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Abstract

Background: Animal studies on cardiac arrest found that a combination of epinephrine with
esmolol attenuates post-resuscitation myocardial dysfunction. Based on these findings, we
hypothesized that esmolol-epinephrine combination therapy would be superior to a reported
cardioprotective esmolol therapy alone in a mouse model of myocardial ischemia and reperfusion
(IR) injury.

Methods: C57BL/6J mice were subjected to 60 min of myocardial ischemia and 120 min of
reperfusion. Mice received either saline, esmolol (0.4 mg/kg/h), epinephrine (0.05 mg/kg/h), or
esmolol combined with epinephrine (esmolol: 0.4 mg/kg/h or 0.8 mg/kg/h and epinephrine: 0.05
mg/ka/h) during reperfusion. After reperfusion, infarct sizes in the area-at-risk and serum cardiac
troponin-I levels were determined. Hemodynamic effects of drugs infused were determined by
measurements of heart rate (HR) and mean arterial blood pressure (MAP) via a carotid artery
catheter.

Results: Esmolol during reperfusion resulted in robust cardioprotection (esmolol vs. saline:
24.3+8% vs. 40.6x£3% infarct size), which was abolished by epinephrine co-administration
(38.1+£15% infarct size). Increasing the esmolol dose, however, was able to restore esmolol-
cardioprotection in the epinephrine-esmolol (18.6+8% infarct size) co-treatment group with
improved hemodynamics compared to the esmolol group (epinephrine-esmolol vs. esmolol: MAP
80 vs. 75 mmHg, HR 452 vs. 402 beats/min).

Conclusion: These results confirm earlier studies on esmolol-cardioprotection from myocardial
IR-injury and demonstrate that a dose optimized epinephrine-esmolol co-treatment maintains
esmolol-cardioprotection with improved hemodynamics compared to esmolol treatment alone.
These findings might have implications for current clinical practice in hemodynamically unstable
patients suffering from myocardial ischemia.
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Introduction

Methods

Epinephrine is a particularly potent 1 adrenergic receptor agonist with moderate f2 and a1
adrenergic receptor activity. Clinically, low doses of epinephrine increase cardiac output
(CO) because of the B1 adrenergic receptor inotropic and chronotropic effects, while the p2
adrenergic receptor vasodilation often offsets the a adrenergic receptor-induced
vasoconstriction. Therefore low dose epinephrine results in an increased CO, with decreased
systemic vascular resistance [1]. However, at higher epinephrine doses the alpha-adrenergic
receptor effect causes increased peripheral vasoconstriction, in addition to an increased CO.
Epinephrine is most often used for the treatment of anaphylaxis and management of
hypotension following coronary artery bypass grafting.

Furthermore, epinephrine is currently the only treatment for cardiac arrest. In cardiac arrest,
epinephrine shows the most efficacy in the return of spontaneous circulation [2]. However,
recent studies have raised doubts about the benefit of epinephrine regarding neurological
outcomes in cardiac arrest [3-5]. Also, epinephrine can increase post-resuscitation
myocardial dysfunction [6]. Moreover, epinephrine use in the stabilization of a cardiogenic
shock in post-myocardial infarction patients has been found to increase the incidence of
refractory shock [7]. In fact, beta-adrenergic receptor stimulation has been suggested to have
deleterious effects as stimulation of this pathway increases oxygen consumption and reduces
sub-endocardial perfusion [6].

In contrast, esmolol, a cardio-selective p1-blocker, has been shown to provide
cardioprotection after myocardial ischemia in animal [8] and human studies [9]. Therefore,
esmolol co-administration to epinephrine may help to reduce epinephrine-reperfusion injury
but maintain esmolol-cardioprotection and epinephrine mediated increases in chronotropy
and inotropy. Indeed, recent studies in animals found beneficial effects of epinephrine and
esmolol co-administration in a cardiac arrest model [10]. Based on these findings, we
investigated esmolol-epinephrine combination therapy in a mouse model of myocardial
ischemia and reperfusion injury. Using an in-situ mouse model for myocardial ischemia and
reperfusion injury in combination with measurement of hemodynamics, we demonstrated
that esmolol-epinephrine co-administration during reperfusion maintain an esmolol
mediated reduction in infarct sizes and troponin I levels but at the same time keep some 1
adrenergic effects with improved hemodynamics.

