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ABSTRACT

Background: Previous studies indicate epinephrine ad-
versely affects arterial oxygenation when administered in a rat
model of local anesthetic overdose. The authors tested
whether epinephrine alone exerts similar effects in the intact
animal.
Methods: Anesthetized rats received a single intravenous
injection of epinephrine (25, 50, or 100 mcg/kg); matched
cohorts were pretreated with phentolamine (100 mcg/kg);
n � 5 for each of the six treatment groups. Arterial pressure
and blood gases were measured at baseline, 1 and 10 min
after epinephrine administration. Pulmonary capillary pres-

sures during epinephrine infusion with normal and increased
flows were measured in an isolated lung preparation.
Results: Epinephrine injection in the intact animal caused
hypoxemia, hypercapnia, and acidosis at all doses. Arterial
oxygen tension was reduced within 1 min of injection. Hy-
perlactatemia occurred by 10 min after 50 and 100 mcg/kg.
Rate pressure product was decreased by 10 min after 100
mcg/kg epinephrine. Pretreatment with phentolamine atten-
uated these effects except at 100 mcg/kg epinephrine. In the
isolated lung preparation, epinephrine in combination with
increased pulmonary flow increased pulmonary capillary
pressure and lung water.
Conclusions: Bolus injection of epinephrine in the intact,
anesthetized rat impairs pulmonary oxygen exchange within
1 min of treatment. Effects were blunted by �-adrenergic
receptor blockade. Edema occurred in the isolated lung
above a threshold pulmonary capillary pressure when epi-
nephrine treatment was coupled with an increase in pulmo-
nary flow. These results potentially argue against using tra-
ditional doses of epinephrine for resuscitation, particularly in
the anesthetized patient.

E PINEPHRINE is routinely used to treat the pulseless
patient because of its potent inotropic and pressor ef-

fects. However, clinical evidence does not support the effi-
cacy of this practice in out-of-hospital cardiac arrest1,2 and

* Assistant Professor, Department of Anesthesiology, University
of Illinois College of Medicine at Chicago, Chicago, Illinois. † Resi-
dent, Department of Anesthesiology, University of Illinois College of
Medicine at Chicago. ‡ Senior Research Associate, Department of
Anesthesiology, University of Illinois College of Medicine at Chi-
cago. § Research Associate, Department of Anesthesiology, Univer-
sity of Illinois College of Medicine at Chicago. � Research Associate
Professor, Department of Pharmacology, University of Illinois Col-
lege of Medicine at Chicago. # Research Professor, Department of
Anesthesiology, University of Illinois College of Medicine at Chi-
cago. ** Professor, Department of Medicine, University of Illinois
College of Medicine at Chicago and the Jesse Brown VA Medical
Center, Chicago, Illinois. †† Associate Professor, Department of
Pharmacology, University of Illinois College of Medicine at Chicago.
‡‡ Professor, Department of Anesthesiology, University of Illinois
College of Medicine at Chicago and Jesse Brown VA Medical Center.

Received from the Department of Anesthesiology, University of
Illinois College of Medicine at Chicago, Chicago, Illinois, and the
Jesse Brown VA Medical Center, Chicago, Illinois. Submitted for
publication October 21, 2011. Accepted for publication June 22,
2012. Support was provided by the United States Veterans’ Admin-
istration Merit Grant (to Dr. Weinberg), Central Office Research and
Development, Washington, D.C. Abstract presented at the Annual
Meeting of the American Society of Anesthesiologists, San Diego,
California, October 18, 2010 (Dr. Hiller).

Address correspondence to Dr. Weinberg: Department of Anes-
thesiology, M/C515, University of Illinois Hospital, 1740 W. Taylor,
Chicago, Illinois 60612. guyw@uic.edu. Information on purchasing
reprints may be found at www.anesthesiology.org or on the mast-
head page at the beginning of this issue. ANESTHESIOLOGY’s articles
are made freely accessible to all readers, for personal use only, 6
months from the cover date of the issue.

Copyright © 2012, the American Society of Anesthesiologists, Inc. Lippincott
Williams & Wilkins. Anesthesiology 2012; 117:745–54

What We Already Know about This Topic

• Previous studies have demonstrated that epinephrine ad-
versely affects arterial oxygenation when administered in a rat
model of local anesthetic overdose

• The current study investigated whether epinephrine might ex-
ert acute, deleterious effects on pulmonary oxygen exchange
in anesthetized, intact rats

What This Article Tells Us That Is New

• Epinephrine caused rapid cardiopulmonary deterioration in
previously healthy, anesthetized rats. Effects were blunted by
�-adrenergic receptor blockade
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recent animal studies suggest that epinephrine could exert
adverse effects on postarrest outcomes.3 Weinberg et al.4

found that epinephrine administration in the setting of local
anesthetic toxicity was associated with cardiovascular and
metabolic deterioration. Moreover, Hiller et al.5 reported
that epinephrine above a threshold dose of 10 mcg/kg im-
paired the efficacy of lipid emulsion in a rodent model of
lipid infusion for local anesthetic overdose. In both experi-
mental models epinephrine use was nearly uniformly accom-
panied by overt pulmonary edema, arterial oxygen desatura-
tion, and delayed metabolic deterioration.

