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Effects of esmolol on systemic and pulmonary
hemodynamics and on oxygenation in pigs
with hypodynamic endotoxin shock

Abstract Purpose: The aim of
this experimental study is to investi-
gate cardiovascular tolerance of
blockade of beta-adrenergic receptors
in an endotoxin model.

Design: Prospective, randomized,
controlled study. Setting: Animal
laboratory in a university medical
center. Methods: Ten anesthetized,
mechanically ventilated pigs were
challenged with intravenous lipo-
polysaccharide (LPS) to achieve a
status of profound hypodynamic
shock. Systemic and pulmonary
hemodynamics and cardiac output
were continuously monitored
throughout the 5-h study period, and
blood samples were taken at baseline
(T — 30 min), 1 h from the beginning
of LPS infusion (T + 60 min), and
every 2 h (T 4+ 180 min and

T 4+ 300 min). Animals were ran-
domly assigned to continuous
intravenous esmolol infusion titrated
to decrease heart rate by 20% or iso-
tonic saline. Results: Esmolol
decreased heart rate by 20%, while in
the saline group, heart rate increased
by 7% and 22% at T + 180 min and
T + 300 min, respectively

(» < 0.001). In esmolol-treated ani-
mals, cardiac index decreased by 9%

Introduction

The mechanisms of cardiovascular failure in septic shock
remain unclear [1]. Proinflammatory mediators that are

at T + 180 min and by 2% at

T + 300 min, and in controls by
14% at T 4 180 min and by 27% at
T + 300 min (p = 0.870). In
esmolol-treated animals, median
(interquartile range, IQR) stroke
index was 31 (6) and 47 (11)
ml/min/m* at 7 + 180 min and

T + 300 min, respectively, and
decreased steadily from 45 (20) to
18 (13) ml/min/m” in controls

(p = 0.030). There were no signifi-
cant differences between groups for
any other hemodynamics variables,
except for systemic vascular resis-
tance (SVR) (p = 0.017).
Conclusions: 1In large animals with
endotoxemic shock, continuous infu-
sion of esmolol, a selective beta-1
adrenergic blocker, titrated to
decrease heart rate by 20%, was well
tolerated and may offset LPS-induced
cardiac dysfunction by a preload
positive effect.

Keywords Septic shock -
Beta blockade - Esmolol -
Hemodynamics - Animal model

abundantly released in blood and tissues may decrease
vessel tone, responsiveness to catecholamines [1, 2], and

myocardial contractility [2-4]. In parallel, the counter-
regulatory neurohormonal response includes a rapid and
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important release of cortisol and catecholamines in blood
and tissues [5]. In both septic animals [6] and patients [7],
loss of cardiovascular variability precedes hypotension
and multiple organ dysfunction. These findings mimic
those observed in heart failure [8] and suggest that
autonomic control of vessel tone and cardiac function
may no longer be able to adjust the cardiovascular
response to the intensity of the inflammatory stress,
thereby contributing to the pathophysiology of septic
shock. The underlying mechanisms may include neuronal
apoptosis within autonomic nuclei in the brain stem [9].
Sustained systemic adrenergic activation may also have
direct detrimental cardiac effects, particularly via the f1-
adrenergic pathway [10]. Harmful effects included fibro-
blast hyperplasia, myocyte necrosis and apoptosis, and
increased risk of arrhythmia [8]. Theoretically, modulat-
ing the adrenergic system may be a new approach in the
treatment of sepsis [11, 12]. In high-risk surgical patients
with ischemic heart disease, fi-blocking drugs improved
myocardial oxygen balance and function [13], and may
improve survival [14, 15]. In severely burned children,
oral propranolol improved peripheral metabolism, skele-
tal muscle energetics, and clinical outcome [16]. In rats
with peritonitis, 1 blockade decreased circulating levels
[17] and hepatic and cardiac expression [18] of proin-
flammatory cytokines, and improved cardiac function and
hemodynamics [19]. While these preliminary findings on
small animals are promising, the risk of severe brady-
cardia and cardiovascular collapse following infusion of a
beta-blocking drug has not been investigated so far.

Therefore, we evaluated hemodynamic tolerance of
continuous infusion of a selective 1 blocker in endo-
toxemic pigs.

