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Epinephrine is a potent a- and
b-agonistic drug that com-
monly is infused to critically
ill patients who remain hypo-

tensive despite adequate fluid resuscita-
tion. Epinephrine increases cardiac out-
put by increasing stroke volume and
heart rate and augments blood pressure

by increasing systemic blood flow and
peripheral vascular resistance (1, 2). In
addition to its hemodynamic effects, epi-
nephrine is known to induce marked
metabolic changes resulting in hypergly-
cemia, lactic acidosis, increased blood
concentrations of free fatty acids, and
augmentation of systemic oxygen con-
sumption (3, 4).

Because splanchnic oxygen delivery is
a matter of major concern in critically ill
patients, physicians often argue that in-
fusion of vasopressor drugs including epi-
nephrine might decrease oxygen supply,
especially to the gastrointestinal mucosa,
leading to tissue injury, mucosal barrier
failure, and probably translocation of bac-
teria and endotoxin, events that are be-
lieved to promote or perpetuate a systemic
inflammatory response and multiple organ
dysfunction syndrome (5, 6).

Reports of the effects of epinephrine
on gastrointestinal hemodynamics or tis-
sue oxygen supply are sparse, and results
of studies are heterogeneous. During in-
fusion of 0.1– 0.4 mgzkg21zmin21 and
during acute hypoglycemia in humans,
epinephrine mediates mesenteric hyper-
emia by significantly increasing cardiac
output and decreasing splanchnic vascu-
lar resistance (7). In contrast, in patients
with septic shock, two studies reported
deleterious effects of epinephrine on
splanchnic blood flow and intramucosal
pH (pHi) (8, 9). However, one recent
study demonstrated increased gastric
blood flow assessed by laser-Doppler ve-
locimetry during epinephrine infusion in
patients with septic shock (10).

In the present study, we investigated
the effects of increasing dosages of epi-
nephrine on jejunal tissue oxygen supply
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Objective: To study the effects of increasing dosages of epi-
nephrine given intravenously on intestinal oxygen supply and, in
particular, mucosal tissue oxygen tension in an autoperfused,
innervated jejunal segment.

Design: Prospective, randomized experimental study.
Setting: Animal research laboratory.
Subjects: Domestic pigs.
Interventions: Sixteen pigs were anesthetized, paralyzed, and

normoventilated. A small segment of the jejunal mucosa was
exposed by midline laparotomy and antimesenteric incision. Mu-
cosal oxygen tension was measured by using Clark-type surface
oxygen electrodes. Microvascular hemoglobin oxygen saturation
and microvascular blood flow (perfusion units) were determined
by tissue reflectance spectrophotometry and laser-Doppler ve-
locimetry. Systemic hemodynamics, mesenteric-venous acid-
base and blood gas variables, and systemic acid-base and blood
gas variables were recorded. Measurements were performed after
a resting period and at 20-min intervals during infusion of in-
creasing dosages of epinephrine (n 5 8; 0.01, 0.05, 0.1, 0.5, 1, and
2 mgzkg21zmin21) or without treatment (n 5 8). In addition,
arterial and mesenteric-venous lactate concentrations were mea-
sured at baseline and at 60 and 120 mins.

Measurements and Main Results: Epinephrine infusion led to
significant tachycardia; an increase in cardiac output, systemic
oxygen delivery, and oxygen consumption; and development of
lactic acidosis. Epinephrine significantly increased jejunal mi-
crovascular blood flow (baseline, 267 6 39 perfusion units;
maximum value, 443 6 35 perfusion units) and mucosal oxy-
gen tension (baseline, 36 6 2.0 torr [4.79 6 0.27 kPa]; max-
imum value, 48 6 2.8 torr [6.39 6 0.37 kPa]) and increased
hemoglobin oxygen saturation above baseline. Epinephrine
increased mesenteric venous lactate concentration (baseline,
2.9 6 0.6 mmolzL21; maximum value, 5.5 6 0.2 mmolzL21)
without development of an arterial-mesenteric venous lactate
concentration gradient.

