., USA) were cannulated
using Seldinger’s technique. The superior mesenteric vein was can-
nulated (16 G x 8-inch polyurethane catheter, Arrow, Reading,
Penna., USA) via a distal tributary in the ileal mesentery.

Precalibrated electromagnetic flow probes (Stolzer Messtechnik,
Waldkirch, Germany) of appropriate sizes to ensure a snug fit were
placed around the hepatic artery, the portal vein and the superior
mesenteric artery close to its origin [ 14]. Care was taken to preserve
the periarterial nerve plexus. Zero flow readings were checked re-
peatedly during the experiment. The superior gastroduodenal artery
was ligated to ensure that true hepatic arterial blood flow was
measured.

A tonometric catheter (TRIP NGS Catheter, Tonometrics, Wor-
cester, Mass., USA) was inserted into the lumen of the terminal ileum
through a small antimesenteric enterotomy and secured in place
with a purse-string suture. Proximal to this site, an additional 3-cm
transmural longitudinal antimesenteric incision was made for sub-
sequent intermittent placement of a multiwire surface PO, electrode
onto the gut mucosa (see below). Care was taken not to interfere
with the blood supply of this gut segment. To prevent intestinal
secretions from contaminating the site of mucosal PO, measure-
ment, a silastic drain was inserted into the bowel lumen
through a small incision proximal to the site of mucosal PO,
measurements.

After the preparation had been completed, the midline
laparotomy was loosely closed with sutures except for 5-10 cm in
the upper abdomen to allow access to liver and gut for subsequent
determinations of hepatic and intestinal surface PO, (see below).
The gap was covered with saline-soaked gauze and wet cellophane
to prevent drying out and heat loss.

Measurements and calculations

All intravascular catheters were connected to pressure transducers
(Senso Nor, type 840, Horten, Norway), which were zeroed to
ambient pressure. A multichannel recorder (Hellige, Freiburg, Ger-
many) was used for the recording of signals. Cardiac output was
determiend by the thermodilution technique (Siemens, CO Com-
puter model 404-1, Erlangen, Germany). The mean value of tripli-
cate injections of 5 ml of ice-cold temperature-monitored saline was
considered to reflect actual cardiac output if the measurements were
within a range of +5% from the calculated mean. Total hepatic
blood flow was calculated as the sum of hepatic arterial and portal
venous blood flow. Vascular resistances (systemic, pulmonary arter-
ial, hepatic arterial, portal venous and superior mesenteric arterial)
were calculated using standard and previously described formulae
[14].

Blood gas tensions (PO,, PCO,) and blood pH values were
determined using an ABL 505 blood gas autoanalyser (Radiometer,
Copenhagen, Denmark). Haemoglobin concentrations and O, satu-
rations were measured by an OSM 3 haemoximeter (Radiometer,
Copenhagen, Denmark), which had been calibrated for pig’s blood.
Haematocrit was determined from centrifuged (Bayer AG, Compur
Microspin, Leverkusen, Germany) arterial blood sampled in capil-
lary tubes. O, deliveries, uptakes and extractions were derived using
standard and previously described formulae [14].

Lactate concentrations were determined enzymatically—photo-
metrically [15]. Small-intestinal lactate production was calculated
as:

[(Lac), — (Lacsmy)] x Qsma

where (Lac), and (Lac)gyy are systemic arterial and superior mesen-
teric venous lactate concentrations, respectively, and Qgya 15 Su-
perior mesenteric arterial blood flow.
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Surface PO, of liver and of the serosa and mucosa of the small
intestine was measured using multiwire platinum electrodes
[14-17]. During each measurement at each location, approximately
100 individual PO, values were noted, from which the mean value

was calculated. The distribution of these values is presented as-

summary surface PO, histograms.

Intestinal mucosal pH (pH;) was determined tonometrically [8].
The tonometer consists of a gas-impermeable polyester tube with
a gas-permeable balloon close to its tip. At the time of tonometer
placement, the balloon was filled with 2.5 ml of 0.9% saline and
allowed to equilibrate for 1 h. At the time of measurement, the first
1 ml of saline withdrawn was discarded, as it represents the cath-
eter’s deadspace. The remaining 1.5 ml was analysed for PCO, in an
ABL 505 blood gas autoanalyser. pH; was calculated using the
Henderson—Hasselbach equation:

pH; = 6.1 + log(HCO3 ),/P,CO, x 0.03

with 6.1 being the dissociation constant of bicarbonate, 0.03 the
solubility of CO, in plasma, (HCO3), the arterial bicarbonate
concentration as an estimate of intestinal (HCOj) and P,CO, the
intestinal PCO, as derived from the PCO, measured in the saline-
filled balloon and time-corrected for the equilibration period [8].

Experimental protocol

After completion of the surgical preparation, at least 60 min were
allowed for haemodynamic stabilization. The amount of Ringer’s
solution necessary to maintain cardiac filling pressures during this
stabilization period was subsequently administered unchanged
throughout the experiment.

After baseline measurements had been obtained, purified
lipopolysaccharide (LPS) [18] was infused into the portal vein at
arate of 0.5 ug-kg~*-h~! over a period of 6 h. Haemodynamic data
were recorded, and parameters of O, supply/uptake and of
acid-base balance were determined every 20 min during the Ist h of
LPS infusion and then hourly during the following 5 h. Tissue
surface PO,, pH; and concentrations of lactate were measured
hourly. At the end of the experiment the animals were killed by
a rapid iv. injection of potassium chloride.