Method

Preparation of animals

The study was approved by the Institutional Review Board
for Animal Research and Care, and handling of the ani-
mals was in accordance with National Institutes of Health
guidelines. Ten female piglets weighing 22-27 kg were
anesthetized by intramuscular injection of 2.5 mg/kg body
weight ketamine (Ketalar; Parke-Davis, Courbevoie,
France), followed by sodium pentobarbital (10 mg/kg
body weight) and cisatracurium, and maintained anesthe-
tized by continuous intravenous infusion of midazolam
(0.5 mg/kg/min) (Hypnovel; Produits Roche, Neuilly sur
Seine, France) and cisatracurium (0.5 mg/kg/min) (Nim-
bex; GlaxoSmithKline, Brentford, Middlesex, UK). The
animals were intubated using a cuffed tube and mechani-
cally ventilated (Evita 2 Dura; Luebeck, Germany). After
dissection of neck vessels, a catheter was inserted into the
left carotid artery and a pulmonary artery catheter was

inserted via the right external jugular vein (Swan-Ganz
continuous cardiac output, mixed venous oxygen satura-
tion monitoring; Edwards Lifesciences, Irvine, CA, USA).
An esophageal temperature probe allowed continuous
monitoring of body temperature, which was kept at 38°C
by use of heat lamps suspended above the operating table.
Heart rate and systemic and pulmonary arterial pressures
were continuously monitored (7758B cardiac monitor;
Hewlett Packard, Palo Alto, CA, USA) as well as cardiac
output and SvO, (Vigilance monitor, Baxter Edwards,
Irvine, CA, USA) [20].

Hemodynamic and oxygenation parameters

Heart rate, and systemic and pulmonary systolic (SAP and
PASP), diastolic (DBP and PADP), and mean (MBP and
PAMP) arterial pressures (mmHg) were recorded at
0.2 Hz. Cardiac output (CO, L/min) and mixed venous
oxygen saturation (SvO,, %) (Baxter 130 H 7.5F; Baxter
Edwards Critical Care, Irvine, CA) were recorded at
0.5 Hz. Using standard formulas, we computed cardiac
index (CI, L/min/mz), stroke index (SI, ml/min/mz), car-
diac power index (CPI) [21], systemic vascular resistance
(SVR) and pulmonary vascular resistance (PVR)
(dyne s/cm®), and left (LVSW) and right (RVSW) ven-
tricular stroke work (g m/m*). Body surface area was
0.6 £ 0.03 m?, as calculated by Kelley’s formula [22].
Arterial and venous blood gas tensions and hemoglobin
saturation were measured in an acid-base and co-oxymeter
analyzer at 37°C (ABL-520; Radiometer, Copenhagen,
Denmark). After the recording, before data analysis, all
signals were synchronized in relation to the different
experimental phases.

Experimental protocol

Figure 1 summarizes the experimental procedure. Briefly,
after a 30-min period of stabilization (7' — 30 min), ani-
mals received 30-min intravenous infusion of 150 pg/kg/
min Escherichia coli lipopolysaccharide (LPS, serotype
055:B5; Sigma Chemical Co., St. Louis, MO, USA),
diluted in 50 ml sterile isotonic saline [20]. Thirty min-
utes after the end of LPS infusion (T 4 60 min), pigs
were randomized to receive continuous infusion of iso-
tonic saline solution or esmolol. Esmolol was titrated to
decrease heart rate by 20% in keeping with previous
experiments in small animals showing favorable hemo-
dynamic and immune effects [18, 19]. In both groups,
animals were infused intravenously with 16 ml/kg/h iso-
tonic saline throughout the 5-h study period. None of the
animals received vasopressors or inotropic drugs. Arterial
and venous blood was sampled at baseline (7 — 30 min),
1 h from the beginning of LPS infusion (7 + 60 min),
and every 2 h (T + 180 min and 7 + 300 min).
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Fig. 1 Study design. The first A-VBG was sampled after 30 min of
stabilization. Then, animals received 30-min intravenous infusion
of 150 pg/kg/min LPS. After 30 min (post LPS phase), at
T + 60 min, animals were randomized to receive esmolol or
isotonic saline (IS). Before beginning the infusion, the second
A-VBG was sampled. At 7 + 180 min and 7 + 300 min, i.e., 2
and 4 h after beginning treatment with beta blockers or IS, the third