Conclusions: Epinephrine increased jejunal microvascular
blood flow and mucosal tissue oxygen supply at moderate to high
dosages. Lactic acidosis that develops during infusion of increas-
ing dosages of epinephrine is not related to development of
gastrointestinal hypoxia. (Crit Care Med 2001; 29:367–373)

KEY WORDS: epinephrine; intestine; jejunum; mucosa; microcir-
culation; oxygen supply; tissue oxygen tension; microcirculatory
blood flow; laser-Doppler velocimetry; reflectance spectropho-
tometry; lactic acidosis
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and jejunal microvascular blood flow in
normal pigs. Tissue oxygenation was as-
sessed directly by using two different and
independent measuring techniques:
Clark-type multiwire surface electrodes
to evaluate mucosal tissue oxygen ten-
sion, and tissue reflectance spectropho-
tometry to determine oxygen saturation
of microvascular hemoglobin. Jejunal
microvascular blood flow was assessed
using laser-Doppler velocimetry.

MATERIALS AND METHODS

Animal Preparation

The animal experiments were approved by
the Federal Ministry of Science and Research.
Sixteen domestic pigs (34–44 kg) were fasted
for 12 hrs with free access to water. After
induction of anesthesia with ketamine hydro-
chloride (20 mgzkg21 im), the animals were
intubated and mechanically ventilated with
positive end-expiratory pressure of 5 cm H2O.
Tidal volume and respiratory frequency were
chosen to maintain normoventilation at base-
line; fractional inspiratory oxygen concen-
tration was set at 0.3. Anesthesia was main-
tained by using a continuous infusion of
midazolam (0.5 mgzkg21zhr21) and fentanyl
(10 mgzkg21zhr21). Muscle relaxation was
achieved by hourly bolus injections of vecuro-
nium (0.15 mgzkg21). All animals were infused
with lactated Ringer’s solution and modified
gelatin (MW 22.600) to keep central venous
pressure constant throughout the experiment.
After preparation of the right carotid artery
and the internal jugular vein, an arterial cath-
eter and a 7.5-Fr pulmonary artery catheter
(Baxter Healthcare, Irvine, CA) were inserted.
A midline laparotomy was performed, and a
16-gauge catheter was placed in the superior
mesenteric vein for intermittent blood sam-
pling. To expose part of the mucosa for tissue
oxygenation and laser-Doppler flow measure-
ments, a 20-cm antimesenteric enterotomy
was performed in the midjejunum. The
boundary of the mucosa was sutured to the
oval opening of a cork plate. The intestine was
reintroduced into the abdominal cavity with
the exception of the exposed mucosa. The tem-
perature of the preparation was maintained at
37°C by covering the preparation with a plas-
tic box that included a temperature sensor and
a servo-controlled heated water bath.

Measurement Techniques

Arterial-pulmonary artery and central ve-
nous pressure were measured by using three
Statham P10EZ pressure transducers (Spec-
tramed-Statham, Bilthoven, The Nether-
lands). Cardiac output was determined by the
thermodilution method. Heart rate (HR),

blood pressure, and core temperature were
recorded continuously. Zero reference for all
pressures was midchest position. Arterial, cen-
tral venous, and mesenteric venous blood
gases and acid-base status were determined by
using an AVL 995 automatic blood gas ana-
lyzer (AVL Biomedical Instruments, Graz,
Austria). Hemoglobin oxygen saturation was
measured with a hemoximeter (Cooximeter,
AVL Biomedical Instruments). Hemoglobin
concentration was assessed by using the cya-
nmethemoglobin method. Lactate determina-
tions of arterial and mesenteric venous blood
were performed with a lactate analyzer based
on reflectance photometry (Accusport, Boehr-
inger Mannheim, Mannheim, Germany).