Mouse Experiments.

Experimental protocols were approved by the Institutional Review Board (Institutional
Animal Care and Use Committee [IACUC]) at the University of Colorado Denver, USA.
They were following the NIH guidelines for the use of live animals. To eliminate gender-
and age-related variations, we routinely used 12- to 16-week-old male C57BL/6J mice [11-
13]. C57BL/6J is the most widely used inbred strain and the first to have its genome
sequenced. To guarantee reproducibility and to be able to compare these data to previous and
future studies, this strain was chosen.
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Experimental groups:

C57BL/6J wildtype mice [n=6 per group; 5 groups, total of 30 mice] received either saline,
esmolol (0.4mg/kg/h), epinephrine (0.05 mg/kg/h), or esmolol combined with epinephrine
(esmolol: 0.4 mg/kg/h or 0.8 mg/kg/h and epinephrine: 0.05 mg/kg/h) during 120 min of
reperfusion following 60 min of myocardial ischemia via intraarterial continuous infusion.
The initial dose of esmolol (0.4 mg/kg/h) was chosen as it was below the inotropic blocking
threshold effect in the mouse [14]. The epinephrine dose was chosen as the average dose
used in cardiogenic shock after myocardial infarction [7].

Pharmacological compounds.

Epinephrine (Merit Pharmaceutical, USA) and esmolol (Baxter, USA) infusion rates during
120 min of reperfusion were 0.05 mg/kg/h (~0.83 pg/kg/min) and 0.4 mg/kg/h or 0.8
mg/kg/h (~6.7 or 13.3 pg/kg/min), respectively.

Murine Model for myocardial ischemia and reperfusion injury [11, 12, 15-21].

C57BL/6J were obtained from Jackson Laboratories. Anesthesia was induced with 70mg/kg
i.p. and maintained with 10 mg/kg/h i.p. of pentobarbital as necessary. Myocardial ischemia
and reperfusion injury in mice was performed as described previously [11, 12, 15-21].
Infarct sizes were determined by calculating the percentage of infarcted myocardium to the
area at risk (AAR) using a double staining technique with Evan’s blue and
triphenyltetrazolium chloride (TTC). Using planimetry via the NIH software Image 1.0
(National Institutes of Health, Bethesda, MA), the AAR and the infarct size were
determined. All animals were under deep anesthesia while performing surgical procedures.
After study completion, animals were euthanized with an overdose of pentobarbital and
exsanguination.

Heart Enzyme Measurement.

Blood was collected by central venous puncture for troponin | (cTnl) measurements using a
quantitative rapid cTnl assay (Life Diagnostics, Inc., West Chester, PA, USA). cTnl is highly
specific for myocardial ischemia and has a well-documented correlation with the infarct size
in mice [15, 17, 18, 20] and humans [22].

Blood pressure and heart rate measurements.

A polyethylene catheter was inserted in the right carotid artery as described previously [23].
The catheter was connected to a Deltran® pressure transducer (Utah Medical Products Inc.,
Salt Lake City, UT, USA) located at the same hydrostatic level as the mouse, which was
connected to the CyQ BMPO02 system (CyberSense, Inc., Nicholasville, KY, USA) designed
to measure invasively systolic, diastolic, pulse pressure, mean arterial blood pressure (MAP)
and heart rate (HR). Due to a sampling rate of 1,000 Hz, the device automatically calculates
HR from the amplitude of the pressure signal.

Data analysis.

Data were compared by one-way ANOVA with Tukey’s post-hoc test, by Student’s t-test or
linear regression where appropriate. Values are expressed as mean (xSD). £<0.05 was
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considered statistically significant. The Kolmogorov Smirnov test was used to confirm
normal distribution. For all statistical analysis, GraphPad Prism 7.0 software was used. The
authors had full access to and take full responsibility for the integrity of the data. All authors
have read and agree to the manuscript as written.

Epinephrine during myocardial ischemia and reperfusion does not increase infarct sizes.