Based on these observations we hypothesized that epi-
nephrine might, by itself, exert acute, deleterious effects on
pulmonary oxygen exchange. The purpose of the current
study was to test this hypothesis by measuring arterial blood
gases after epinephrine administration in anesthetized, intact
rats. We used a model without coadministration of local
anesthetic to avoid the potential confounders of cardiac ar-
rest, chest compressions, or a low output state. We also tested
the contribution of vasoconstriction to this phenomenon by
determining whether use of an �-adrenergic blocking agent
could attenuate any adverse effects. If the role of �-adrener-
gic activation were confirmed, arterial desaturation caused by
pulmonary edema could be due either to increased peripheral
vasoconstriction or increased pulmonary venous capillary re-
sistance. Therefore, we also used an isolated lung model to
differentiate these by measuring the effect of epinephrine on
pulmonary capillary pressures and lung water. These experi-
ments were designed to confirm and gain mechanistic in-
sights into the potential adverse effects of epinephrine on
pulmonary gas exchange.

Materials and Methods

Intact Rat Experiments
The following protocol was approved by the Animal Care
Committee and Biologic Resources Laboratory at the Uni-
versity of Illinois (Chicago, IL) and the Institutional Animal
Care and Utilization Committee of the Jesse Brown Veterans
Administration Medical Center (Chicago, IL). Thirty
healthy, male Sprague-Dawley rats weighing between 370
and 425 g were anesthetized in a bell jar with isoflurane to
allow tracheal intubation. All animals were then placed on a
heated stand under a warming lamp and mechanically ven-
tilated with 1.2% isoflurane in 100% oxygen to maintain a
constant alveolar concentration of anesthetic during the ex-
periments. A Harvard rodent ventilator model 680 (Harvard
Apparatus, South Natick, MA) to deliver a tidal volume of
2.5 ml, at a starting rate of 65–70 breaths/min. Catheters
were inserted into the left internal jugular vein and left ca-
rotid artery. Electrocardiogram using three subcutaneous
needle electrodes and the carotid pressure were recorded
continuously throughout the experiment by PowerLab
data archiving and retrieval system using Chart 5.2.1
(ADInstruments, Colorado Springs, CO). All animals
were allowed to equilibrate for 10 min at 1.2% isoflurane

and 100% oxygen, and arterial blood gas measurements
(i-STAT1 Analyzer, i-STAT Corporation, Princeton, NJ)
were made before the phentolamine and epinephrine in-
jections to confirm a pH between 7.35 and 7.45 and a
serum lactate less than 2.0.
Experimental Design. Animals were randomized in advance
of the experiment to one of six treatment groups, n � 5 for
each group: all animals received a single bolus of epinephrine
at one of three doses: 25, 50, or 100 mcg/kg. These epineph-
rine doses were chosen by virtue of being within a range
typically administered in experimental shock models and
their approximation of clinically relevant doses according to
accepted allometric scaling (using 6 for conversion of human
and rat doses by weight). Half of the rats were identified to
receive a single intravenous injection of phentolamine 100
mcg/kg, 10 min before the epinephrine injection; this dose is
similar on a per kg basis to that recommended for intrave-
nous clinical use. These animals had a second arterial blood
gas measurement before receiving epinephrine, which served
as their starting (t � 0) values; their cardiovascular parame-
ters just before the epinephrine dose likewise served as the
starting point for subsequent measurements. Arterial blood
gas samples were analyzed in all animals at 1 and 10 min after
the epinephrine injection. Animals were sacrificed by anes-
thetic overdose after the 10-min time point. Excised lungs
were weighed, dried, and weighed again to determine the
wet-to-dry ratio. The laboratory personnel were not blinded
to the treatment; however, subsequent off-line data compi-
lation was made from archived files of each experiment that
were blinded with respect to group.
Isolated Lung Preparation. Eight wild-type mice were used
for the study—four mice in each group of isolated lung ex-
periments. According to an approved protocol of the Uni-
versity of Illinois Animal Care Committee, male mice weigh-
ing 20–30 g were placed in an anesthesia chamber and
anesthetized with 2.5% isoflurane in room air at a flow rate
of 2 l/min. After induction, anesthesia was continued by
means of a nose cone. The trachea was cannulated with a
19-gauge stainless steel tube for constant positive pressure
ventilation at a rate of 120 breaths/min with the anesthetic
gas mixture. Heparin (50 U) was injected into the jugular
vein. The abdominal cavity was opened to expose the dia-
phragm, which was ventrally punctured and cut free from the
rib cage. Then, a thoracotomy was performed and the two
halves of the rib cage were retracted to expose the heart and
lungs. To make the pulmonary artery accessible for cannula-
tion, the heart was caudally retracted with a silk suture (6–0;
Ethicon, Inc., Cornelia, GA) through the apical musculature
of the right ventricle. An incision was made in the right
ventricle at the base of the pulmonary artery and a polyeth-
ylene cannula was maneuvered into the pulmonary artery
and secured by means of a suture around the pulmonary
artery that included the aorta. A catheter was inserted
through an incision made in the left atrium. The lungs
were perfused in situ using a peristaltic pump. The heart