Measurements of Jejunal
Mucosal Tissue Oxygenation
and Microvascular Blood Flow

The methodology for measuring mucosal
tissue oxygen tension and microvascular he-
moglobin oxygen saturation was described in
detail in previous studies (11, 12). Briefly, mu-
cosal oxygen tension (PO2muc) was measured
by two Clark-type multiwire surface electrodes
(Eschweiler & Co., Kiel, Germany). These
electrodes were calibrated by using pure nitro-
gen and room air in a water bath warmed to
37°C. One electrode consisted of eight plati-
num wires, each of which had a diameter of 15
mm representing an individual measuring
point and one Ag-AgCl reference electrode. An
Erlangen microlight guide spectrophotometer
(EMPHO II, BGT, Überlingen, Germany) was
used to determine jejunal microvascular he-
moglobin saturation (HbO2). The measuring
principle is based on the use of one illuminat-
ing and six detecting microlight guides (each
250 mm in diameter) and a rapidly rotating
band-pass interference filter disk to generate
monochromatic light in 2 nm steps within the
spectral range of 502–628 nm representing 64
different wave lengths. Jejunal microvascular
blood flow was assessed by laser-Doppler ve-
locimetry (Periflux 4001, Perimed, Järfella,
Sweden). Laser-Doppler measurements are
based on the principle that light scattered by
moving red blood cells experiences a fre-
quency shift that is proportional to the veloc-
ity of red blood cells. The Periflux 4001 uses
laser light with a wavelength of 770–790 nm.
A fiberoptic guidewire (PF407, Perimed) that
conducts laser light to the tissue and carries
back-scattered light to a photodetector was
placed on the mucosal surface. Jejunal micro-
vascular blood flow was recorded in relative
perfusion units (PU). The probe was calibrated
against a white surface (PU 5 0) and a stan-
dard latex solution (PU 5 250 6 5). All sensors
were kept in place by adhesion with small
polyvinylchloride caps including the specific
sensor surrounded by a transparent thin rub-
ber patch, approximately 2 cm in diameter.

Experimental Protocol

After animal preparation and a 30-min
resting period, we performed baseline mea-
surements of systemic hemodynamics; arte-
rial, mesenteric venous, and mixed venous
blood gas analysis and hemoglobin oxygen sat-
uration measurements; PO2muc; HbO2; and
PU. Systemic oxygen delivery, oxygen con-
sumption, and systemic and intestinal oxygen
extraction ratio were calculated. Afterward an-
imals were randomized into an epinephrine
group (n 5 8) and a control group (n 5 8).
Animals receiving epinephrine were infused
with increasing dosages of epinephrine: 0.01,
0.05, 0.1, 0.5, 1, and 2 mgzkg21zmin21. Each
infusion step lasted 20 mins, and systemic and
regional measurements were repeated during
the last 5 mins before switching to the next
higher catecholamine dose. In control ani-
mals, measurements were repeated at 20, 40,
60, 80, 100, and 120 mins without interven-
tion. Lactate determinations of arterial and
mesenteric venous blood were performed at
baseline and at 60 and 120 mins.

Analysis of Data

Systemic oxygen delivery, oxygen con-
sumption, and systemic and mesenteric oxy-
gen extraction ratio were calculated according
to standard formulas (13). PO2muc and HbO2

were recorded for a period of at least 100 secs.
Laser-Doppler velocimetry measurements were
performed for 300 secs. Mean values of these
variables were used for statistical comparison.

Statistics

Shapiro-Wilks’s test was used to test the
normality assumption. The normality assump-
tion was fulfilled in all main measurements.
An analysis of variance for repeated measure-
ments was performed to analyze differences in
means between and within groups (14) for
systemic hemodynamics, oxygen transport,
systemic and mesenteric venous acid-base sta-
tus, blood gas variables, arterial and mesen-
teric venous lactate concentrations, arterial-
mesenteric venous lactate concentration
differences, PO2muc, HbO2, PU, and intestinal
oxygen extraction ratio. Global hypothesis was
tested two-sided at the .05 significance level.
In the case of significant differences, further
comparisons were made with paired t-tests
within groups to baseline and between groups
at individual time points. The Bonferroni-
Holm procedure was used to correct multiple
comparisons. Data in text, tables, and figures
are presented as mean 6 SEM.