In three additional animals, the effect of time on the stability of
the surgical preparation was evaluated during baseline conditions
(laparotomy, mechanical ventilation, flunitrazepam/ ketamine/
vecuronium anaesthesia). The surgical preparation was performed
as described above. No interventions were undertaken after baseline
values had been obtained, and repeat measurements were made at
1-h intervals during the following 6 h.

Statistical analysis

The data were first analysed by Friedman’s statistic. When positive
(p < 0.05), the Wilcoxon signed-rank test was used for comparisons
between baseline values and data of the different experimental peri-
ods. A p-value of < 0.05 was considered statistically significant.
Values are presented as means + standard errors of the means (SE).

Results

Systemic and splanchnic haemodynamic variables and
parameters of systemic and splanchnic oxygenation
and of small intestinal metabolism are presented in

Tables 1-3 and in Figs 1-4. The amount of Ringer’s
solution necessary to maintain cardiac filling pressures
during the stabilization period was 17-24 ml-kg™!-h ™1,
This same amount of fluid was administered through-
out the experiment.

Systemic and splanchnic haemodynamics

Portal venous infusion of endotoxin induced a multi-
phasic haemodynamic response pattern. An early
phase (at approximately 40 min) was characterised by
intense generalized vasoconstriction as reflected, in
part, by pronounced increases in systemic, pulmonary,
hepatic and superior mesenteric arterial vascular resis-
tances (Table 1, Fig. 1), accompanied by decreases in
cardiac output (Table 1) and splanchnic blood flows
(Fig. 1). During this time, mean arterial pressure re-
mained unchanged (Table 1). However, pulmonary ar-
terial, central venous, pulmonary capillary wedge, por-
tal and hepatic venous pressures increased (Table 1).

By 60 min, most variables had either markedly im-
proved (pulmonary arterial and pulmonary capillary
wedge pressure) or returned to baseline values (cardiac
output, splanchnic flows and resistances, with the ex-
ception of portal venous vascular resistance) (Table 1,
Fig. 1). Only mean arterial pressure now decreased for
the first time (Table 1).

This first phase of early vasoconstriction and rapid
partial or complete recovery was followed by a similar,
though extended, second phase of vasoconstriction and
partial or complete recovery. All vascular resistances
and pulmonary artery pressure increased, and cardiac
output, stroke volume and all splanchnic blood flows
decreased again, with peak effects occurring between
180 and 240 min (Fig. 1, Table 1). The second rise in
superior mesenteric arterial vascular resistance did not
reach statistical significance.

By 360 min, there was either a tendency towards
(pulmonary artery pressure and pulmonary vascular
resistance) or normalization of most systemic and
splanchnic haemodynamic variables.

Systemic and regional O, supply/uptake
relationships

The behaviour of systemic, total hepatic and superior
mesenteric Oz deliveries reflected that of cardiac out-
put and regional blood flow. Farly decreases at 40 min
were followed by recoveries at 60 min (Fig. 2). A sec-
ond, prolonged, decrease in O, delivery lasting 2-3 h
was followed by further recovery at 360 min. Respect-
ive changes in portal venous O3 saturation and delivery
and in hepatic arterial O, delivery (Table 2) were re-

sponsible for the observed changes in total hepatic

O, delivery (Fig. 2).
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Table 1 Haemodynamic variables. Values are means + SE

Variables Baseline 20 min 40 min 60 min 120 min 180 min 240 min 300 min 360 min
Heart rate (min~%) 9% + 6 99 +8 1224 7% 124+ 6% 1524+ 7% 138+ 7% 134+ 8* 136+ 8* 1524 17*
Intravascular pressure
(mmHg)
Mean arterial 106 +3 108+3 105+5 86 +3*% B2+4* 9845 101+4 10246 9345
Mean pulmonary arterial 17+ 1 23 +4% 42 + 3* 24 3% 27 43% 3442 2942%  274£2% 26+ 5*
Central venous 23403 304+03 59409*% 3.14+09*% 34403% 3.5+04% 34+05% 344+0.5*% 3.7+05*
Pulmonary capillary wedge 44406 50405 654+07% 5.6+07F 554+08% 56+07% 6.0+0.6% 59+07% 56+07*
Portal venous 644+08 704+10 895+09* 75406 10.04+1.0%11.0 4+ 1.0%10.0 + 1.0%10.0 £ 0.8* 9.6+ 0.9*
Hepatic venous 41405 40403 644+09*% 42+05 45404 46+05 49405 45404 50+£02
Blood flow
Cardiac ouput (I/min) 30+£02 29402 24+03*% 28402 27403 23+02*% 214+02*% 25402% 3.0+02
Stroke volume (ml) 31+2 30+2 20 4+ 2% 23+4 184+2%  1742% 16+£2% 18+2% 204 2%

Total hepatic (ml/min) 595 +49 546 + 42 449 4 51%

Vascular resistance (units)