Epinephrine Impairs Pulmonary Gas Exchange

Anesthesiology 2012; 117:745–54 Krishnamoorthy et al.746

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/117/4/745/258642/0000542-201210000-00017.pdf by guest on 19 April 2024



and the exsanguinated lungs were rapidly excised and
transferred en bloc to a perfusion apparatus.

Lung preparations were then suspended from a balanced
lever arm coupled to a calibrated displacement transducer for
monitoring lung weight. The isolated lungs were perfused at
constant flow (2 ml/min), temperature (37°C), and venous
pressure (�3–4 cm H2O) with bicarbonate-buffered Ro-
swell Park Memorial Institute (RPMI) 1640 medium, sup-
plemented with 3 g/100 ml bovine serum albumin (BSA,
Fraction V, 99% pure and endotoxin-free). The lungs were
ventilated at 120/min with end expiratory pressure of 2.0 cm
H2O using a gas mixture of 5% CO2, 20% O2, 75% N2).
Pulmonary arterial pressure was monitored throughout the
experiment using a Grass Model P23XL pressure transducer
(Astromed, Inc., West Warwick, RI). Lung wet weight was
electronically zeroed when the preparation was mounted and
subsequent weight changes due to gain or loss of fluid from
the lung were recorded. Lung weight and arterial and ve-
nous pressure recordings were displayed on a computer
video monitor with the aid of amplifiers (Grass CP122
strain gauge amplifier), an analog-to-digital converter,
and commercial software that permits acquisition and log-
ging of data (Labtech Notebook Pro for Windows,
LabTech Software, Tampa, FL). Brief (5 s), simultaneous
occlusions of the arterial inflow and venous outflow paths
were implemented at 5-min intervals with the aid of elec-
tronic valves (P/N 98301–22; Cole-Parmer Instrument
Co., Vernon Hills, IL). Pulmonary capillary pressure
(Ppc) was measured by the double-occlusion method.
Assessment of Vascular Pressures and Lung Wet Weight.
In one group (n � 4) epinephrine was given to assess changes
in vascular pressures and lung wet weight by the described
gravimetric method. Inflow and outflow pressures were
monitored continuously, and double-occlusion pressures
were measured at 5-min intervals. In a separate group (n � 4)
epinephrine was infused and the inflow rate was increased to
4 ml/min to simulate the effects of epinephrine on cardiac
output. Pulmonary pressures and lung wet weight were si-
multaneously measured to distinguish the effects of epineph-
rine with and without increased pulmonary artery flow.

Statistical Analysis
Intact Animal Experiments. Power analysis was based on
results of previous experiments comparing rate pressure
product (RPP) at 10 min among various treatment groups
and yielded a sample size of n � 5 for each group (power was
set at 0.8, � at 0.05, and effect size for the metric of arterial
oxygen tension was set at 1.2). All in vivo data were analyzed
using GraphPad Prism 4 (GraphPad Software, San Diego,
CA). Baseline parameters were analyzed by one-way analysis
of variance (ANOVA); posttests were not required as there
were no intergroup differences in any parameter. All blood
gas results and cardiovascular parameters were compared
across time by repeated measures two-way ANOVA using
Bonferroni posttests when significance was achieved (� set at

0.05) for differences over time and between groups. Wet-to-
dry ratios were compared by one-way ANOVA using Dun-
net multiple comparison posttests. Differences for all analy-
ses were considered significant when posttests indicated P �
0.05.
Isolated Lung Experiments. Lung weights and capillary
pressures of each mouse before and 30 min after treatment
were compared by paired, two-tailed Student t test.