Data analysis

The analyses were mainly exploratory, the aim being to
try to explain and describe variability in the data. Formal
sample size calculation was difficult to perform because
of the longitudinal design of the study. Indeed, in this case
we need several pieces of a priori information, such as the
correlation between measurements as well as their vari-
ances at each time in addition to the expected effect size,
which are often not easy to obtain precisely. However, the
sample size was consistent with previous studies [20].
Median (interquartile range, IQR) is reported for all
variables. Wilcoxon’s rank-sum test was used for com-
parison of measurements between two different times.
Changes in the measured variables over time and across
treatment groups were examined using linear mixed
models [23] to account for correlation between mea-
surements from the same animal. Effects of time and
treatment as well as their interaction were included and
tested as appropriate (using the Kenward and Roger
adjustment for degrees-of-freedom calculation [24]) in the
model along with corresponding baseline measurements.
Model selection was performed using the Akaike infor-
mation criterion and Schwarz Bayesian criterion [25, 26].
As data were not normal, all measurements were trans-
formed by calculating the natural logarithm. Statistical
analyses were performed using SAS 9.1 statistical soft-
ware (SAS Institute, Cary, NC, USA). p-Values <0.05
were considered to be statistically significant. The statis-
tician remained blinded to the interventions.

T60min

T180min T300min

Period Test 1 Period Test 2

and fourth A-VBG were sampled. Throughout the duration of the
experiment, HR, BP, and PBP were recorded at 0.2 Hz, and cardiac
output and SvO, at 0.5 Hz. HR heart rate, CI cardiac index, SvO,
mixed venous oxygen saturation, PBP pulmonary blood pressure,
BP blood pressure, A-VBG arteriovenous blood gas, LPS Esche-
richia coli lipopolysaccharide, IS isotonic saline

Results
Effects of LPS

During the 30-min period of LPS infusion, heart rate, sys-
temic mean arterial pressure, systemic vascular resistance,
and pulmonary mean arterial pressure increased steadily
[HR: on average +8% (p = 0.065); MBP: on average
+14% (p = 0.002); SVR: on average +37% (p = 0.002);
PAMP: on average >+100% (p = 0.002)] (Table 1, see
also Supplementary Fig. S1). Simultaneously, cardiac
index and stroke index decreased by on average 8%
(p = 0.037) and 18% (p = 0.006), respectively.

Following LPS (T + 60 min), HR continued to increase
up to 130 (39) bpm, corresponding to an increase of 15% in
comparison with the previous 30-min period and of 24% in
comparison with baseline (Table 1 see also Supplementary
Fig. S1). Systemic MAP and SVR decreased significantly,
by 15% (p = 0.008) and 7% (p = 0.004), respectively.
Similarly, PAMP increased by 25% (p = 0.008). Cardiac
index and stroke index remained almost unchanged [CI: 4.3
(1.0) versus 4.3 (1.1) L/min/m?, p =0.57; SI: 34 (14)
versus 29 (20) ml/min/m?, p = 0.426].

As compared with baseline, at 7 4 60 min, SvO, and
DO, decreased by on average 9% (p = 0.004) and 30%
(p = 0.002), respectively. Meanwhile, avDO, and OER
(oxygen extraction ratio) increased by on average 37%
(p = 0.010) and 15% (p = 0.047), respectively (Table 1,
see also Supplementary Fig. S2). PaO,/FiO, ratio and tho-
racopulmonary compliance decreased significantly by on
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Table 1 Hemodynamic effects of LPS infusion

70 min T30 min T60 min Time effect
Baseline LPS infusion 30 min post LPS infusion (p value)
Median (IQR) Median (IQR) Median (IQR)
[min-max] [min-max] [min-max]
n=10 n=10 n=10
(30 min) (30 min) (30 min)

HR, b/min 107 (18) 115 (20) 130 (39) % 0.014
[86-140] [96-143] [93-185]

CO, L/min 3.2 (0.7) 2.9 (0.8) 2.8 (0.8) 0.349
[2.3-4.9] [1.2-4.2] [2.0-4.4]

CI, L/min/m? 5.0 (1.1) 4.7 (1.1) 4.8 (1.4) 0.033

5 [4.2-8.2] [2.1-7.1] [3.3-7.4] R

SI, ml/min/m 47.0 (17.1) 38.0 (16.7)* 32.2 (21.9)% 0.068
[34.3-65.3] [18.0-56.5] [25.3-51.5]

