
The cardioprotection granted by metoprolol is restricted to its
administration prior to coronary reperfusion

Borja Ibaneza,b, Giovanni Cimminoa, Susanna Prat-Gonzáleza, Gemma Vilahurc, Randolph
Huttera, Mario J. Garcíaa, Valentin Fustera,b, Javier Sanza, Lina Badimonc, and Juan J.
Badimona,*

aAtherothrombosis Research Unit, Mount Sinai School of Medicine, New York, NY, USA
bFundación Centro Nacional de Investigaciones Cardiovasculares Carlos III (C.N.I.C), Madrid,
Spain
cCardiovascular Research Center, CSIC-ICCC, Hospital de la Santa Creu i Sant Pau, UAB,
Barcelona, Spain

Abstract
Background—Myocardial infarct size is a strong predictor of cardiovascular events. Intravenous
metoprolol before coronary reperfusion has been shown to reduce infarct size; however, it is
unknown whether oral metoprolol initiated early after reperfusion, as clinical guidelines
recommend, is similarly cardioprotective. We compared the extent of myocardial salvage
associated with intravenous pre-reperfusion-metoprolol administration in comparison with oral
post-reperfusion-metoprolol or placebo. We also studied the effect on suspected markers of
reperfusion injury.

Methods—Thirty Yorkshire-pigs underwent a reperfused myocardial infarction, being
randomized to pre-reperfusion-metoprolol, post-reperfusion-metoprolol or placebo. Cardiac
magnetic resonance imaging was performed in eighteen pigs at day 3 for the quantification of
salvaged myocardium. The amounts of at-risk and infarcted myocardium were quantified using
T2-weighted and post-contrast delayed enhancement imaging, respectively. Twelve animals were
sacrificed after 24 h for reperfusion injury analysis.

Results—The pre-reperfusion-metoprolol group had significantly larger salvaged myocardium
than the post-reperfusion-metoprolol or the placebo groups (31±4%, 13±6%, and 7±3% of
myocardium at-risk respectively). Post-mortem analyses suggest lesser myocardial reperfusion
injury in the pre-reperfusion-metoprolol in comparison with the other 2 groups (lower neutrophil
infiltration, decreased myocardial apoptosis, and higher activation of the salvage-kinase phospho-
Akt). Salvaged myocardium and reperfusion injury pair wise comparisons proved there were
significant differences between the pre-reperfusion-metoprolol and the other 2 groups, but not
among the latter two.

Conclusions—The intravenous administration of metoprolol before coronary reperfusion results
in larger myocardial salvage than its oral administration initiated early after reperfusion. If
confirmed in the clinical setting, the timing and route of β-blocker initiation could be revisited.
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1. Introduction
The intravenous (i.v.) administration of the β-blocker metoprolol during ongoing ischemia
has been shown to increase myocardial salvage [1]. However, the mechanisms responsible
for the observed cardioprotection remain elusive. Clinical guidelines recommend the oral
administration of β-blockers in patients with acute myocardial infarction (MI) [2]; though,
whether the oral administration of metoprolol, initiated early after coronary reperfusion, as
current clinical practice guidelines recommend [2], exerts similar effect on myocardial
salvage is also unknown.

Indirect evidence suggest that the early i.v. initiation of β-blockers before mechanical
reperfusion result in less cardiovascular events and improved myocardial recovery [3],
however a study systematically comparing the pre-reperfusion β-blocker administration vs.
the oral post-reperfusion route of administration is lacking. The understanding of the impact
of the time of β-blocker initiation may have clinical implications, since the early i.v. route of
β-blocker initiation is not encouraged [2,4].

Recent literature supports the notion that metoprolol can block the migration of neutrophils
both in vitro [5] and in vivo [6], and also display antiapoptotic properties in different
conditions like heart failure [7]. Both mechanisms (neutrophil infiltration and apoptosis)
have been proposed as major contributors to reperfusion injury [8,9]. Therefore, we
hypothesized that the cardioprotective effect of metoprolol could be mediated via reduction
in reperfusion injury, and therefore restricted to its administration before the restoration of
coronary flow.

The aims of the present work were to compare the extent of myocardial salvage associated
with the pre-reperfusion i.v. administration of metoprolol in comparison with its oral post-
reperfusion initiation. We additionally studied the effect of metoprolol administration on
suspected markers of myocardial reperfusion injury.