Results: Intact Animal Experiments
Baseline values: Mean values for all baseline physiologic pa-
rameters were interrogated and passed the D’Agostino–Pear-
son normality test. There were no differences in any param-
eter among the six groups.

Dose-dependent Effects over 10 Min
Gas Exchange. Arterial blood gas measurements were the
main focus and arterial oxygen tension was the key metric of
this study. Arterial partial pressure of oxygen (fig. 1) declined
very rapidly after administration of epinephrine alone at all
doses examined. Note the lowest dose of epinephrine reduced
mean arterial oxygen tension at 1 min from 507�/�18 mmHg
to 249�/�223 mmHg (mean�/�SD) corresponding to an
effect size of 1.63 (Cohen d). This effect was attenuated by
pretreatment with phentolamine in rats given 25 and 50
mcg/kg epinephrine and oxygen tension values in these treat-
ment groups at 10 min were no different from baseline.
However, trends in arterial oxygen tension following 100
�g/kg of epinephrine were unaffected by pretreatment with
phentolamine (P � 0.46).

Despite constant settings for mechanical ventilation dur-
ing the experiment, epinephrine alone caused an increase in
arterial carbon dioxide tension by 10 min at all doses (fig. 2).
Pretreatment with phentolamine had no overall protective
effect on hypercapnia at any epinephrine dose (P � 0.26,
F � 1.4; P � 0.26, F � 1.5; and P � 0.19, F � 2.1 for the
effect of phentolamine at 25, 50, and 100 �g/kg epineph-
rine, respectively). The simultaneous measure of arterial ox-
ygen and carbon dioxide tension allowed calculation of the
alveolar-arterial oxygen gradient (fig. 3), which rapidly in-
creased after epinephrine treatment at all doses. This effect
was also blunted by phentolamine pretreatment at the lower
doses of epinephrine (P � 0.0001, F � 571 and P � 0.034,
F � 6.5 for the effect of phentolamine at 25 and 50 �g/kg
epinephrine, respectively). However, there was no protective
effect for phentolamine among rats at 100 �g/kg epineph-
rine (P � 0.58, F � 0.34) and the plots of alveolar-arterial
oxygen gradient with and without phentolamine can be
nearly superimposed.
Metabolic Parameters. Epinephrine treatment alone re-
sulted in a decline in pH over the course of the experiment at
all doses (fig. 4). With the highest dose of epinephrine the
mean pH dropped from 7.48 � 0.05 to 7.11 � 0.06 (�SD)
yielding an effect size of 6.7 (Cohen d). Pretreatment with
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phentolamine had no overall protective effect on acidosis at
any epinephrine dose (P � 0.39, F � 0.81; P � 0.98, F �
0.0008; and P � 0.90, F � 0.02 for the effect of phentol-
amine at 25, 50, and 100 �g/kg epinephrine, respectively).
Epinephrine treatment exerted a potent, overall effect on
blood lactate concentration that was increased over baseline
values by 10 min after treatment with 50 �g/kg and 100
�g/kg epinephrine (fig. 5). The effect size for the change in
lactate concentration 10 min after the highest dose of epi-
nephrine was 9.1 (Cohen d). Phentolamine only protected
against hyperlactatemia at the highest epinephrine dose (P �
0.27, F � 1.4; P � 0.079, F � 4.0; and P � 0.0003, F � 36
for the effect of phentolamine at 25, 50, and 100 �g/kg
epinephrine, respectively).

Rate Pressure Product. All animals receiving phentolamine
pretreatment experienced a transient drop in systolic blood
pressure that returned to baseline after 5 min. All animals
exhibited an increase in RPP over the first minute after epi-
nephrine treatment (fig. 6). This was blunted at 1 min by
phentolamine pretreatment for the 50 and 100 �g/kg epi-
nephrine doses. RPP then returned to baseline values by 10
min after doses of 25 or 50 �g/kg epinephrine. However,
animals given 100 �g/kg epinephrine alone showed de-
pressed RPP values by 10 min (P � 0.001 for the difference
at 10 min from baseline values; effect size as Cohen d, 1.9)
and this effect was prevented by pretreatment with phentol-
amine (P � 0.001 for the difference between epinephrine
alone and epinephrine with phentolamine treatment at 10

Fig. 1. (A–C) Time course of oxygen tension after epinephrine
administration. Deterioration in oxygen tension occurs within
1 min of epinephrine injection at all doses. Pretreatment with
phentolamine, indicated by (P), attenuates this effect at the
25 and 50 �g/kg doses. Mean values are plotted with error
bars indicating SEM; # indicates difference following epi-
nephrine alone from baseline value; � indicates difference in
the phentolamine pretreatment group from their baseline val-
ue; * indicates difference between the two groups. Symbol
number indicates significance: two symbols, P less than 0.01;
three symbols, P less than 0.01; four symbols, P less than
0.0001.