526 + 34 486 £+ 40* 435 + 40% 441 +40* 510 £39 578 £ 48

Pulmonary arterial 3542 3943 44 +£3*  30+3 32+4 42 +3*%  504+£7% 414+2% 3243
Systemic arterial 5+2 7+2 14 4 2* 7+1 10+2 13£1%  1242% 9+ 1* T+1
*p < 0.05 compared to baseline
v LPS-infusion —————— ¥ LPS-infusion ———— { LPS-infusion ———— { LPS-infusion —————
. * #
180 Qua (mI/min) 1600 Qq. 7 (ml/min) Vo, 7 (ml/min) :
4507 ‘ 240 ‘
140
1000 1
100 3807 180
Rya (units)
60 L— T T T 400 T T T T
B 60 120 180 240 300 360 B 60 120 180 240 300 360 0 '60 120 180 240 300 360 120 B 60 120 180 240 300 360
s50- Qpy (mi/min) 65 Qo,y (Ml/min) Vo, T+ (ml/min}
‘ 35
4004 Y= *
350 251
Rpy (units)
300 T T T T T 0 T |PV| 7 T . . ; . 15 L r——— ; : r
B 60 120 180 240 300 360 B 60 120 180 240 300 360 B 60 120 180 240 300 360 B 60 120 180 240 300 360
Qgua {mi/min) Rgpma (units) Qo, sma (Ml/min)
260 6251 154
500 12.5
200
375 10
v {ml/min)
140 -7 J T T T T r 250 J T J N 20 T T 7.5 T 3ZIEMAI T T T
B 60 120 180 240 300 380 B 60 120 180 240 300 360 B 60 120 180 240 300 360 B 60 120 180 240 300 360
Time (min) Time (min) Time (min} Time (min)

Fig. 1 Changes in splanchnic haemodynamics. Values are means
4+ SEM. Qg4 hepatlc arterial blood flow, Op, portal venous blood
flow, Qsns Superior mesenteric arterial blood flow, Ry, hepatic
arterial vascular resistance, Rpy portal venous vascular resistance,
R4 superior mesenteric arterial vascular resistance, B baseline.
* p < 0.05 compared with baseline values

Whereas total systemic and hepatic O, uptakes
increased at 300 and 360 min, small intestinal O, up-
take did not change significantly throughout the ex-
periment (Fig. 2). Total systemic, hepatic and small

Fig. 2 Changes in systemic and splanchnic O supplies and uptakes.
Values are means + SEM. Qozr total systemic O, delivery,
Qo2 T total hepatic_ 0, delivery, Qoz sys Superior mesenteric ar-
terial O, delivery, Voz 7 total systermc O, uptake, Vosr total
hepatic O, uptake, Vo sma superior mesenteric arterial O, uptake.
*p < 0.05 compared with baseline

intestinal O, extraction ratios increased at 40 min, and
normalized at 60 min (Table 2). Starting at 120 min,
there was a sustained increase in O, extraction ratios
despite normalized O, deliveries at 360 min.
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Tissue oxygenation

There were marked differences between intestinal mu-
cosal and serosal surface oxygenation. At baseline,
mean mucosal surface PO, was already considerably
lower (19 + 5 mmHg) than mean serosal surface PO,
{62 + 5 mmHg) (Table 2). In addition (and in contrast
to the serosa), mucosal summary surface PO, histo-
grams were shifted leftward, with some PO, values
occurring in the hypoxic range of 0-5 mmHg (Fig. 3).

Table 2 Parameters of oxygenation. Values are mean + SE

By 60 min, mean mucosal PO, had decreased by
55% (Table 2), and the surface PO, histogram had
shifted to the left with approximately 50% of all PO,
values now occurring in the hypoxic range (Fig. 3). The
pronounced decreases in mean surface PO, and the
marked leftward shift of the PO, histograms persisted
throughout the rest of the experiment. In contrast,
mean serosal surface PO, values decreased signifi-
cantly by just 25% only at 120 and 180 min, and no
values below 15 mmHg were registered.

Variables Baseline 20 min 40 min 60 min 120 min 180 min 240 min 300 min 360 min
Oxygen pressure (mmHg)
Arterial Hr+1 117+10 10347 12047 112+4 10442 110+5 110+4 114+3
Liver 60+ 3 - - 51+4 47 +3* 4147 41 £4* 414+ 6% 49 4 4%
Ileal serosa 62+ 5 - - 54+6 46 +6* 46+ 6% 54+ 4 5343 5145
Tleal mucosa 19+ 5 - - 94 2% 8 4 2% 54 1% 4+ 1% 6+2% 104 4*

Haemoglobin (g/100 ml)

Haemoglobin saturation (%)

02+03 102403 107 +04

Mixed venous 68 +2 64 +3 57 + 4*
Portal venous 70 + 4 68 +3 62 4+ 2*
Hepatic venous 51+3 47+ 5 38 +4*
Superior mesenteric venous 68 43 66 +2 60 + 2%
Arterial 99+ 1 9+1 97 +2
Oxygen delivery (mol/min)
Hepatic arterial 23+3 20+ 3* 14 4 3%
Portal venous 46 + 7 4246 35 4 5%
Oxygen extraction ratios (%)
Total systemic 3342 36+2 42 4+ 3%
Total hepatic 36+ 3 404+ 5 48 + 5%
Small intestine 33+3 36+ 2 3942

105 +04 104 +04 1034+£03 102403 100+03 100+023

64+2  ST+H3* 48+3% 464 3F 4T H1F 47 4 3*
64+3  56+4* 49+2% 50+£2%  S53+3F 5743
46+3  36+4*  19+42% 1942 23 £2F 264 2
62+3  59+2% 53+£2%  52+43% 53+42F  59+3
9+1  99+1  99+1  99+1 99+1 9941
2643 1642*  1242% 1242F 1543 1943
3844 31+£5%  26+4% 27+4* 3245 3847
3742 44+3%  5243%  5542F 534 1% 5443
39+3  46+2% 69 +3* 69 +2* 65+3F 624
0+2  41+£2%  48+3% 48+ 3 424 3% 4] 2%