RESULTS

Table 1 presents data on hemody-
namic, acid-base, arterial lactate, and sys-
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temic oxygen transport variables in con-
trols and animals receiving epinephrine.
There were no differences at baseline be-
tween groups (time, 0 min). Significant
changes in HR, cardiac index, arterial PH,
PaO2, PaCO2, arterial lactate concentra-
tion, systemic oxygen delivery, and sys-
temic oxygen consumption were found
between groups. In animals receiving epi-
nephrine, a significant increase in HR,
cardiac index, PaCO2, and systemic oxygen
delivery was found at 80, 100, and 120
mins; systemic oxygen consumption sig-
nificantly increased at 100 and 120 mins
when compared with control animals. HR
increased from 118 6 7 to 200 6 6 bpm,
cardiac index increased from 173.9 6 8.2

to 268.8 6 11.7 mLzkg21zmin21, systemic
oxygen delivery increased from 16.6 6
0.8 to 29.8 6 1.6 mLzkg21zmin21, and
systemic oxygen consumption increased
from 4.8 6 0.3 to 6.9 6 0.5
mLzkg21zmin21. PaCO2 increased from 37
6 0.9 torr (4.93 6 0.12 kPa) to 43 6 0.7
torr (5.73 6 0.09 kPa), and arterial lac-
tate increased from 3.0 6 0.6 to 5.6 6 0.2
mmolzL21. In animals receiving epineph-
rine, PaO2 decreased significantly from
129 6 5.5 torr (17.19 6 0.73 kPa) to 105
6 10 torr (14.00 6 1.33 kPa). During epi-
nephrine infusion, pulmonary arterial pres-
sure increased significantly above baseline.

There were no significant differences in
mesenteric venous pH, PO2, PCO2, lactate,

intestinal oxygen extraction ratio, and jeju-
nal microvascular blood flow between
groups at baseline (Table 2). In animals
receiving epinephrine, mesenteric venous
pH significantly decreased at 80, 100, and
120 mins; mesenteric venous lactate con-
centrations were increased significantly at
120 mins; and jejunal microvascular blood
flow increased significantly from 267 6 39
to 443 6 35 PU at 80 mins when compared
with control animals.

Figure 1 shows mean jejunal PO2muc
and mean jejunal HbO2 in controls and
animals receiving epinephrine. PO2muc
at baseline was 33 6 2.6 torr (4.40 6 0.34
kPa) for controls and 36 6 2.0 torr (4.80
6 0.26 kPa) for animals receiving epi-

Table 1. Systemic hemodynamics, arterial blood gas analysis, arterial lactate concentrations, and systemic oxygen transport in controls and animals
receiving epinephrine

Time (mins)

0 20 40 60 80 100 120

Dosages, mgzkg21zmin21

Con 0 0 0 0 0 0 0
Epi 0 0.01 0.05 0.1 0.5 1 2

HR, (bpm)a

Con 116 6 8 112 6 8 109 6 8 107 6 9 104 6 9 107 6 8 103 6 8c

Epi 118 6 7 116 6 6 119 6 5 133 6 9 170 6 8b,c 194 6 6b,c 200 6 6b,c

MAP, mm Hg
Con 98 6 2 99 6 2 98 6 2 100 6 3 103 6 3 107 6 3 104 6 3
Epi 101 6 5 103 6 6 108 6 5 109 6 6 120 6 8 116 6 7 119 6 6

PAP, mm Hg
Con 25 6 2 25 6 2 25 6 1 25 6 1 26 6 2 26 6 1 26 6 2
Epi 23 6 1 24 6 1c 26 6 1c 27 6 1c 28 6 2c 32 6 1c 35 6 1c

PAOP, mm Hg
Con 13 6 0.9 13 6 0.9 13 6 0.9 13 6 0.7 14 6 0.6 14 6 0.8 13 6 1.1
Epi 12 6 0.7 13 6 0.9 14 6 0.8c 15 6 1.2 14 6 0.9 15 6 1.0 16 6 1.6