Fig. 2. (A–C) Time course of arterial carbon dioxide tension
after epinephrine administration. Hypercapnia occurs by
10 min at all epinephrine doses without phentolamine pre-
treatment (P) and by 10 min at the highest epinephrine
dose even with pretreatment. Mean values are plotted with
error bars indicating SEM; # indicates difference following
epinephrine alone from baseline value; � indicates differ-
ence in the phentolamine pretreatment group from their
baseline value; * indicates difference between the two
groups. Symbol number indicates significance: one sym-
bol, P less than 0.05; two symbols, P less than 0.01; three
symbols, P less than 0.001.
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min), which resulted in mean RPP returning to baseline
values by 10 min (P � 0.05).

Dose-dependent Effects at 10 Min
Blood Gas Values and Metabolism. The dose-response
curves describing the effects of epinephrine alone on arterial
oxygen tension and alveolar-arterial oxygen gradient indicate
that by 10 min the same degree of arterial hypoxemia is
found at all doses of epinephrine (fig. 7; P � 0.05). Phentol-
amine pretreatment exerts an overall protective effect for
both parameters (P � 0.0001 and F � 61). However, post
hoc analysis indicates that this effect specifically occurs only
at the lower doses of epinephrine because at 10 min the
values of both arterial oxygen tension and alveolar-arterial

oxygen gradient for the two groups are virtually identical.
Epinephrine alone caused severe, dose-dependent hyperlac-
tatemia but this effect was completely prevented by phentol-
amine pretreatment (P � 0.0001; F � 98 for the between-
group difference in lactate at 10 min).
Hemodynamics. Epinephrine doses less than 50 �g/kg had
little effect on hemodynamic parameters at 10 min (fig. 8).
However by experiments’ end, the highest dose of epineph-
rine caused substantial decrements in systolic blood pressure,
heart rate, and RPP, except in animals pretreated with phen-
tolamine (which was protective in all cases). Gross pulmo-
nary edema was seen in all animals receiving the highest dose
of epinephrine. The wet-to-dry ratio was increased among all
animals given epinephrine alone (fig. 9; P values as indi-
cated). Phentolamine was protective at all but the highest
epinephrine dose.

Fig. 3. (A–C) Time course of alveolar-arterial oxygen gra-
dient after epinephrine administration. Epinephrine treat-
ment increases the gradient rapidly at all doses examined.
Phentolamine pretreatment (P) prevents (25 �g/kg), or
blunts (50 �g/kg) this effect except at 100 �g/kg. Mean
values are plotted with error bars indicating SEM; # indi-
cates difference following epinephrine alone from baseline
value; � indicates difference in the phentolamine pretreat-
ment group from their baseline value; * indicates difference
between the two groups. Symbol number indicates signif-
icance: three symbols, P less than 0.001; four symbols, P
less than 0.0001.

Fig. 4. (A–C) Time course of arterial pH after epinephrine.
Epinephrine treatment by itself alters pH by 10 min at all
doses. Phentolamine pretreatment (P) is protective at all but
the highest dose. Mean values are plotted with error bars
indicating SEM; # indicates difference following epinephrine
alone from baseline value; � indicates difference in the phen-
tolamine pretreatment group from their baseline value; * in-
dicates difference between the two groups. Symbol number
indicates significance: one symbol, P less than 0.05; two
symbols, P less than 0.01; three symbols, P less than 0.001.
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Isolated Lung Experiments
Capillary Pressures. Infusion of epinephrine (100 �M) re-
sulted in increased Ppc with modest, parallel increases in
precapillary and postcapillary pressures (a typical experiment
is shown in fig. 10). Median values for Ppc (95% confidence
limits) were 7.0 (5.95–7.55) and 8.5 (6.73–9.77) cm H20 for
baseline and epinephrine-added Ppc, respectively; P � 0.014
by paired, two-tailed Student t test. However, lung weight
did not change with epinephrine treatment alone (P � 0.36).
Effects of Increasing Inflow. Doubling the pulmonary ar-
tery inflow rate caused the Ppc to increase dramatically (a
representative experiment is shown in fig. 11). The baseline
Ppc for all four lungs was 7.0 cm H2O and the median
during epinephrine treatment with increased flow was 12.0
(10.9–14.1, 95% CI) cm H2O (P � 0.0016 for the change
from baseline value). Furthermore, lung weight increased in

the setting of simulated elevation in cardiac output; median
� � 0.080g (0.009–0.131, 95% CI), P � 0.035.