2. Materials and methods
2.1. Study design

A reperfused anterior MI was induced in thirty male Yorkshire Albino pigs (weight 28±0.5
kg). Animals were randomized 1:1:1 to 1) i.v. metoprolol before reperfusion followed by
oral metoprolol after reperfusion (pre-reperfusion-metoprolol group), 2) i.v. placebo before
reperfusion followed by oral metoprolol after reperfusion (post-reperfusion-metoprolol
group) or 3) i.v. placebo before reperfusion alone (placebo group). Eighteen animals
underwent cardiac magnetic resonance imaging (MRI) 72h post-MI for the quantification of
left ventricular (LV) functional parameters, area of myocardium at-risk, and MI size, as
previously validated [1]. Twelve pigs (4 in each group) were sacrificed 24h after reperfusion
for further evaluation of reperfusion injury. The study protocol was approved by the Mount
Sinai School of Medicine animal research committee. All animals received humane care in
compliance with the “Guide for the Care and Use of Laboratory Animals.”
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2.2. Experimental procedures
Acute MIs were experimentally created as previously described [1]. In summary,
anaesthesia was induced by intramuscular injection of ketamine (30 mg/kg), xylazine (2.2
mg/kg), and atropine (0.05 mg/kg). Animals underwent endotracheal intubation, and
anesthesia was maintained by isofluorane inhalation. A continuous infusion of amiodarone
(300 mg, 75 mg/h) was initiated at the beginning of the procedure in all pigs as prophylaxis
for malignant ventricular arrhythmias [1]. The left anterior descending (LAD) coronary
artery was occluded for 90min with an angioplasty balloon via percutaneous femoral
approach. The site of occlusion was immediately distal to the origin of the first diagonal
branch. Thirty minutes after coronary occlusion, 7.5 mg of i.v. metoprolol were infused in
the pre-reperfusion-metoprolol group: three 2.5 mg boluses of metoprolol tartrate (1 mg/ml
ampuls, Hospira Inc., Lake Forest, IL, USA) every 3–5min. Animals in the post-reperfusion-
metoprolol and the placebo groups received equal amounts of placebo (saline) infusion
following the same timing and intervals. The medication (injectable metoprolol or placebo)
was prepared in non-labelled syringes before the MI induction, and administered by
operators blinded to the randomization.

Animals allocated to the pre- and the post-reperfusion-metoprolol groups received 50 mg of
oral metoprolol (metoprolol tartrate, UDL Laboratories, Inc., Rockford, IL, USA) every 12h
for the entire duration of each protocol, starting after reperfusion. Buprenorphine (0.03 mg/
kg) and cefazoline (25 mg/kg) were additionally administered every 12h in all animals.

2.3. Non-invasive MRI protocol
For the MRI studies, pigs were anesthetized by intramuscular injection of ketamine,
xylazine, and atropine. Anaesthesia was maintained by continuous propofol i.v. infusion,
and animals were kept under mechanical ventilation. MRI studies were performed with a
1.5T magnet (Magneton Sonata©, Siemens Medical Solutions, Erlangen, Germany) by
operators blinded to the study arm, following a protocol previously reported [1]. In
summary, images were acquired with electrocardiographic gating and during suspended
respiration. First, contiguous short-axis cine images covering the LV from base to apex
(slice thickness 6 mm, no gap) were acquired for the quantification of functional LV
parameters. Oedema imaging (for the quantification of area of myocardium at-risk) [10] was
performed with a T2-weighted, triple inversion-recovery fast spin-echo sequence. Delayed
enhancement (DE) imaging was performed 15min after the administration of 0.2 mmol/kg of
gadopentate dimeglumine using an inversion-recovery fast gradient echo sequence. The slice
positions for both T2-weighted and DE acquisitions matched those of the cine images.
Detailed imaging parameters have been previously reported [1].

2.4. MRI data analysis
All MRI images were analyzed blinded to the study allocation. LV function analysis was
performed using dedicated software (Argus©, Siemens Medical Solutions). Epicardial and
endocardial borders were traced in each cine image to obtain LV end-diastolic volume
(LVEDV), end-systolic volume (LVESV) and LVEF. The area of myocardium at-risk was
defined as the extent of the LV demonstrating high signal intensity on T2-weighted images
[11]. MI size was quantified from the extent of abnormal DE [12]. Oedema and DE were
defined as those myocardial regions demonstrating signal intensity 3 standard deviations
above the average signal of normal, remote myocardium, and quantified as previously
validated by using prototype analysis software (VPT©, Siemens Corporate Research, New
Jersey) [1]. MI size and salvaged myocardium are expressed as percentage of the area of
myocardium at-risk and/or the LV. See Fig. 1.
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2.5. Reperfusion injury analysis
Reperfusion injury was examined by studying 3 different processes: 1) myocardial
inflammation (neutrophil infiltration in the ischemic area) [13], 2) myocardial apoptosis [9],
and 3) activation of kinase Akt, a protein representative of the Reperfusion Injury Salvage
Kinase (RISK) pathway [14]. Twenty-four hours after reperfusion, twelve animals (4 in each
group) were heparinised (100 IU/kg) and euthanized with pentobarbital (Sleepaway®, Fort
Dodge. 75 mg/kg). The LAD was re-occluded (immediately distal to the first diagonal
branch), and hearts retro-perfused with Evans Blue. Small pieces from the ischemic
myocardium (negative for Evans Blue) were cut, washed carefully in sterile PBS and
immediately frozen in liquid nitrogen and stored at −80 °C until processed for
myeloperoxidase (MPO) activity and protein expression.