CPI, W/m? 0.9 (0.3) 1.0 (0.5) 0.8 (0.3) 0.048
[0.7-1.6] [0.5-1.5] [0.5-1.2] s

MBP, mmHg 88.4 (16.0) 98.8 (21.3)* 79.8 (6.8)7** <0.001
[59.9-94.7] [74.8-109.6] [44.2-106.8]

PMBP, mmHg 13.5 (11.4) 38.3 (4.8)* 20.7 (3.4)%8 0.431
[7.9-28.0] [22.5-41.4] [12.0-39.0]

SVR, dyne s/cm® 2,158 (874) 2,765 (1,314)* 1,812 (1,070)% <0.001
[1,430-3,137] [1,781-6,821] [1,240-4,243]

PVR, dyne s/cm’ 100 (17) 188 (83)* 90 (79)%: <0.010
[55-147] [76-282] [57-241]

LVSW, g m/m> 45 (22) 36 (20)* 29 (18)* 0.001

5 [27-73] [18-59] [10—%9]

RVSW, g m/m 8 (8) 18 (6)* 9 (6)°** 0.003
[3-17] [9-29] [6-15]

SvO,, % 77.2 (9.8) 70.7 (10.8)% 0.004
[67.9-88.3] [57.7-80.3]

PaO,/FiO, 493 (201) 451 (276)* 0.014
[222-577] [164-540]

avDO,, ml/dl 35@1.2) 4.8 2.3 0.010
[2.4-5.2] [3.1-6.3] _

VO,, mlOy/min 15.6 (4.6) 13.4 (3.5)" 0.002
[12.8-27.2] [9.0-16.4]

DO,, mlOy/min 64.0 (17.4) 45.3 (15.9)% 0.002
[47.7-101.7] [29.1-61.4]

OER, % 27.0 (9.0) 31 (13.0)% 0.047
[18.0-37.0] [20.0-39.0]

Values are medians of the last 10 min of each period (baseline, LPS
infusion, or post LPS). Acquisition frequency was 0.2 Hz for HR,
and systemic and pulmonary MBP, and 0.5 Hz for CO and SvO,.
For the oxygenation and respiratory variables, values corresponded
to the first and the second arterial blood gas, respectively, at the end
of the basal period and 30 min after the end of LPS infusion

Analyses ware performed with linear mixed models. $ Statistically
significant differences (i.e., p < 0.05) for comparisons between the
three phases. Mixed model post hoc tests based on estimated
marginal means were performed for comparison between basal and

average 11% (p = 0.014) and 17% (p = 0.027), respec-
tively. Airway resistance increased by +7% (p = 0.014).

Effects of esmolol

The median (IQR) dose of esmolol and the median time
required to achieve a 20% decrease in heart rate were 347
(129) pg/kg/min and 30 (34) min, respectively. Compar-
isons between esmolol-treated and esmolol-free animals

LPS phases (¥), LPS and post-LPS phases (**), and basal and post-
LPS phases %)

HR heart rate, CO cardiac output, C/ cardiac index, SI stroke index,
CPI cardiac power index, MBP mean blood pressure, PMBP pul-
monary mean blood pressure, SVR systemic vascular resistance,
PVR pulmonary vascular resistance, LVSW left ventricular stroke
work, RVSW right ventricular stroke work, SvO, mixed venous
oxygen saturation, avDO, arteriovenous oxygen difference, VO,
oxygen consumption, DO, oxygen delivery, OER oxygen extrac-
tion ratio

are presented in Table 2; Fig. 2 (see also Supplementary
Figs. S3 and S4).

In esmolol-treated animals, heart rate was kept con-
stant over time at 20% below basal values. In the saline
group, HR increased by 7% and 22%, respectively, at
T+ 180 min and T + 300 min (group difference:
p < 0.001). In esmolol-treated animals, cardiac index
decreased by 9% at T + 180 min and by 2% at T +
300 min. In controls, it decreased by 14% at T + 180 min
and by 27% at T 4 300 min (Table 2; group difference:
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Fig. 2 Hemodynamic effects of esmolol infusion in LPS model.
Relative variations (mean and SEM) in hemodynamics parameters
are given from the beginning of the treatment, i.e., 7 4+ 60 min,
(esmolol or SI) to the end of the experimentation (4 h of recording).
Linear mixed model analyses. Each point represents the mean value
of the 5 pigs for the different hemodynamic parameters and the two
groups (LPS and LPS-BB). Each hemodynamic signal was acquired

p = 0.870). By contrast, in esmolol-treated animals
stroke index was 31 (6) and 47 (11) ml/min/m?> at
T+ 180 min and T + 300 min, respectively, and
decreased in controls from 45 (20) to 18 (13) ml/min/m?>
(group difference: p = 0.030). There were no significant
difference between esmolol-treated and esmolol-free
septic pigs for any other variables, except for SVR (group
difference: p = 0.017) (Table 2; Fig. 2).