CI, mLzkg21zmin21a

Con 178.8 6 12.1 168.4 6 9.2 153.2 6 10.3 159.7 6 16.0 152.8 6 15.7 142.6 6 11.7 137.2 6 6.6
Epi 173.9 6 8.2 176.8 6 8.4 182.8 6 10.6 209.6 6 14.3 262.4 6 11.5b,c 280.0 6 8.2b,c 268.8 6 11.7b,c

pHaa

Con 7.44 6 0.02 7.43 6 0.02 7.45 6 0.02 7.44 6 0.01 7.45 6 0.01 7.46 6 0.02 7.46 6 0.01
Epi 7.43 6 0.02 7.43 6 0.02 7.44 6 0.01 7.42 6 0.01 7.37 6 0.01b,c 7.32 6 0.01b,c 7.30 6 0.01b,c

PaO2, torra

Con 123 6 5.3 124 6 2.5 122 6 4.0 121 6 2.8 122 6 1.9 120 6 2.4 118 6 1.8
Epi 129 6 5.5 128 6 5.9 119 6 3.9 101 6 4.7b,c 93 6 4.0b,c 102 6 4.9b,c 105 6 10

PaCO2, torra

Con 38 6 1.0 39 6 0.8 37 6 0.5 38 6 0.8 38 6 0.5 37 6 1.1 38 6 0.7
Epi 37 6 0.9 38 6 1.0 37 6 0.6 39 6 1.0 42 6 0.9b,c 44 6 1.0b,c 43 6 0.7b,c

Lactate art, mmolz121a

Con 2.4 6 0.3 2.1 6 0.2 1.9 6 0.2
Epi 3.0 6 0.6 2.6 6 0.5 5.6 6 0.2b,c

ḊO2 sys, mLzkg21zmin21a

Con 15.6 6 1.3 14.9 6 1.3 13.1 6 1.2 14.2 6 1.7 13.2 6 1.8 12.6 6 1.5 12.2 6 1.0
Epi 16.6 6 0.8 16.6 6 0.7 16.6 6 0.9 20.0 6 1.4 27.0 6 1.4b,c 30.0 6 1.3b,c 29.8 6 1.6b,c

V̇O2 sys, mLzkg21zmin21a

Con 4.8 6 0.6 4.4 6 0.8 4.2 6 0.5 4.6 6 0.6 4.3 6 0.6 4.1 6 0.6 4.3 6 0.5
Epi 4.8 6 0.3 5.1 6 0.3 4.8 6 0.2 5.4 6 0.3 6.2 6 0.3c 6.9 6 0.3b,c 6.9 6 0.5b,c

ERsys
Con 0.31 6 0.02 0.3 6 0.04 0.33 6 0.04 0.34 6 0.04 0.33 6 0.03 0.33 6 0.03 0.35 6 0.04
Epi 0.29 6 0.02 0.30 6 0.01 0.30 6 0.02 0.27 6 0.01 0.23 6 0.01 0.23 6 0.01 0.23 6 0.01

Con, control; Epi, epinephrine; HR, heart rate; MAP, mean arterial pressure; PAP, mean pulmonary arterial pressure; PCOP, pulmonary capillary
occlusion pressure; CI, cardiac index; pHa, arterial pH; PaO2, arterial oxygen tension; PaCO2, arterial carbone dioxide tension; Lactate art, arterial lactate
concentration; ḊO2sys, systemic oxygen delivery; V̇O2sys, systemic oxygen consumption; ERsys, systemic oxygen extraction ratio.