*p < 0.05 compared to baseline

Fig. 3 Summary surface PO,
histograms of liver and of ileal
mucosa and serosa. Each histo-
gram consists of approximately
800 individual PO, measure-
ments. P,0, surface PO,,

A mean tissue PO,. *p < 0.05
compared with baseline

ILEAL MUCOSA ILEAL SEROSA

A +——— LPS infusio

80 100

Q

20 40 60

PSOZ {mmHg)
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Changes in hepatic surface oxygenation were mod-
erate. Mean surface PO, values decreased at 120 min
by 20-30%, and remained so until the end of the
experiment (Table 2). The surface PO, histograms
demonstrated only a slight leftward shift, with no
values in the hypoxic range (Fig. 3).

¢ LPS-infusion ~———————— i LPS-infusion ~———————

pH, (units) V,ac g (4mol/min)

7.4
7.37
7.2

71 T

T T

T T L T T T T
120 180 240 300 360 B 60 120 180 240 300 360

pHgyy (units) Peo, sy (mmHg)
607
50'W
— 40

71 T T ™ T T T T T
B 60 120 180 240 300 360 B 60 120 180 240 300 360

pH; (units)
60

501

Pco,: (mmHg)

0

7.0 T T T T T
B 60 120 180 240 300 360 B
Time (min)

T T T T T T
60 120 180 240 300 360
Time (min)

Fig. 4 Changes in small intestinal metabolism. pHa arterial pH,
pHgyy superior mesenteric venous pH, pH; ileal mucosal pH,
Vieesr small intestinal lactate uptake, Pcos syy Superior mesenteric
venous PCQ,, Pcoo; ileal mucosal PCO,. Values are
means + SEM. * p < 0.05 compared with baseline

Acid-base balance and metabolic function

Endotoxaemia resulted in decreases in pH values of
arterial and superior mesenteric venous blood begin-
ning at 40 min (Fig. 4). However, at no time was there
as expansion of the asteriosuperior mesentric venous
pH gradient.

There was an increase in intravascular PCO, at
40 min and a return to baseline values at 60 min
(Table 3, Fig. 4). Subsequently, arterial PCO, remained
unchanged, but mesenteric venous PCO, increased and
remained elevated.

As early as 60 min (at a time of no change in arterial
pH and PCO,), small intestinal mucosal pH decreased
and PCO, increased markedly (Fig. 4). As a result of
proportionally greater changes in the mucosa, intra-
mucosal-arterial and intramucosal-superior mesenteric
venous PCO, gradients had increased by 60 min and
remained elevated throughout (Table 3).

Arterial and mesenteric venous lactate concentra-
tions increased only transiently at 120 and 180 min
(Table 3). However, all values remained within normal
limits. Except at 120 min (when small intestinal lactate
production increased), small intestinal lactate produc-
tion remained unchanged throughout (Fig. 4).

Miscellaneous

In the three control animals, differences between base-
line. values and those obtained hourly during the fol-
lowing 6 h did not exceed 10%. -

Discussion

The principal findings of this study can be summarized
as follows: (1) there was early and maintained intestinal

Table 3 Parameters of acid-base balance and lactate metabolism. Values are mean + SE

Variables Bascline 20 min 40 min 60 min 120 min =~ 180 min 240 min 300 min 360 min
Carbon dioxide tension (mmHg)
Arterial 3841 39 +1 43 £2%  39+1 38+1 40 £ 1 4041 40 + 1 4242
Superior mesenteric venous 46+ 1 47+ 1 534+2% 49 +4 50+1 534+ 1% 5342*% 524 1% 5242%
PCO, gradients (mmHg)
Superior venous—arterial 8§+1 8+1 10+1 10+1 124+1% 13+£1% 134£1*% 1241% 1041
Intramucosal-superior 1+1 - - §+1%* 1342 10+£1* 11+£2% 13+2*% 154 2*
mesenteric venous
Intramucosal-arterial 9+2 - - 20 + 4% 26+2%  2343%  224£2% 23 4£2% 254 5%
Lactate concentration (umol/mi)
Arterial 1.1 402 - - 1.14+01 15402*% 1.64+02% 14401 13+£01 12102
Superior mesenteric venous 1.1+01 12404 17402% 1.7+02% 14401 14+02 13402

*p < 0.05 compared to baseline



801

mucosal (but not serosal) hypoxia, and mucosal acido-
sis unrelated to perfusion pressure, mesenteric O, deliv-
ery and systemic arterial pH; (2) there was
little evidence of simultaneous hepatic hypoxia;
(3) there was a multiphasic response pattern of
splanchnic haemodynamics and oxygenation.

Critique of methods

Both baseline anaesthesia and the invasive surgical
preparation might have resulted in spontaneous de-
terioration of the preparation over time and may thus
have influenced the results. However, the data obtained
in the three control animals during 6 h of baseline
conditions rule out significant spontaneous deteriora-
tion of the preparation with time.