MBP

=N WH
©oo0ooo
i

0l
-10¢€ T

-20 W1 a1 Hﬁ‘hl"l“““rime, min
| st LTI LTS

-50

Relative Variation (%)

SI

100 -

“i.;lllllll;m...ll.;. .
3 +J.J_L__1§0LL 268ime, mi

J-.|:__;.|_J____

Relative Variation (%)
N
=)

Treatment
Initiation

m LPS-BB
LPS

at frequency of 0.2 Hz. One point represents the mean value of
10 min recording. In the LPS BB group, the HR was decreased by
20% as expected. This level was maintained during all the
experimentation. This HR decrease was not associated with a
cardiac index decrease. HR heart rate, CI cardiac index, SI stroke
index, MBP mean blood pressure, SVR systemic vascular resis-
tance, BB beta-blockers

Discussion

This was the first time that intravenous f1-blockers were
investigated in septic large animals. This study demon-
strated that this treatment was well tolerated in terms of
cardiovascular functions.

Pigs were chosen as a clinically relevant species,
resembling humans in various functions as assessed by
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cardiovascular, respiratory, and biochemical parameters
[27]. We deliberately investigated the cardiovascular
tolerance of esmolol in the worst hemodynamic condi-
tions associated with sepsis, to maximize the potential
detrimental effects of slowing heart rate with f1-block-
ade. First, this porcine model of endotoxin shock was
characterized, as previously reported [20], by hypoten-
sion, vasodilation, and decreased cardiac output, despite
administration of 16 ml/kg/h fluid resuscitation. Second,
animals were kept free of inotropes and vasopressor
therapy. Third, we sedated the animals with sodium
pentothal, which is known to have major cardiodepressive
effects.

We selected esmolol as it is an ultrashort-acting f1-
blocker to be administered intravenously. At therapeutic
doses, it has no intrinsic sympathomimetic activity or
membrane-stabilizing effect. Its half-life of distribution is
very fast (approximately 2 min) [28]. These pharmaco-
kinetic properties allowed gentle titration and rapid
resolution of any potential negative effects after stopping
treatment. The dose of esmolol was selected in individual
animals to achieve a 20% decrease in heart rate, as pre-
vious experiments in septic rats have shown substantial
favorable effects on cardiac and immune functions [18].
A 20% decrease in heat rate was also how propranolol
was titrated to show benefit in severely burned children
[16].

Esmolol infusion did not induce cardiovascular col-
lapse in any of the septic animals. This treatment has no
relevant effect on cardiac index or systemic arterial
pressure, and the lower systemic vascular resistance

observed at the end of the experiment depicted the pro-
found preterminal vasoconstriction in controls. The
prevention by esmolol of detrimental increase in systemic
vascular resistance may further contribute to improved
cardiac work during endotoxemia. The observed lack of
esmolol-related alteration in systemic and pulmonary
hemodynamic and in indices of tissue oxygenation is in
agreement with findings reported in small animals [18,
19]. The improvement in stroke index following esmolol
infusion argued in favor of cardioprotective effects of f5-1
blockade in large animals with sepsis. These findings also
support the hypothesis of a positive preload effect induced
by heart rate reduction. Our findings are in line with those
previously obtained in a sublethal endotoxemic model in
dogs with propranolol, a nonselective beta-blocking agent
[29]. In that model, infusion of propranolol 1 h after
endotoxemia prevented the second phase of hypotension
and improved animals’ survival. While these preclinical
findings are promising, much additional work is needed to
characterize the risk—benefit profile of this approach.
Indeed, we have learned from the POISE trial that pre-
liminary promising effects of beta-blockers in the
perioperative setting [14, 15] may not translate into sur-
vival benefit [30].

In conclusion, in large animals with endotoxemic
shock, selective -1 blockade is well tolerated and offsets
sepsis-induced cardiac dysfunction, confirming findings
reported in small animals.
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