Discussion
We found that intravenous epinephrine had rapid, dose-
dependent, adverse effects on pulmonary gas exchange, car-
diac function, and metabolic parameters in healthy, anesthe-
tized rats. The doses were modest compared with other
experimental models and similar to those used in clinical
situations after standard allometric scaling. The drop in ar-
terial oxygen tension occurred within 1 min even at the low-
est dose examined. Pretreatment with phentolamine attenu-

Fig. 5. (A–C) Time course of blood lactate after epinephrine.
Hyperlactatemia occurs by 10 min after the higher doses of
epinephrine. Phentolamine pretreatment (P) is protective at
both dose. Mean values are plotted with error bars indicating
SEM; # indicates difference following epinephrine alone from
baseline value; � indicates difference in the phentolamine
pretreatment group from their baseline value; * indicates
difference between the two groups. Symbol number indi-
cates significance: one symbol, P less than 0.05; two sym-
bols, P less than 0.01; three symbols, P less than 0.001.

Fig. 6. (A–C) Time course of rate pressure product (RPP) after
epinephrine. The higher two doses increase RPP by 1 min but
the value returns to baseline by 5 min. The highest dose of
epinephrine results in a decreased rate pressure product by
10 min. Phentolamine pretreatment (P) protects against this
effect. Mean values are plotted with error bars indicating
SEM; # indicates difference following epinephrine alone from
baseline value; � indicates difference in the phentolamine
pretreatment group from their baseline value; * indicates
difference between the two groups. Symbol number indi-
cates significance: two symbols, P less than 0.01; three
symbols, P less than 0.001.
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ated the epinephrine-induced pulmonary effects at all but the
highest dose examined (100 mcg/kg). Experiments in isolated
lung indicated that epinephrine caused pulmonary edema only
when pulmonary flow rates were increased and pulmonary cap-
illary pressures exceeded a threshold of 12 cm H2O. These ef-
fects might have implications for the routine use of epinephrine
during resuscitation, particularly in the anesthetized patient.

Pulmonary Effects
Epinephrine administration to healthy rats produced rapid
deterioration in pulmonary gas exchange, leading to in-
creased alveolar-arterial oxygen gradient, arterial hypoxemia,
and hypercapnia. Experimental accounts of adrenergic-in-
duced pulmonary edema and hypoxemia are not new but
have generally followed prolonged (�hours) infusion of epi-

nephrine.6,7 However, we found that alveolar-arterial oxygen
gradients increased and arterial hypoxemia occurred within a
minute of epinephrine injection—the rapidity of this effect is
a novel observation. The effects on oxygenation were dose-
and time- dependent and, except at the highest dose of epi-
nephrine, were blunted (50 mcg/kg epinephrine) or even
prevented entirely (25 mcg/kg epinephrine) by pretreatment
with phentolamine. Phentolamine did not protect against
changes in carbon dioxide exchange.

The effects on arterial oxygenation were ascribed to pul-
monary edema, as fluid collected in the expiratory limb of the
breathing circuit and wet-to-dry lung ratios increased.
This is surprising in light of several studies showing that
�-adrenergic stimulation augments clearance of lung in-
terstitial water.8–10 Previous experimental observations of
epinephrine-induced pulmonary edema occurred in the set-
ting of resuscitation from local anesthetic overdose, a low
output state where increases in peripheral vascular resistance

Fig. 7. (A–C) Dose-dependent effects on oxygen and lactate
10 min after epinephrine with and without phentolamine.
Separation of the plots indicates attenuation or in the case of
lactate, prevention, of the epinephrine effect. The intersection
of plots for pO2 and (A-a) DO2 indicate that phentolamine is
not protective at the highest epinephrine dose. Mean values
are plotted with error bars indicating SEM; # indicates differ-
ence following epinephrine alone from baseline value; � in-
dicates difference in the phentolamine pretreatment group
from their baseline value; * indicates difference between the
two groups. Three symbols, P less than 0.001. ****P less than
0.0001. (A-a) DO2 � alveolar-arterial oxygen gradient.

Fig. 8. (A–C) Dose-dependent effects on cardiovascular pa-
rameters 10 min after epinephrine with and without phentol-
amine. Key differences are recorded at the highest dose of
epinephrine. Phentolamine pretreatment (P) is protective in all
parameters. Mean values are plotted with error bars indicat-
ing SEM; # indicates difference following epinephrine alone
from baseline value; � indicates difference in the phentol-
amine pretreatment group from their baseline value; * indi-
cates difference between the two groups. Symbol number
indicates significance: one symbol, P less than 0.05; two
symbols, P less than 0.01; three symbols, P less than 0.001,
four symbols, P less than 0.0001.
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might further impair cardiac output and induce pulmonary
edema. This phenomenon has also been reported in clinical
scenarios where epinephrine was used in resuscitating pa-
tients from toxic cardiomyopathy.11–13 These observations
beg the question of an underlying mechanism.