Values are mean 6 SEM. Baseline is time 0 min. p # .05 by agroup effect; bsignificantly different from control; csignificantly different from baseline.
To convert torr to kPa, multiply the value by 0.1333.
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nephrine. HbO2 was 57.3% 6 3.2% (con-
trol) and 53.8% 6 1.8% (epinephrine). In
animals receiving epinephrine, PO2muc
significantly increased at 80, 100, and 120
mins with a maximum value of 48 6 2.8
mm Hg at 80 mins. HbO2 increased sig-
nificantly above baseline at 60 and 120
mins in animals receiving epinephrine.
Frequency distributions of jejunal
PO2muc values in control and animals
receiving epinephrine are presented in
Figure 2. Administration of epinephrine
caused a rightward shift of frequency dis-
tribution of PO2muc values. In contrast
with control animals, PO2muc values be-
tween 0 and 10 torr (0–1.33 kPa) disap-
peared between time points 60 and 120
mins.

DISCUSSION

This is the first study reporting direct
effects of epinephrine on jejunal tissue
oxygen supply and, in particular, mucosal
tissue oxygenation in normal anesthe-

tized pigs. Epinephrine, when given in-
travenously, increases jejunal microvas-
cular blood flow and mucosal tissue
oxygen tension at moderate to high dos-
ages.

Concerning hemodynamics, acid-base
status, blood lactate concentrations, and
systemic oxygen transport variables, our
results are in line with reports from the
literature (1, 4). Epinephrine given at
dosages of 0.01–1mgzkg21zmin21 in-
creases HR, cardiac index, systemic oxy-
gen delivery, and systemic oxygen con-
sumption in a dose-dependent manner
(Table 1). At 2 mgzkg21zmin21, no further
increase in these variables occurred. We
speculate that extreme tachycardia by de-
creasing right and left ventricular filling
prevented any further increase in systemic
blood flow and thus systemic oxygen trans-
port at the highest dose investigated.

Concerning effects of epinephrine on
gastrointestinal blood flow, studies have
reported heterogeneous results. In ani-

mal experiments, intra-arterial infusion
of epinephrine decreased mesenteric ar-
terial and gut mucosal blood flow (15–
17). In contrast, intravenous infusion of
0.2 mgzkg21zmin21 induced vasodilation
and increased blood flow in arterial vil-
lous vessels of the jejunal mucosa in rats
(18). However, in the latter experiments,
epinephrine was unable to prevent vaso-
constriction and subsequent decrease in
mucosal blood flow after administration
of endotoxin. In an endotoxin model in
pigs, Sautner et al. (19) reported in-
creased tissue damage of ileum and colon
and significant reductions in pHi in ani-
mals treated with epinephrine compared
with animals receiving norepinephrine,
dopexamine, or placebo treatment.

In humans, intravenous infusion of
0.1– 0.4 mgzkg21zmin21 of epinephrine
significantly increases systemic, splanch-
nic, and muscle blood flow (1). Infusions
of epinephrine to produce plasma con-
centrations comparable with those ob-

Figure 1. Mean mucosal tissue oxygen tension (PO2muc) and mean microvascular hemoglobin oxygen saturation (HbO2) of the jejunum in controls (Con)
and animals receiving epinephrine (Epi). There were no significant differences in PO2muc and HbO2 between groups at baseline. Epinephrine significantly
increased PO2muc at 80, 100, and 120 mins when compared with control animals (§p # .05 compared with control). HbO2 significantly increased above
baseline at 60, 100, and 120 mins in animals receiving epinephrine (*p # .05 compared with baseline).
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served after abdominal surgery in men
significantly increase total splanchnic
and muscle blood flow without affecting
splanchnic oxygen uptake (20). This in-
crease in splanchnic blood flow has been
attributed to b-adrenergic mechanisms.

In critically ill patients suffering from
septic shock, Meier-Hellmann et al. (8)
reported decreased splanchnic blood
flow, increased splanchnic lactate pro-
duction, and decreased pHi during epi-
nephrine infusion. Similarly, Levy et al.
(9) demonstrated decreased pHi and in-
creased systemic lactate concentrations
with epinephrine infusion. In contrast, a
recent study by Duranteau et al. (10)
showed increased gastric microvascular
blood flow as assessed with laser-Doppler
velocimetry during epinephrine infusion.