The technique of measuring surface PO, using O,-
sensitive multiwire surface electrodes is well established
[5,16,17]. A low-weight electrode (2.2 g), a specially
designed electrode holder and loose fixation of the
connecting wires to a clamp mounted on a pole directly
above the site of measurement were employed to min-
imize capillary compression when placing the elec-
trodes on the mucosal surface. Baseline surface PO,
values in the range previously described [16], and
the presence of rhythmic oscillations of the surface
PO, tracings reflecting preserved vasomotion on the
microcirculatory level [16], indicate that capillary
compression of the villi during measurements was
avoided.

Tleal intramucosal pH was determined using tono-
metry, which has been well established in numerous
previous studies [5,8,10,13]. Its validity when com-
pared to the direct measurements of mucosal pH by
means of microelectrodes was demonstrated in en-
dotoxic shock [19]. We determined pH; after an equili-
bration period of 60 min using appropriate correction
factors [8] to calculate the luminal PCO; of the par-
tially equilibrated samples. Since preliminary studies
had shown that an ABL 505 blood gas analyser
measures PCO; in saline more accurately than Corn-
ing 178 and 278 blood gas analysers, an ABL 505
blood gas analyser was used for luminal PCO,
determinations.

We used purified LPS from Salmonella abortus
equi to induce endotoxaemia. Administration of this
purified LPS has been shown to induce many
pathophysiological changes known to occur during
infections with gram-negative microorganisms [18].
Preliminary dose-finding studies had shown that a dose
of 0.5 pg-kg™*-h~* induced reproducible time-depen-
dent haesmodynamic changes. We infused LPS continu-
ously into the portal vein to simulate the situation in
which endotoxin is translocated from the gut into the
portal vein.

The amount of fluid necessary to maintain cardiac
filling pressures during the stabilization period was
continued throughout the experiment. In this way, on-
going fluid losses unrelated to endotoxaemia were re-
placed and possible superimposed effects of fluid resus-
citation and haemodilution were avoided. Titration of
fluid to a desired haemodynamic end-point was con-
sidered inappropriate because myocardial function
may be impaired during endotoxaemia [20].

Splanchnic O, supply/uptake

Small intestinal surface PO, measurements revealed
a marked O, gradient across the intestinal wall. This
gradient was present prior to endotoxin infusion and
persisted throughout the experiment. In addition,
serosal and mucosal surface PO, responded differently
to endotoxin infusion. Whereas mean serosal PO, de-
creased maximally by 25% (at 120 and 80 min), with
only a moderate leftward shift of the summary PO,
histogram and with no values in the hypoxic range
(0-5 mmHg), mean mucosal PO, values decreased by
up to 80% (at 240 min), with a marked leftward shift of
the PO, histogram and almost half of the PO, values
in the hypoxic range. The impairment of mucosal oxy-
genation cannot be attributed solely to inadequate
flow, perfusion pressure or O, delivery because su-
perior mesenteric blood flow, mean arterial pressure
and small intestinal O, delivery had returned to base-
line values at a time (360 min) when mean mucosal
surface PO, was still 50% below baseline value with
many values in the hypoxic range.

The pronounced decrease in mucosal surface PO,
coincided with a marked decrease in intestinal mucosal
pH but unchanged small intestinal O, uptake. The
increase in the arteriointestinal mucosal pH gradient
with no such increase in the arteriomesenteric venous
pH gradient would suggest that (unlike the decrease in
mesenteric venous pH) the decrease in mucosal pH
was not simply a reflection of systemic acidosis. The
preferential decrease in mucosal surface PO, and pH
must be taken as evidence of regional intestinal hy-
poperfusion.

The mean surface PO, values of mucosa and serosa
found during baseline conditions are in agreement with
recent findings also derived from multiwire surface
PO, electrodes [16]. Other investigators found lower
baseline values (8 vs 19 mmHg in the mucosa; 48 vs
62 mmHg at the serosa) [ 5]. These lower-surface PO,
values are likely to be the result of lower PaQ, values
because of room-air ventilation. With the use of
O, microneedle electrodes, comparable tissue PO,
values in the villus apex of about 14 mmHg have been
reported [21]. Considerably lower mucosal than
serosal PO, values and the resultant PO, gradient
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across the intestinal wall may be the result of counter-
current shunting of O, from arteriole to capiilary at the
base of the intestinal villus and/or of O, consumption
along the length of the entire villus [22,23].

Our finding of predominantly mucosal hypoxia in
response to endotoxaemia is in agreement with recently
published work [5]. Decreased capillary density in
mucosal villi, and/or more pronounced constriction of
central villus arterioles in comparison to first- or
second-order arterioles, may lead to redistribution of
intestinal blood flow resulting in preferential hypoper-
fusion and subsequent hypoxia of the mucosa [5,24]. Tt
is of interest that mucosal hypoxia, hypercapnia and
acidosis did not result in increasing mesenteric venous
lactate concentrations or arteriomesenteric venous pH
and PCO, gradients. Persistent mucosal hypoperfu-
sion might have prevented an adequate wash-out of
lactate and other acid metabolites. Alternatively (or in
addition), the mass of intestinal mucosa may not be
sufficient noticeably to change the composition of the
venous drainage. Preferential and persistent mucosal
hypoperfusion and redistribution of flow across the
intestinal wall is suggested by the finding of low mu-
cosal surface PO, and pH event at times (60, 120, 300,
360 min) of improved serosal surface PO,, and nor-
malized mesenteric blood flow and O, delivery.