As epinephrine increases heart rate and contractility, thereby leading to an increase in
oxygen consumption [24] and based on earlier studies on cardiac arrest that found that
epinephrine significantly increased the severity of post-resuscitation myocardial dysfunction
and decreased the survival rate [6], we first evaluated the effects of epinephrine on infarct
sizes during acute myocardial ischemia and reperfusion (IR) injury. After 60 minutes of
myocardial ischemia, epinephrine infusion was started at a rate of 0.05 mg/kg/h
intravenously for 120 min of reperfusion. Following analysis of infarct sizes, however,
revealed no differences in infarct sizes when compared to saline-treated control mice
(epinephrine vs. saline: 34.6+10% vs. 40.6+£3%, mean+SD, n=6, Figure 1 A, B). Taken
together, epinephrine does not increase infarct sizes during myocardial IR-injury.

Esmolol is cardioprotective in myocardial ischemia and reperfusion injury.

As multiple studies demonstrated a cardioprotective effect of esmolol [8-10], we next
evaluated esmolol infusion during reperfusion injury. Indeed, esmolol at a rate of 0.4
mg/kg/h during reperfusion revealed significantly smaller infarcts sizes when compared to
saline-treated control mice (esmolol vs. saline: 24.3+8.6% vs. 40.6+3%, mean+SD, n=6,
Figure 1 A, B). Taken together, selective B1-blockade during reperfusion provides robust
cardioprotection from IR-injury which is in line with previous studies.

Co-administration of epinephrine-esmolol abolishes esmolol cardioprotection.

Based on findings on the beneficial effects of epinephrine-esmolol co-administration in a
cardiac arrest model [10], we next evaluated the effects of epinephrine plus esmolol infusion
during reperfusion on infarcts sizes. However, epinephrine and esmolol co-administration
resulted in similar infarct size as in the saline-treated group (epinephrine+esmolol vs. saline:
38.1+15% vs. 40.6+3%, mean+SD, n=6, Figure 1 A, B.). Taken together, epinephrine-
esmolol co-administration during myocardial ischemia and reperfusion injury can
compromise the cardioprotective effects of esmolol.

Increased esmolol dose restores esmolol-cardioprotection in epinephrine-esmolol co-
administration during myocardial ischemia and reperfusion injury.

Based on findings on the beneficial effects of epinephrine-esmolol co-administration in a
cardiac arrest model [10], we adapted the esmolol dose to achieve a similar ratio of esmolol:
epinephrine of 15:1 as used in the aforementioned cardiac arrest model. Indeed, using 0.8
mg/kg/h esmolol with 0.05 mg/kg/h epinephrine infusion during reperfusion revealed the
same cardioprotective effects as esmolol therapy alone (epinephrine+esmolol-high vs.
saline: 18.6+8% vs. 40.6+3%, mean£SD, n=6, Figure 1 A, B.). Taken together, increasing
the esmolol dose can antagonize the adverse B1 adrenergic effects of epinephrine.
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Troponin | values correlate with infarct size measurements.

As the infarct size determination via TTC staining can result in falsely small infarct sizes if
the reperfusion is compromised due to a no-reflow phenomenon [25], we also determined
troponin-1 serum levels which have been shown to correlate with infarct sizes [15].
Troponin-I measurements in all groups revealed similar myocardial injury as found with our
infarct size measurements (Figure 2 A), validating our TTC based infarct size staining. Also,
we confirmed a significant correlation between infarct size and serum troponin | levels
(Figure 2 B). Taken together, epinephrine infusion in combination with a higher esmolol
dose during myocardial ischemia and reperfusion injury significantly reduces infarct sizes
and troponin | serum levels.

Epinephrine increases blood pressure and heart rate even in combination with high dose

esmolol.

To understand if our cardioprotective epinephrine co-treatment with high esmolol would also
result in better hemodynamic parameters than esmolol alone, we next evaluated the effects
of our treatment protocols on mean arterial blood pressure (MAP) and heart rate (HR) using
invasive monitoring. As shown in Figure 3 and 4, epinephrine most consistently increased
the HR during reperfusion in all groups, while MAP increases were less pronounced. We
next compared individual groups to analyze significant HR and MAP changes during
reperfusion. We found that epinephrine [0.05 mg/kg/h] vs. saline, epinephrine [0.05
mg/kg/h] vs. esmolol [0.4 mg/kg/h], epinephrine [0.05 mg/kg/h] + esmolol [0.4 mg/kg/h] vs.
esmolol [0.4 mg/kg/h] or epinephrine [0.05 mg/kg/h] + esmolol [0.8 mg/kg/h] vs. esmolol
[0.4 mg/kg/h] significantly increased the MAP during a short period in the early reperfusion
period (Figure 5A-D). However, a statistical comparison of saline vs. esmolol [0.4 mg/kg/h]
revealed no significant differences in MAP.