In this study, intravenous infusion of
epinephrine in increasing dosages did not
adversely affect jejunal microvascular
blood flow and jejunal mucosal tissue oxy-
gen supply. In contrast, we observed a
significant increase of microvascular
blood flow and mucosal tissue oxygen
tension, with a peak in mean values at a
dose of 0.5 mgzkg21zmin21. Although our
measurements are restricted to the jeju-

num, the probability of significant vaso-
constriction in other segments of the gas-
trointestinal tract is unlikely. Immink et
al. (21) reported that vasoconstriction in
response to intra-arterial bolus injections
of the a-agonistic drug norepinephrine
was most pronounced in gastrointestinal
segments supplied by the cranial mesen-
teric artery (e.g., ileum and jejunum)
when compared with segments supplied
by the caudal mesenteric artery. In addi-
tion, Priebe et al. (22) demonstrated that
continuous intravenous infusion of the
strong a1-adrenergic agonist norepi-
nephrine at a dose of 0.4 mgzkg21zmin21

did not affect small intestinal blood flow,
oxygen delivery, oxygen extraction ratio,
and oxygen uptake in normal pigs.

Recent investigations in patients with
sepsis and septic shock hypothesize that
the development of lactic acidosis during
epinephrine infusion results from
splanchnic hypoxia originating from ar-
terial vasoconstriction or development of
increased perfusion heterogeneity within
different vascular beds of the gastrointes-
tinal wall (8, 9).

In this study, infusion of epinephrine
increased jejunal microvascular blood

flow as assessed by laser-Doppler veloci-
metry. We also observed a significant in-
crease in arterial and mesenteric venous
lactate concentrations, especially at high
dosages of epinephrine infusion. How-
ever, no significant gradient between
mesenteric venous and arterial lactate
concentration developed. Therefore, in-
creased lactate production within the
gastrointestinal tract seems to be an un-
likely explanation for development of lac-
tic acidosis during epinephrine infusion.

Recent studies provide evidence that
lactic acidosis which develops during epi-
nephrine infusion is not necessarily asso-
ciated with tissue hypoxia. Epinephrine-
induced stimulation of the cellular Na1,
K1-adenosine triphosphatase activity is
associated with increased lactate produc-
tion even under well-oxygenated condi-
tions in skeletal muscle (23). In exercise
studies, oxygen saturation of myoglobin
correlates poorly with circulating lactate
concentrations (24). However, an excel-
lent correlation between plasma lactate
and epinephrine concentrations was re-
ported, suggesting that increased lactate
during exercise reflects increased anaer-
obic glycolysis stimulated by rising epi-

Table 2. Jejunal mesenteric venous blood gas analysis, mesenteric venous lactate concentration, arterial-mesenteric venous lactate concentration
difference, intestinal oxygen extraction ratio, and jejunal microvascular blood flow in controls and animals receiving epinephrine

Time

0 20 40 60 80 100 120

Dosages, mgzkg21zmin21

Con 0 0 0 0 0 0 0
Epi 0 0.01 0.05 0.1 0.5 1 2

pHmva

Con 7.38 6 0.02 7.39 6 0.02 7.40 6 0.02 7.39 6 0.02 7.41 6 0.01 7.40 6 0.02 7.40 6 0.02
Epi 7.37 6 0.02 7.38 6 0.01 7.38 6 0.01 7.38 6 0.01 7.33 6 0.01b,c 7.29 6 0.01b,c 7.26 6 0.01b,c

PO2mv, torr
Con 55 6 1.7 53 6 1.7 53 6 1.9 52 6 2.0 52 6 1.6 53 6 1.6 51 6 1.1
Epi 56 6 0.8 55 6 1.0 54 6 1.5 53 6 2.1 56 6 2.8 58 6 3.3 56 6 2.9

PCO2mv, torr
Con 44 6 1.3 45 6 1 44 6 0.6 44 6 0.5 43 6 1.0 43 6 1.2 44 6 0.7
Epi 44 6 1.6 45 6 1 44 6 1.4 45 6 1.1 48 6 1.4 49 6 1.6 50 6 1.5