In agreement with previous work in endotoxic pigs
[3,10,13], we observed unchanged mesenteric O,
uptake. In contrast, in endotoxic dogs intestinal O,
uptake decreased in a supply-dependent manner [5].
A supply-dependent decrease in O, uptake during en-
dotoxaemia has been reported to occur at an intestinal
O, extraction ratio exceeding 0.47 [4]. In our study,
the small intestinal O, extraction ratio increased to
maximally 0.48.

At first glance, unchanged small intestinal O, up-
take would seem to indicate that critical O, supply had
not yet been reached. However, in the presence of likely
mucosal hypoperfusion and possible flow redistribu-
tion the value of global small intestinal O, uptake as
a reflection of the adequacy of O, supply needs to be
questioned. Tt may well be argued that the lack of an
increase in small intestinal O, uptake at 300 and
360 min (in contrast to increases in whole body and
hepatic O, uptakes) actually reflects a supply-depen-
dent decrease in mucosal O, uptake. The regional
(mucosal) decrease in O, uptake might have prevented
a net increase in global small intestinal O, uptake.

As decreases in splanchnic O, deliveries were pri-
marily caused by decreases in blood flows, splanchnic
O, deliveries closely followed splanchnic blood flows.
Normal O, deliveries did not necessarily coincide with
normal venous O, saturations and O, extraction ra-
tios. For example, despite recovered O, deliveries at
6 h, splanchnic venous O, saturations were reduced by
15-50%, and O, extraction ratios increased by

25-70%. This might suggest that increased O, de-
mands were not entirely being met by O, supplies.

Although surface PO, values are not necessarily
representative of whole organ oxygenation, the only
moderate changes in mean liver surface PO, and PO,
histograms make clinically relevant disturbances of the
hepatic microcirculation unlikely. Increased hepatic
O, extraction seems to have compensated for the inter-
mittent decreases in O, deliveries. Furthermore, in-
creases in total hepatic O, uptake at 5 and 6 h provide
evidence that O, supply dependency had not been
reached. Increased hepatic O, demand can be ex-
plained on the basis of increased metabolism of ac-
tivated Kupffer cells, of hepatocytes or of polymor-
phonuclear neutrophils entrapped in the liver.

No previous data on liver surface PO, or on the
simultaneous behaviour of both hepatic and mesenteric
O, supply/uptake relationships in response to i.v. en-
dotoxin over 6 h are available for direct comparison.

Splanchnic haemodynamics

All splanchnic blood flows exhibited multiphasic re-
sponse patterns similar to those observed in the sys-
temic and pulmonary circulations. Dissimilar re-
sponses of the various flow ratios and of splanchnic
vascular resistances indicate that (1) not all changes in
splanchnic flows were caused by respective changes in
cardiac output and (2) differences in regional
vasomotor response probably contributed to the differ-
ent flow responses. We could demonstrate that during
endotoxaemia there is not necessarily a redistribution
of cardiac output away from liver and gut (as indicated
by unchanged ratios of total hepatic and superior mes-
enteric arterial blood flows to Q). However, at the
same time, there may be intermittent intrahepatic redis-
tribution of flow with a proportional decrease in he-
patic arterial flow (as indicated by intermittent de-
creases in the ratio of hepatic arterial to total hepatic
blood flow). This is evidence for selective hepatic arter-
ial vasoconstriction.

The hepatic arterial buffer response predicts that
changes in portal blood flow lead to opposite changes
in hepatic arterial blood flow [25]. Accordingly, as
portal blood flow decreased, hepatic arterial blood flow
should have increased. However, the decreases in por-
tal flow were accompanied by even larger decreases in
hepatic arterial flow, indicating impaired or even abol-
ished hepatic arterial buffer response. This is additional
evidence for intense locally-induced vasoconstriction of
the hepatic arterial vascular bed. It remains to be deter-
mined whether the potent hepatic arterial vasoconstric-
tor response is due to a locally released vasoconstrictor
substance or due to a greater sensitivity of the hepatic
arterial circulation to a circulating vasoconstrictor. The
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simultaneous marked initial increase in resistance of all
vascular beds studied (with the exception of the portal
circulation) would argue for specific mediator-induced
vasoconstriction of all vascular beds.

Intraportal application of endotoxin resulted in
sustained portal hypertension. The increase in portal
venous pressure was not secondary to increases in back
pressure (as hepatic venous pressure did not change
significantly except at 40 min when central venous
pressure increased markedly), and it did not correlate
with portal venous blood flow. As pressure rather than
flow is usually regulated in the portal circulation [26],
the increase in portal venous pressure is suggestive
of changes in intrahepatic resistance. Regulation of
sinusoidal tone is thought to take place primarily in the
region of portal venous inflow [27]. Kupffer cells are
located in this region, and they are involved in the
regulation of the hepatic microcirculation [27]. As they
are activated during endotoxaemia [28], swelling of
Kupffer (and endothelial) cells may lead to narrowing
of the sinusoidal space and in this way contribute to
portal venous hypertension. In addition, activated
Kupffer cells secrete a variety of mediators [28], all of
which may interfere with intrahepatic blood flow regu-
lation. Direct comparison with and between other stud-
ies [9,10,12,29,30] is difficult because of marked dif-
ferences in methodology (differences in species; in site,
amount and method of endotoxin application; in
amount of fluid replacement; in intravascular volume
status; in baseline anaesthesia; in length of observation
time).