We used a mouse isolated lung model to discriminate
direct effects of epinephrine on lung water and pulmonary
capillary pressures. Although epinephrine alone induced

modest, parallel increases in precapillary and postcapillary
pressures and increased Ppc (typically 1–2 cm H2O), these
were not associated with a change in lung weight (P � 0.036)
at normal flow rates. Therefore epinephrine itself did not
directly contribute to pulmonary edema. However, lung
weight increased when epinephrine was coupled with a flow
rate that was doubled to mimic the effect of epinephrine on
cardiac output. This combination increased the Ppc (mean �,
5.5 cm H2O) and lung water. In every case the increase in
lung weight appeared at a Ppc of approximately 12 cm H20.
This observation agrees with the recent finding by Dull et
al.14 of a nonlinear relationship between Ppc and capillary
filtration coefficient. In their experiments, the filtration co-
efficient virtually doubled above a double occlusion pressure
of 12 cm H2O. This argues that in our experiments hydro-
static pulmonary edema occurred when increased pulmonary
flow coupled to epinephrine administration resulted in a Ppc
above a threshold level of approximately 12 cm H2O.

Berk et al.15 and others16,17theorized that shunt during
prolonged epinephrine infusion was initially due to pulmo-
nary arterial flow redistribution with secondary ventilation-
perfusion inequalities and that only after several hours was it
caused by interstitial and alveolar edema. They ascribed these
effects to �-adrenergic stimulation as they were reversed by
propranolol whereas phenoxybenzamine pretreatment had
only minor protective effects. We found that phentolamine
pretreatment reduced the wet-to-dry ratio and protected
against the drop in arterial hypoxemia—a finding that im-
plies a key role for �-adrenergic stimulation. This could the-
oretically reflect a salutary effect of phentolamine on pulmo-
nary ventilation-perfusion matching; further studies would
be required to test this hypothesis. The lack of a dramatic

Fig. 9. Dose-dependent effects of epinephrine on lung wet-
to-dry ratio. Epinephrine causes increased lung water at all
doses. Phentolamine pretreatment (P) is protective at the
lower two doses. Mean values are plotted with error bars
indicating SEM; # indicates difference following epinephrine
alone from baseline value; � indicates difference in the phen-
tolamine pretreatment group from their baseline value; * in-
dicates difference between the two groups. Symbol number
indicates significance: one symbol, P less than 0.05; three
symbols, P less than 0.001.

Fig. 10. Epinephrine infusion and double occlusion pressure.
This is a representative experiment where epinephrine infu-
sion (100 �M) was begun 7 min after start of lung perfusion
(zero time). The lower chart shows pulmonary artery pressure
in red and pulmonary venous pressure in green. Periodic
vertical excursions in pulmonary artery pressure and pulmo-
nary venous pressure indicate points of double occlusion.
The pulmonary capillary pressure (double occlusion pressure)
is taken as the midpoint of the spikes. LAPressure � left atrial
pressure.

Fig. 11. Epinephrine infusion and increased pulmonary flow.
This is a typical experiment with epinephrine infusion coupled
to an increase in flow rate from 2 ml/min to 4 ml/min. Flow
rate increase was commenced 21 min after start of perfusion
(zero time). Epinephrine infusion (100 �M) was begun at 30
min. Pulmonary artery pressure is in red and pulmonary ve-
nous pressure is in green. Vertical excursions in pulmonary
artery pressure and pulmonary venous pressure resulted
from the periodic double occlusions. LAPressure � left atrial
pressure.
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increase in isolated lung postcapillary pressures after epi-
nephrine treatment alone favors the edemagenic role of pe-
ripheral vasoconstriction with secondary increases in left
atrial and pulmonary vascular pressures over a direct effect on
pulmonary postcapillary resistance. Therefore, it is likely that
the potent, combined effects of epinephrine on both pulmo-
nary artery flow (� stimulation) and pulmonary capillary
pressure (peripheral � stimulation) caused gross transuda-
tion of water into the pulmonary interstitium and alveolae.
We surmise that the major benefit of phentolamine treat-
ment was countering epinephrine activation of peripheral
�-adrenergic receptors. The appearance of erythrocytes in
the pulmonary edema fluid suggests that capillary endothe-
lial disruption might also be involved. This mechanism is
supported by the observations that both � and � receptor-
mediated increases in pulmonary capillary pressure can dam-
age the endothelium, disrupt the basement membrane, and
cause interstitial and alveolar extravasation.16,17