As epinephrine is a very potent B1 agonist, we further evaluated the heart rate for significant
changes during the reperfusion period. We demonstrated that epinephrine [0.05 mg/kg/h] vs.
saline, epinephrine [0.05 mg/kg/h] + esmolol [0.4 mg/kg/h] vs. saline, epinephrine [0.05
mg/kg/h] + esmolol [0.8 mg/kg/h] vs. saline, epinephrine [0.05 mg/kg/h] + esmolol [0.4
mg/kg/h] vs. esmolol [0.4 mg/kg/h] or epinephrine [0.05 mg/kg/h] + esmolol [0.8 mg/kg/h]
vs. esmolol [0.4 mg/kg/h] had significantly higher HRs during the full period of 120 min of
reperfusion (Figure 6A-E). However, a statistical comparison of saline vs. esmolol [0.4
mg/kg/h] revealed no significant differences in HR. Together, these data indicate that our
cardioprotective epinephrine co-treatment with an increased esmolol dose significantly
activates 1 receptors which ultimately results in improved hemodynamics when compared
to esmolol treatment alone. In addition, these data suggest that esmolol cardioprotection
only requires to block of a small portion of B1 receptors.

Discussion

In the present study, we pursued the role of an epinephrine-esmolol co-therapy after
myocardial infarction, based on data from a cardiac arrest animal model [10]. Comparing
different esmolol doses in combination with epinephrine, we demonstrate that at a specific
esmolol-epinephrine ratio (15:1), esmolol-cardioprotection and epinephrine p1 mediated
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hemodynamic activity can both simultaneously exist during myocardial ischemia and
reperfusion injury. These findings might have implications for current clinical practice in the
treatment of patients with cardiogenic shock [26].

Already in the early 1970s, studies have shown that in open-chest anesthetized dogs, early
intravenous administration of beta-blockers reduced myocardial infarct sizes [27]. Animal
models further revealed that when administered either before or during coronary artery
occlusion, beta blockers decreased structural damage to mitochondria and microvasculature
injury [28]. Subsequently, studies on the ultrashort-acting esmolol after the occlusion but
before reperfusion found reduced myocardial infarct sizes in experimental models [29]. A
more recent clinical trial on beta-blockers after STEMI (METOCARD-CNIC) observed that
early intravenous metoprolol before reperfusion decreased infarct size and increased left
ventricular ejection fraction in patients after STEMI [30].

In contrast, a cardiogenic shock after myocardial ischemia disallows the use of esmolol due
to hemodynamic instability. Interestingly, a definite recommendation for a specific
catecholamine regimen in cardiogenic shock is lacking [31]. The therapeutic goal of a
cardiogenic shock is to maintain arterial pressure adequate for tissue perfusion. Dopamine,
however, which was once considered the drug of choice, should be used with caution, as
dopamine can increase the rate of adverse events in cardiogenic shock [32]. As such,
clinicians often use norepinephrine with low doses of dobutamine, epinephrine [31] or
norepinephrine [7].

While studies have shown that epinephrine is as effective as norepinephrine-dobutamine co-
administration or norepinephrine alone, epinephrine can increase the heart rate, cause
arrhythmias, and compromise gastric mucosa perfusion. Moreover, epinephrine use in the
stabilization of a cardiogenic shock in post-myocardial infarction patients has been found to
increase the incidence of a refractory shock [7]. Also, beta-adrenergic receptor stimulation
has been suggested to have harmful effects as stimulation of this pathway increases oxygen
consumption and reduces sub-endocardial perfusion [6]. Thus, the combination of
norepinephrine-dobutamine or norepinephrine alone appears to be a safer strategy [7, 31].