Systemic haemodynamics

Phasic responses to endotoxaemia have previously
been described [9,10,12]. However, in two of these
studies [9, 10] observation time was limited to 2 h. The
first phase of vasoconstriction has been attributed to
direct effects of endotoxin on vascular endothelium
[31] and to the release of various vasoactive humoral
substances [10,32]. The second phase of vasocon-
striction has been attributed to the action of O, free
radicals [33] and increased blood concentrations of
f-endorphins [11].

Systemic O, supply/uptake
Unchanged (during the first 4 hj and increased (during

the last 2 h) whole body O, uptake suggests that supply
dependency of O, uptake had not been reached. Our

lowest value of systemic O, supply of approxim-
atelyl3 mi-kg ™' min ! and the highest value of whole
body O, extraction ratio of 0.55 just approached criti-
cal values [4]. Factors contributing to the increase in
whole body O, uptake may include the rise in body
temperature, metabolic uncoupling of adenosine
diphosphate phosphorylation in the mitochondria
[34], calorigenic effects of elevated levels of circulating
catecholamines [35] and increased hepatic metabolism
[36]. Normal, or even elevated, whole body O, up-
take during endotoxaemia is consistent with previous
findings [3,4, 10].

Since lactate concentrations hardly changed, lactic
acidosis cannot have been the source of the systemic
acidosis observed. O, deprivation may lead to intracel-
lular metabolic acidosis, even in the absence of lactate.
This is associated with decreased adenosine triphos-
phate (ATP) levels and may represent unreversed ATP
hydrolysis [37]. The exact origin of the metabolic
acidosis cannot be determined on the basis of this
investigation.

Conclusions

In an animal model which allows simultaneous assess-
ment of both hepatic and small intestinal perfusion and
oxygenation, we could demonstrate that the first 6 h of
endotoxaemia are characterized by cyclic changes in
hepatic and small intestinal perfusion and O, delivery.
Whereas there was little evidence of clinically relevant
hepatic dysoxia, endotoxaemia caused carly and sus-
tained ileal mucosal hypoperfusion. It is of clinical
relevance that regional intestinal hypoperfusion existed
even at times of restored perfusion pressure, and of
small intestinal flow and O, delivery, and that it was
not reflected by changes in the composition of small
intestinal venous drainage. Thus, mucosal hypoperfu-
sion may well go clinically unrecognized and, when
persisting, may sustain and augment translocation of
endotoxin from the intestinal lumen into the circula-
tion. Tonometry proved to be an effective means of
detecting early mucosal hypoxia. Our data also indi-
cate that in the early period of endotoxaemia develop-
ment of tonometrically diagnosed mucosal acidosis
does not necessarily imply equally impaired hepatic
oxygenation. Obviously, different regions within the
splanchnic area may be affected differently during early
endotoxaemia.

Acknowledgements We thank J. Schulte-Monting for the statistical
analysis and B. Klaus for her valuable secretarial support.



804

References

10.

1L

12.

13.

. Hoffman

. Parillo JE (1993) Pathogenetic mecha-

nisms of septic shock. N Engl J Med
328: 1471-1477
WD, Natanson C (1993)
Endotoxin in septic shock. Anesth An-
alg 77: 613-624

. Baum TD, Wang H, Rothschild HR,

Gang DL, Fink MP (1990) Mesenteric
oxygen metabolism, ileal mucosal hy-
drogen ion concentration, and tissue
edema after crystalloid or colloid resus-
citation in porcine endotoxic shock:
comparison of Ringer’s lactate and 6%
hetastarch. Circ Shock 30: 385-397

. Nelson DP, Samsel RW, Wood LDH,

Schumacker PT (1988} Pathological
supply dependence of systemic and in-
testinal O, uptake during endotoxemia.
J Appl Physiol 64: 2410-2419

. Vallet B, Lund N, Curtis SE, Kelly D,

Cain SM (1994) Gut and muscle tissue
PO, in endotoxemic dogs during shock
and resuscitation. J Appl Physiol 76:
793-800

. Schlichtig R (1991) In search of the dys-

oxic threshold. Intensive Care Med 17:
313-314

. Schlichtig R, Klions HA, Kramer DJ,

Nemoto EM (1992} Hepatic dysoxia
commences during O, supply depend-
ence. J Appl Physiol 72: 1499-1505

. Schlichtig R, Bowles SA (1994) Distin-

guishing between aerobic and anaerobic
appearance of dissolved CO, in intes-
tine during low flow. J Appl Physiol 76:
2443-2451 =

. Halvorsen L, Roth R, Gunther RA,

Firoozmand E, Buoncristiani AM,
Kramer GC (1993) Liver hemodynamics
during portal venous endotoxemia in
swine. Circ Shock 41: 166-175

Fink MP, Rothschild HR, Deniz JF,
Wang H, Lee PC, Cohn SM (1989) Sys-
temic and mesenteric O, metabolism in
endotoxic pigs: effect of ibuprofen and
meclofenamate. J Appl Physiol 67:
1950-1957

Navaratnam N, Herndon DN, Wood-
son LC, Linares HA, Morris S, Traber
DL (1992) Endorphin mediation of mes-
enteric blood flow after endotoxemia in
sheep. Crit Care Med 20: 402-408
Navaratnam RLN, Morris SE, Traber
DL, Flynn J, Woodson L, Linares H,
Herndon DN (1990) Endotoxin (LPS)
increases mesenteric vascular resistance
{(MVR) and bacterial translocation (BT).
J Trauma 30: 11041115

Fink MP, Kaups KL, Wang H, Roth-
schild HR (1991) Maintenance of su-
perior mesenteric arterial prefusion pre-
vents increased intestinal mucosal per-
meability in endotoxic pigs. Surgery
110: 154-161

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

25.