Neutrophil infiltration of the ischemic area was determined by semi-quantitative
colorimetric determination of MPO activity by using a commercially available kit
(Myeloperoxidase Assay Kit, CytoStore, Calgary, Alberta, Canada). Frozen myocardial
tissue was pulverized and 50 μg of tissue were weighed and homogenized in the sample
buffer enclosed in the kit. After adding the development reagent, the absorbance (at 450 nm)
was measured at 1 min intervals. Results are expressed as MPO units per mg of tissue.
Apoptosis was measured by assessing the protein expression of cleaved caspase-3. Finally,
Phospho-Akt (P-Akt) protein levels were assessed in order to explore the degree of
activation of the RISK pathway.

Protein expression was performed by Western blot analyses as previously reported [15].
Antibodies were purchased from StressGen (caspase-3) and cell signaling (P-Akt).

2.6. Statistical analysis
Data are expressed as mean±standard error of the mean. Statistical comparisons of means
were made by ANOVA. When differences were found, Turkey’s multiple pair wise
comparisons tests were performed. A value of p<0.05 (two-tailed) was considered
statistically significant. All statistical analyses were performed with the statistical software
package SPSS 15.0 (SPSS Inc., Chicago, IL, USA). The authors had full access to the data
and take responsibility for its integrity. All authors have read and agree to the manuscript as
written.

3. Results
All three groups showed a similar mean heart rate during the procedure (66±2, 69±3 and
66±3bpm for the pre-reperfusion-, post-reperfusion-metoprolol and placebo groups,
respectively; P = NS).

3.1. Effect of different regimes of metoprolol administration on LV function and myocardial
salvage

The results of MRI-derived parameters are presented in Table 1. In summary, there were no
significant differences in LV volumes or LV ejection fraction (LVEF) 72h post-MI amongst
the 3 study groups. Similarly, the extent of myocardium at-risk did not significantly differ.
Myocardial salvage was significantly larger only in the pre-reperfusion-metoprolol group.
The extent of salvaged myocardium was 31±4% of the area at risk in the pre-reperfusion-
metoprolol group, compared to 13±6% in the post-reperfusion-metoprolol group (p=0.04 vs.
pre-reperfusion-metoprolol) and 7±3% in placebo group (p=0.005 vs. pre-reperfusion-
metoprolol). There were no statistically significant differences in myocardial salvage
between the post-reperfusion-metoprolol and placebo groups. See Fig. 2.
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3.2. Effect of different regimes of metoprolol administration on reperfusion injury
Neutrophil-related inflammation was significantly lower in the pre-reperfusion-metoprolol
group compared with the other two groups: 0.27±0.02 MPO units in pre-reperfusion-
metoprolol, 0.56±0.05 in post-reperfusion-metoprolol (p=0.016 vs. pre-reperfusion-
metoprolol), and 0.54±0.02 in placebo (p=0.036 vs. pre-reperfusion-metoprolol). There were
no significant differences between the post-reperfusion-metoprolol and placebo groups. See
Fig. 3.

A similar effect was observed for rates of apoptosis in the ischemic myocardium. Animals
allocated to the pre-reperfusion-metoprolol group showed significantly lower levels of
cleaved caspase-3 in the ischemic area compared to the other two groups: 115±9 arbitrary
units in pre-reperfusion-metoprolol, 153±15 in post-reperfusion-metoprolol (p<0.001 vs.
pre-reperfusion-metoprolol), and 149±4 in placebo (p<0.01 vs. pre-reperfusion-metoprolol).
Again, there were no significant differences between the post-reperfusion-metoprolol and
placebo groups, See Fig. 4.