Combination therapy of epinephrine with esmolol seems less intuitive in cardiogenic shock
after myocardial ischemia: higher esmolol doses could compromise epinephrine mediated
increases of cardiac output via f1 adrenergic receptor inotropic and chronotropic effects, or
higher epinephrine doses could compromise esmolol mediated cardioprotection via f1
adrenergic receptor blockade. Indeed, our studies demonstrate that combining a standard
dose of epinephrine - as used in cardiogenic shock - with a low dose of esmolol, that does
not compromise the inotropic effects but is cardioprotective, ultimately abolished esmolol
mediated infarct size reduction in myocardial ischemia and reperfusion injury.

Surprisingly, by increasing the esmolol dose, we were able to restore esmolol-
cardioprotection while heart rate and some blood pressures in the early reperfusion phase
were significantly increased compared to an esmolol treatment alone. This finding is novel
and highlights that esmolol cardioprotection is not fully understood. Having increased heart
rates, which is p1 mediated, and at the same time seeing cardioprotection via esmolol p1
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blockade, indicates that only a part or short-term blockade of 1 receptors is necessary for
the salutary effects of esmolol in myocardial ischemia and reperfusion injury.

While we did not directly measure cardiac output in our animals studies, the heart rate is a
significant determinant of the cardiac output [33]. Because cardiac output is the product of
heart rate and stroke volume, humans have a much greater ability than rodents to increase
their cardiac output during exercise by both heart rate and stroke volume mediated
mechanisms. In other words, the cardiac reserve of humans is much greater than rodents.
Unlike humans, mice possess a limited ability to increase cardiac output by increasing stroke
volume. Instead, mice cardiac output is significantly dependent on heart rate, indicating they
have less preload reserve [34, 35]. Moreover, the heart rate increase, as seen in our
cardioprotective epinephrine-high-esmolol co-therapy is p1 receptor mediated. As p1
adrenergic receptor activation has chronotropic and inotropic effects, increased cardiac
output seems very likely in our setting. Also, the combination of increased heart rate with
moderate increases of blood pressure further indicates increases in the cardiac output instead
of increases in peripheral vasoconstriction.

While some clinicians occasionally use esmolol in patients on epinephrine infusion due to
cardiogenic shock going off cardiac bypass to treat epinephrine-induced arrhythmias, no
study to date has evaluated potential cardioprotective effects of esmolol-epinephrine co-
administration during cardiac bypass surgery or a cardiogenic shock. As this is the first
animal study on epinephrine-esmolol co-administration during myocardial ischemia and
reperfusion injury, further studies in larger animals using multiple dosing protocols are
indicated. In fact, one of our biggest limitation is that we only used two different esmolol
+epinephrine combination therapies. Thus, further studies will be required to evaluate 1)
multiple dose-effect combination therapies and 2) the underlying mechanism of how esmolol
can be still cardioprotective even when the epinephrine B1 activating action is dominating
the esmolol B1 blocking effects. However, if our findings are reproducible, human studies
might be indicated to understand if patients in cardiogenic shock could benefit from an
epinephrine-esmolol co-therapy.

Our studies confirm earlier studies on esmolol-cardioprotection from myocardial ischemia
and reperfusion injury and demonstrate that a dose optimized epinephrine-esmolol co-
treatment maintains esmolol-cardioprotection with improved hemodynamics compared to
esmolol treatment alone. These findings might have implications for current clinical practice
in hemodynamically unstable patients suffering from myocardial ischemia or undergoing
cardiac bypass surgery.
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Figure 1. Increased esmolol dose restores esmolol-cardioprotection in epinephrine-esmolol co-
administration during myocardial ischemia and reperfusion injury.

C57BL/6J wildtype mice underwent 60 min of myocardial ischemia followed by 120
minutes of reperfusion. Wildtype mice received either saline, esmolol (0.4mg/kg/h),
epinephrine (0.05 mg/kg/h), or esmolol combined with epinephrine (esmolol: 0.4 mg/kg/h or
0.8 mg/kg/h and epinephrine: 0.05 mg/kg/h) during 120 min of reperfusion. Infarct sizes
were determined by using standard double staining with Evan’s blue and TTC (triphenyl-
tetrazolium chloride). The percent of the area at risk (AAR) that underwent infarction
indicates the infarct size. (A) Infarct sizes as the percent of AAR. (B) Representative infarct
staining (n=6; mean+SD; p<0.05).
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Figure 2. Troponin | values correlate with infarct size measurements.
C57BL/6J wildtype mice underwent 60 min of myocardial ischemia followed by 120