Metabolic Effects
The epinephrine-induced changes in pH and lactate forma-
tion were reduced by phentolamine pretreatment. Increased
lactate is associated with adverse outcomes in the critically ill,
and lactic acid clearance correlates with patient survival.18,19

Although shock states produce hyperlactatemia through
both tissue hypoxemia and adrenergic stimulation (endoge-
nous and exogenous pathways), it is unclear which mecha-
nism predominates. Epinephrine exerts direct metabolic ef-
fects that increase blood lactate concentrations without
reducing tissue perfusion.20,21 We found a strong positive
correlation between serum lactate concentrations at 10 min
and the bolus dose of epinephrine administered. The highest
doses of epinephrine reliably produced the worst metabolic
profiles. This conforms to the notion that increased blood
lactate correlates with poor patient outcomes.22,23

Circulatory Effects
Cardiovascular function was depressed by 10 min after a dose
of 100 mcg/kg epinephrine. Unlike pulmonary function,
phentolamine pretreatment was protective at all epinephrine
doses tested. The correlation of epinephrine administration
with adverse cardiovascular outcomes is not novel. Epineph-
rine infusion has been known for more than a century to
induce shock.24 It is arrhythmogenic, increases myocardial
oxygen demand, reduces subendocardial perfusion, and re-
duces myocardial function after resuscitation.25 Clinical and
laboratory data suggest that higher versus standard doses of
epinephrine can worsen recovery in various shock states. It is
arguable whether patients in such clinical studies received
more adrenaline support because of their poor baseline phys-
iologic status or if the persistent adrenergic stimulation con-
tributed to their decline. However, this question is addressed
in the current study, because the test rats were healthy before
epinephrine treatment and baseline values for key hemody-
namic and metabolic parameters were not different among

the groups. Our findings confirm that epinephrine alone
reliably induces shock in experimental animals.24,26 This,
along with a lack of proven benefit for epinephrine, weighs
against its routine use during cardiac arrest. Clinical evidence
does not support the use of epinephrine for treating the
pulseless patient. For instance, Olasveengen et al.2 showed
that use of epinephrine in out-of-hospital cardiac arrest pro-
vided no improvement in survival to hospital discharge or
long-term survival. Apparently, the benefit of epinephrine
administration is short-lived and illusory at best.

Limitations
Our study is limited by the relatively short experimental
duration (10 min). Longer-term survival was not determined
because the primary objective was to assess only acute effects
of epinephrine on cardiopulmonary physiology. Interspecies
differences in pulmonary physiology are also important con-
founders. Murine models may display large metabolic and
circulatory buffer systems due to their high metabolic activ-
ity.25 Nevertheless, major adverse metabolic responses to epi-
nephrine were observed.

Extrapolating doses of epinephrine used in these experi-
ments to the clinical setting is not straightforward, given the
difficulties of allometric scaling between species. However,
standard conversions (for rat to human � 6) suggest the
highest dose in these experiments (100 mcg/kg) is equivalent
to 17 mcg/kg in humans, a typical dose for cardiopulmonary
resuscitation. The doses used in these experiments are typical
for animal studies of pressor therapy in resuscitation. It can
also be argued that volatile anesthesia is an important con-
founder in this model. However, given the requirement for
anesthesia due to ethical concerns, we preferred agents that
would potentially blunt the hypertensive reaction to the
planned dose of epinephrine that previous studies indicated
could cause pulmonary hemorrhage. Despite this, the model
may be relevant to patients under general anesthesia and
could guide modifications of resuscitation in this clinical
context. Furthermore, we did not evaluate the contribution
of other mechanisms beyond �-1 receptor stimulation. Fi-
nally, one can question the applicability of a healthy animal
model to studying epinephrine effects because this drug is
only given to patients in extremis. However, our approach
avoids the pathophysiologic confounders of cardiac arrest
and chest compressions that unavoidably alter cardiopulmo-
nary and metabolic measures.

Conclusion
The central finding of our study is that epinephrine caused
rapid cardiopulmonary deterioration in previously healthy,
anesthetized rats. Hypoxemia occurred within 1 min and was
caused by hydrostatic pulmonary edema. Isolated lung ex-
periments indicated the increased Ppc resulted from the
combination of epinephrine and increased pulmonary blood
flow. Pulmonary edema was seen when Ppc exceeded a
threshold of approximately 12 cm H2O. We believe that the
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pulmonary edema, decreased arterial oxygen tension, poor
RPP, and hyperlactatemia could call into question the use of
standard epinephrine doses during cardiopulmonary resusci-
tation, particularly for the anesthetized patient. Further
study is needed to confirm the rationale for using traditional
doses of epinephrine in the pulseless patient.
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