Conversely, the pre-reperfusion administration of metoprolol resulted in a significantly
higher degree of RISK pathway activation, as evaluated by P-Akt protein expression. Levels
of P-Akt in the pre-reperfusion-metoprolol group were significantly higher compared to the
other 2 groups: 118±9, 91±3, and 96±5 arbitrary units respectively. Differences were
significant between the pre-reperfusion-metoprolol group and the other 2 groups (p<0.001
and p<0.01 respectively), but not between the post-reperfusion-metoprolol and placebo
groups. See Fig. 4.

4. Discussion
Myocardial infarct size has been shown to be a strong predictor of cardiovascular events
[16]. Beyond early reperfusion (the major determinant of cardioprotection [17]), therapies
that can reduce the size of MI are strongly needed [18].

β-blockers are of clinical value in the setting of acute MI, with a large body of evidence
showing mortality reductions when administered early [19]. The use of oral β-blockade
constitutes a class I indication in clinical practice guidelines [20]; however, its i.v.
administration during the acute phase of MI has not been universally adopted[21,22].
Furthermore, due to the current lack of substantiation of benefits, the early i.v. route of
administration has been recently discouraged [2,4]. The cardioprotective effect of many
interventions has been shown to be restricted to its administration either before or at early
stages of reperfusion. Following our previous observation the administration of metoprolol
increases myocardial salvage [1], we wanted to investigate whether its cardioprotective
effect was restricted to its administration before reperfusion. Using state-of-the-art MRI, we
have found that the pre-reperfusion administration of i.v. metoprolol results in a significant
≈2.5-fold increase in myocardial salvage in comparison with its oral administration only
after reperfusion. To the best of our knowledge, this is the first study systematically
comparing the pre-reperfusion β-blocker administration vs. the oral post-reperfusion route of
administration.

In the human setting, the impact of prior β-blockade on MI size was analyzed by Sharma et
al. [23]. They showed that patients that were already on β-blockers before an AMI had
consistently smaller MIs than those who were not on β-blockers before the ischemic event.
Even though these results, added to the pre-clinical data of the current study, might represent
an argument to prescribe β-blockers in high risk patients, its practical value is unknown.
Conversely, the impact of i.v. β-blockade before reperfusion (and after AMI initiation) was
studied in a post-hoc retrospective analysis of the CADILLAC (Controlled Abciximab and
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Device Investigation to Lower Late Angioplasty Complications) trial [3]. Despite there was
no assessment of MI size, the 30-mortality was significantly lower in the group of patients
receiving i.v. β-blockers before reperfusion [3]. In addition, the myocardial recovery at 7
months was significantly improved in the pre-reperfusion i.v.β-blocker patients [3]. Our
results are in agreement with these, showing that the timing of β-blocker initiation has a
significant impact on the final size of MI, being the latter a strong predictor of
cardiovascular events [16]. If our results are replicated in the clinical area, the timing and
route of administration of β-blockers might be revisited for patients with no
contraindications.

The mechanism by which metoprolol is cardioprotective remains unknown. Potential
mechanisms include the reduction of oxygen demand, secondary to heart rate reduction
during ongoing ischemia, the increase of collateral flow or the reduction of reperfusion
injury. In a previous study we observed that the MI reduction granted by metoprolol was
independent to its negative chronotropic effect [1] in an animal model lacking collateral
coronary blood flow [24]. Here, we have confirmed that the effect on myocardial salvage is
independent to the heart rate achieved during ischemia, which was similar in all 3 groups.
The similar heart rate in all 3 groups, regardless metoprolol infusion, was due to the
administration of amiodarone as prophylaxis for malignant ventricular arrhtymias.
Therefore, we speculated that metoprolol could reduce the extent of necrosis via reduction
of reperfusion injury. Early neutrophil infiltration and myocardial apoptosis are among the
specific pathological events associated with reperfusion injury in various organs, including
heart, brain and kidney [8,9,13,25,26]. Conversely, the activation of a “programmed defense
mechanism” called the RISK pathway protects the myocardium from reperfusion injury. The
degree of activation of this pathway modulates the extent of myocardial salvage and thus the
resulting MI size [14,27].

We observed that myocardial neutrophil infiltration was significantly reduced only in the
pre-reperfusion-metoprolol group. These results suggest anti-inflammatory effects of
metoprolol in ischemia–reperfusion injury, in agreement with similar observations reported
after spinal cord trauma [6]. Furthermore, previous in vitro studies have evidenced the
inhibition of neutrophils chemotaxis by metoprolol [5], suggesting a direct effect of the
latter on neutrophils. Even though early neutrophil infiltration is considered a specific
feature of ischemia/reperfusion injury, it cannot be completely ruled out that the lower
inflammation was the result of a reduced ischemic insult.