minutes of reperfusion. Wildtype mice received either saline, esmolol (0.4mg/kg/h),
epinephrine (0.05 mg/kg/h), or esmolol combined with epinephrine (esmolol: 0.4 mg/kg/h or
0.8 mg/kg/h and epinephrine: 0.05 mg/kg/h) during 120 min of reperfusion. Serum troponin-
I levels were measured by enzyme-linked immunosorbent assay (ELISA). (A) Serum

troponin-I levels. (B) The linear

correlation between serum troponin-I levels and infarct

sizes as the percent of the area at risk (AAR; n=6; mean+SD; p<0.05).
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Figure 3. Comparison of heart rates.
C57BL/6J mice were anesthetized with pentobarbital and mechanically ventilated. The

common carotid artery was cannulated with a polyethylene tube. The arterial catheter was
then connected to a pressure transducer which automatically calculated the heart rate (HR)
by analyzing the amplitude of the pressure signal. Values were recorded to computer hard
drive for further analysis. Mice underwent 60 min of myocardial ischemia followed by 120
minutes of reperfusion. During reperfusion, mice received either saline, esmolol
(0.4mg/kg/h), epinephrine (0.05 mg/kg/h), or esmolol combined with epinephrine (esmolol:

Curr Pharm Des. Author manuscript; available in PMC 2019 September 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Oyama et al.

Page 14

0.4 mg/kg/h or 0.8 mg/kg/h and epinephrine: 0.05 mg/kg/h). HR was recorded during the
whole procedure; (n=6; mean+SD; p<0.05).
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Figure 4. Comparison of mean arterial blood pressures.
Following insertion of a catheter into the common carotid artery, mean arterial blood

pressure (MAP) was measured while C57BL/6J wildtype mice underwent 60 min of
myocardial ischemia followed by 120 minutes of reperfusion. During reperfusion, mice
received either saline, esmolol (0.4mg/kg/h), epinephrine (0.05 mg/kg/h), or esmolol
combined with epinephrine (esmolol: 0.4 mg/kg/h or 0.8 mg/kg/h and epinephrine: 0.05
mg/kg/h). MAP was recorded during the whole procedure (n=6; mean+SD; p<0.05).
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Figure 5. Epinephrine plus high dose esmolol leads to higher blood pressures than low dose
esmolol treatment
Mean arterial blood pressure (MAP) was measured while C57BL/6J wildtype mice

underwent 60 min of myocardial ischemia followed by 120 minutes of reperfusion. Only
significant comparisons are shown: epinephrine [0.05 mg/kg/h] vs. saline (A), epinephrine
[0.05 mg/kg/h] vs. esmolol [0.4 mg/kg/h] (B), epinephrine [0.05 mg/kg/h] + esmolol [0.4
mg/kg/h] vs. esmolol [0.4 mg/kg/h] (C) or epinephrine [0.05 mg/kg/h] + esmolol [0.8
mg/kg/h] vs. esmolol [0.4 mg/kg/h] (D) significantly increased the MAP during the
reperfusion period (n=6; mean+SD; p<0.05).
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Figure 6. Epinephrine plus high dose esmolol leads to higher heart rates than low dose esmolol
treatment

Heart rates (HRs) were measured while C57BL/6J wildtype mice underwent 60 min of
myocardial ischemia followed by 120 minutes of reperfusion. Only significant comparisons
are shown: epinephrine [0.05 mg/kg/h] vs. saline (A), epinephrine [0.05 mg/kg/h] + esmolol
[0.4 mg/kg/h] vs. saline (B), epinephrine [0.05 mg/kg/h] + esmolol [0.8 mg/kg/h] vs. saline
(C), epinephrine [0.05 mg/kg/h] + esmolol [0.4 mg/kg/h] vs. esmolol [0.4 mg/kg/h] (D) or
epinephrine [0.05 mg/kg/h] + esmolol [0.8 mg/kg/h] vs. esmolol [0.4 mg/kg/h] (E) had
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significantly higher HRs during the full period of 120 min of reperfusion (n=6; meanSD;
p<0.05).
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