Noéldge GFE, Priebe HI, Bohle W, But-
tler KJ, Geiger K (1991) Effects of acute
normovolemic hemodilution of splanch-
nic oxygenation and on hepatic histo-
logy and metabolism in anaesthetized
pigs. Anesthesiology 74: 908-918
Noéldge GFE, Priebe HJ, Kopp KH,
Pelchen T, Riegel W, Geiger K (1990)
Differences in effects of isoflurane and
enflurane on splanchnic oxygenation
and hepatic metabolism in the pig.
Anesth Analg 71: 258-267

Hasibeder W, Germann R, Sparr H,
Haisjackl M, Friesenecker B, Luz G,
Pernthaler H, Pfaller K, Maurer H, En-
nemoser O (1994) Vasomotion induces
regular major oscillations in jejunal mu-
cosal tissue oxygenation. Am J Physiol
266: G978-G986

Kessler M, Hoeper J, Krumme BA
(1976) Monitoring of tissue perfusion
and cellular function. Anesthesiology
45: 184-197

Galanos C, Freudenberg MA (1993)
Mechanisms of endotoxin shock and en-
dotoxin hypersensitivity. Immunobiol-
ogy 187: 346-356

Antonsson JB, Boyle CC III, Kruithoff
KL, Wang H, Sacristan E, Rothschild
HR, Fink MP (1990) Validation of
tonometric measurement of gut intra-
mural pH during endotoxemia and mes-
enteric occlusion in pigs. Am J Physiol
259: G519-G523

Noshima S, Noda H, Herndon DN,
Traber LD, Traber DL (1993) Left ven-
tricular performance during continuous
endotoxin-induced hyperdynamic en-
dotoxemia in sheep. J Appl Physiol 74:
1528-1533

Bohlen HG (1980) Intestinal tissue PO,
and microvascular responses during
glucose exposure. Am J Physiol 238:
H164-H171

Lundgren O, Haglund U (1978) The
pathophysiology of the intestinal
countercurrent exchanger. Life Sci 23:
1411-1422

Shepherd AP, Kiel JW (1992) A model
of countercurrent shunting of oxygen in
the intestinal villus. Am J Physiol 262:
H1136-H1142

Drazenovic R, Samsel RW, Doerschuk
CM, Wylam ME, Schumacker PT
(1992) Regulation of perfused capillary
density in canine intestinal mucosa dur-
ing endotoxemia. J Appl Physiol 72:
259-265

Lautt WW (1985) Mechanism and role
of intrinsic regulation of hepatic arterial
blood flow: hepatic arterial buffer re-
sponse. Am J Physiol 249: G549-G556

26.

27.

28.

29.

30.

3L

32.

33

34.

35.

36.

37.

Mitzner W (1974) Hepatic outflow res-
istance, sinusoid pressure, and the vas-
cular waterfall. Am J Physiol 227:
513-519

McCuskey RS, Reilly FD (1993) Hepatic
microvasculature: dynamic structure
and its regulation. Semin Liver Dis 13:
1-12

Wake K, Decker K, Kirn A, Knook DL,
McCuskey RS, Bouwens I, Wisse
E (1989) Cell biology and kinetics of
Kupffer cells in the liver. Int Rev Cytol
118: 173-229

Vatner SF, Braunwald E (1975) Cardio-
vascular control mechanisms in the con-
scious state. A comparison of the effects
of physiological and pharmacological
stimuli in the presence and absence of
general anesthesia. N Engl J Med 293:
970-976

Rasmussen I, Arvidsson D, Zak A, Hag-
lund U (1992) Splanchnic and total
body oxygen consumption. in experi-
mental fecal peritonitis in pigs: effects of
dextran and iloprost. Circ Shock 36:
299-306

Harlan JM, Harker LA, Reidy MA, Gaj-
dusek CM, Schwartz SM, Striker GE
{1983)  Lipopolysaccharide-mediated
bovine endothelial cell injury in vitro.
Lab Invest 48: 269-274

Sugiura M, Inagami T, Kon V (1989)
Endotoxin stimulates endothelin-release
in vivo and in vitro as determined by
radioimmunoassay. Biochem Biophys
Res Commun 161: 1220-1227

Polla BS, Clerc J, Pittet JF, Morel DR
(1991) Superoxide production by peri-
pheral blood monocytes during sus-
tained endotoxaemia in sheep. Clin Sci
81: 815-822

Cain SM (1983) Peripheral oxygen up-
take and delivery in health and disease.
Clin Chest Med 4: 139-148

Schaller MD, Waeber B, Nussberger J,
Brunner HR (1985) Angiotensin II,
vasopressin, and sympathetic activity in
conscious rats with endotoxemia. Am
J Physiol 249: H1086-H1092

Fitkins JP (1985) Monokines and the
metabolic pathophysiology of septic
shock. FASEB J 44: 300-304

Gores GJ, Nieminen AL, Wray BE,
Herman B, Lemasters JJ (1989) Intra-
cellular pH during “chemical hypoxia”
in cultured rat hepatocytes. J Clin Invest
83: 386-396