In addition, we have found a significant reduction in the protein expression of cleaved
caspase-3, suggesting a reduction in myocardial apoptotic death when metoprolol is initiated
before reperfusion. Apoptotic cell death after an acute MI is a recognized phenomenon
linked to reperfusion [26]. In fact, the administration of inhibitors of apoptosis after the
onset of ischemia but before reperfusion has been shown to limit MI size [28]. This effect is
not restricted to the heart. Daemen and colleagues proved that the pre-reperfusion
administration of a caspase-inhibitor diminished the reperfusion injury in a model of renal
ischemia. Interestingly, when the caspase-inhibitor was administered few hours after
reperfusion, these reno-protective effects were completely abrogated [8]. In our work, when
metoprolol was administered after reperfusion, its salutary effects on apoptosis limitation
were also abrogated. The antiapoptotic activity of metoprolol has been also shown in
experimental models of heart failure [7]. Our results confirm the antiapoptotic properties of
metoprolol in different cardiac conditions. In this regard, another β-blocker, carvedilol, has
been shown to prevent the myocardial ischemia/reperfusion-induced apoptosis in a rabbit
model of MI when administered before coronary reperfusion[29]. Our results confirm the
latter by showing the anti reperfusion-induced apoptotic myocardial death by a different β-
blocker agent. Altogether, our results suggest that the administration of metoprolol during
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ongoing ischemia may reduce the ischemia–reperfusion injury, contributing to the infarct
size reduction achieved by metoprolol.

5. Conclusions
In an animal model of acute myocardial infarction, we have studied the effect of metoprolol
on myocardial infarct size and on suspected markers of reperfusion injury. Here we show
that the cardioprotective effect of metoprolol, as evaluated 3 days post-AMI, is restricted to
its administration prior to reperfusion (during ongoing ischemia). The cardioprotection
granted by the intravenous pre-reperfusion-metoprolol administration was associated with a
significant reduction in myocardial apoptosis and neutrophil infiltration, suggesting that
metoprolol’s cardioprotective effects could be mediated, at least in part, via reduction in
reperfusion injury. If confirmed in human studies, the timing and route of β-blockade in
acute myocardial infarction might be revisited.
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Fig. 1.
Visualization of cardioprotection by magnetic resonance imaging (MRI). MRI short axis
images obtained at the same left ventricular level 3 days after MI induction in a pre-
reperfusion-metoprolol-treated animal. Panel A shows a T2-weighted, fast spin-echo image,
where the hyperintense area indicates the presence of edema. Panel B shows a delayed
enhancement image after contrast administration, depicting the infarcted area (bright). In
panel C, the area at risk (edema, blue) and infarcted area (red inside the blue region) shown
in panels A and B are merged. Non-ischemic myocardium is shown in yellow. Note the
large salvaged myocardium (blue area surrounding the infarcted red zone).
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Fig. 2.
MRI-based quantification of salvaged myocardium. Data is expressed as mean±standard
error of the mean. N=18 (6 per group).
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Fig. 3.
Neutrophil infiltration in the ischemic area. Myeloperoxidase (MPO) activity was
determined by semi-quantitative colorimetric determination. Data is expressed as mean
±standard error of the mean of MPO activity units. N=12 (4 per group).
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Fig. 4.
Protein expression of markers of reperfusion injury. Western blotting (Panel A), and its
quantification by densitometric units (Panel B, expressed as mean±standard error of the
mean) of phospho-Akt and cleaved caspase-3 in animals allocated to the pre-reperfusion-
metoprolol, post-reperfusion-metoprolol and placebo. See also text. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). N=12 (4 per group).
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Table 1

Magnetic resonance imaging-derived parameters

Pre-reperfusion-
metoprolol

Post-reperfusion-
metoprolol

Placebo

LVEDV (ml) 92±5 97±7 116±12

LVESV (ml) 58±2 63±6 75±13

LVEF (%) 36.2±2.9 35.3±3.6 34.3±5.3

Myocardium at-risk (% of LV) 37.6±2.1 40.1±4.3 32.1±1.9

Salvaged myocardium
 (% of myocardium at-risk)

30.8±4.0*† 13.1±6.2 7.4±3.2

LV: left ventricle; LVEDV: left ventricular end-diastolic volume; LVEF: left ventricular ejection fraction; LVESV: left ventricular end-systolic
volume.

*
p=0.04 vs. post-reperfusion-metoprolol group.

†
p=0.005 vs. placebo group.

All other p values were not significant.

Data is expressed as mean±standard error of the mean. N=18 (6 per group).
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