Lactate mv, mmolzL21a

Con 1.8 6 0.2 1.8 6 0.2 2 6 0.2
Epi 2.9 6 0.6 2.5 6 0.5 5.5 6 0.2b,c

a-mv lactate difference, mmolzL21

Con 0.6 6 0.2 0.3 6 0.3 20.1 6 0.1
Epi 0.1 6 0.2 0.1 6 0.1 0.1 6 0.1

ERmv
Con 0.28 6 0.02 0.31 6 0.03 0.31 6 0.03 0.31 6 0.03 0.31 6 0.03 0.03 6 0.03 0.31 6 0.03
Epi 0.28 6 0.02 0.29 6 0.02 0.32 6 0.03 0.29 6 0.02 0.25 6 0.03 0.26 6 0.03 0.29 6 0.04

PU, arbitrary unitsa

Con 247 6 41 255 6 39 236 6 34 240 6 37 228 6 31 234 6 34 228 6 37
Epi 267 6 39 269 6 26 321 6 33 379 6 35 443 6 35b,c 384 6 42 359 6 45

Con, control; Epi, epinephrine; PHmv, mesenteric venous pH; PO2mv, mesenteric venous oxygen tension; PCO2mv, mesenteric venous carbone dioxide
tension; Lactate mv, mesenteric venous lactate concentration; a-mv lactate difference, arterial-mesenteric venous lactate concentration difference; ERmv,
intestinal oxygen extraction ratio; PU, perfusion units.

Values are mean 6 SEM. Baseline is time 0 mins. p , .05 by agroup effect; b significantly different from control; c significantly different from baseline.
To convert torr to kPa, multiply the value by 0.1333.
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Figure 2. Frequency distribution of mucosal tissue oxygen tension (PO2muc) in the jejunum in controls (Con) and animals receiving epinephrine (Epi).
Administration of epinephrine caused a rightward shift of frequency distribution of PO2muc values.
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nephrine concentrations rather than an-
aerobic glycolysis caused by tissue
hypoxia (25). In animals subjected to
hemorrhagic shock, skeletal muscle was
identified as the primary source of lactate
production (26). Treatment of animals
with a combination of a- and b-blockers
significantly reduces plasma lactate levels
during shock. These observations suggest
that epinephrine can induce significant
lactic acidosis by mechanisms unrelated
to tissue oxygen supply.

CONCLUSION

To the best of our knowledge, this is
the first study directly assessing intesti-
nal tissue oxygen supply and, in particu-
lar, mucosal tissue oxygen tension during
intravenous infusion of increasing dos-
ages of epinephrine in healthy instru-
mented pigs. We chose the pig model
because of the anatomical and physio-
logic similarity of the digestive tract and
cardiovascular systems in pigs and hu-
mans (27). Our data imply that epineph-
rine does not adversely affect intestinal
tissue oxygenation and that lactic acido-
sis that develops during infusion of in-
creasing dosages of epinephrine is not
related to the development of gastrointes-
tinal hypoxia. In contrast, epinephrine in-
fusion increased jejunal microvascular
blood flow and mucosal tissue oxygen
supply at moderate to high dosages. In
this study we focused on jejunal tissue
oxygen supply and did not measure global
splanchnic oxygen supply and, in partic-
ular, liver or pancreatic oxygen supply.
Therefore, our results may not apply to
all splanchnic organs. In addition, our
study was restricted to normal healthy
animals, and results may not apply to
pathophysiologic conditions such as sep-
sis or endotoxemia. Finally, when dis-
cussing effects of vasoactive drugs on

splanchnic oxygen supply, one has to
keep in mind that long-term effects of
these drugs have never been investigated
and are, therefore, unknown. In addition,
the beneficial effects of oxygen supply to
the splanchnic organs may be outweighed
by the harmful effects on other organ sys-
tems during long-term treatment.
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