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ABSTRACT
Adenosine (Ado) is released in response to tissue injury, pro-
motes hyperemia, and modulates inflammation. The proinflam-
matory effects of Ado, which are mediated by the A2B Ado
receptor (AdoR), may exacerbate tissue damage. We hypoth-
esized that selective blockade of the A2B AdoR with 3-ethyl-1-
propyl-8-(1-(3-trifluoromethylbenzyl)-1H-pyrazol-4-yl)-3,7-
dihydropurine-2,6-dione (GS-6201) during acute myocardial
infarction (AMI) would reduce adverse cardiac remodeling.
Male ICR mice underwent coronary artery ligation or sham
surgery (n � 10–12 per group). The selective A2B AdoR antag-
onist GS-6201 (4 mg/kg) was given intraperitoneally twice daily
starting immediately after surgery and continuing for 14 days.
Transthoracic echocardiography was performed before surgery
and after 7, 14, and 28 days. A subgroup of mice was killed 72 h

after surgery, and the activity of caspase-1, a key proinflam-
matory mediator, was measured in the cardiac tissue. All sham-
operated mice were alive at 4 weeks, whereas 50% of vehicle-
treated mice and 75% of GS-6201-treated mice were alive at 4
weeks after surgery. Compared with vehicle, treatment with
GS-6201 prevented caspase-1 activation in the heart at 72 h
after AMI (P � 0.001) and significantly limited the increase in left
ventricular (LV) end-diastolic diameter by 40% (P � 0.001), the
decrease in LV ejection fraction by 18% (P � 0.01) and the
changes in the myocardial performance index by 88% (P �
0.001) at 28 days after AMI. Selective blockade of A2B AdoR
with GS-6201 reduces caspase-1 activity in the heart and leads
to a more favorable cardiac remodeling after AMI in the mouse.

Introduction
Acute myocardial infarction (AMI) is characterized by isch-

emic necrosis of the myocardium followed by an intense in-
flammatory response (Frantz et al., 2009). The extent of the
initial loss of viable myocardium and the intensity of the
inflammatory response both are independent predictors of
the ensuing cardiac remodeling characterized by cardiac en-

largement and dysfunction (Abbate et al. 2003; Kelle et al.,
2009).

Adenosine (Ado) is a ubiquitous small molecule released in
response to tissue injury that promotes hyperemia and mod-
ulates inflammation through interaction with one of four
types of cell surface membrane receptors (Gessi et al., 2011).
The proinflammatory effects of Ado, which are mediated by
the A2B Ado receptor (AdoR), may cause further tissue dam-
age (Feoktistov and Biaggioni, 2011). In some models of
inflammation blockade of the A2B AdoR has limited the in-
tensity of the inflammatory response and improved healing,
whereas in others A2B AdoR signaling seemed to inhibit
inflammation (Mustafa et al., 2007; Eckle et al., 2008; Feok-
tistov and Biaggioni, 2011).
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Caspase-1 is a key proinflammatory mediator representing
the effector enzyme of the inflammasome, a macromolecular
structure formed during tissue injury (Franchi et al., 2009).
Caspase-1 is responsible for the amplification of the inflam-
matory responses by processing and releasing active inter-
leukin (IL)-1�, which largely amplifies the inflammatory re-
sponse by inducing the synthesis and release of numerous
cytokines and adhesion molecules (Franchi et al., 2009; Din-
arello, 2011). In mouse models of AMI or heart failure,
caspase-1 acts as a contributor to further damage (Frantz et
al., 2003; Merkle et al., 2007; Mezzaroma et al., 2011).

The current study was designed to investigate whether
selective blockade of the A2B AdoR during acute myocardial
infarction would reduce the inflammatory response induced
by tissue injury, inhibit caspase-1, and reduce the adverse
cardiac remodeling in a mouse model of severe ischemic
cardiomyopathy caused by nonreperfused AMI. To validate
A2B AdoR as the target for intervention, we used targeted
silencing RNA given systemically.

Materials and Methods
Experimental AMI Model. Adult out-bred male CD1 mice (8–12

weeks of age) were supplied by Harlan (Indianapolis, IN). The ex-
periments were conducted under the guidelines for laboratory ani-
mals for biomedical research published by the National Institutes of
Health (Institute of Laboratory Animal Resources, 1996). The study
protocol was approved by the Virginia Commonwealth University
Institutional Animal Care and Use Committee. Experimental AMI
was induced by permanent coronary artery ligation to induce a large
nonreperfused infarct involving approximately 30% of the left ven-
tricle and leading to an ischemic dilated cardiomyopathy (Abbate et
al., 2008c; Mezzaroma et al., 2011). In brief, mice were orotracheally
intubated under anesthesia (pentobarbital 50–70 mg/kg), placed in
the right lateral decubitus position, then subjected to a left thora-
cotomy, pericardiectomy, and ligation of the proximal left coronary
artery. The chest was closed, and the animals were allowed to re-
cover. The mice surviving surgery were randomly assigned to the
different groups of treatment (n � 6–15 per group). Sham operations
were performed wherein animals underwent the same surgical pro-
cedure without coronary artery ligation (n � 4–8 per group). A
timeline of the protocol of the study is shown in Fig. 1.

Treatment. The A2B AdoR antagonist [3-ethyl-1-propyl-8-(1-(3-
trifluoromethylbenzyl)-1H-pyrazol-4-yl)-3,7-dihydropurine-2,6-
dione (GS-6201), also known as CVT-6883] (Sun et al., 2006; Karm-
outy-Quintana et al., 2012) was obtained from Gilead Sciences,
Foster City, CA. GS-6201 is a high-affinity, selective A2B AdoR
antagonist and a specific adenosine antagonist (Sun et al., 2006).
GS-6201 has a calculated KB value (binding potency) of 2.2 � 0.8 nM,
a KI value (affinity) for the A2B AdoR of 8.3 � 2.6 nM, and �500-fold
higher affinity for A2B AdoR than for A1, A2A, and A3 AdoRs (Sun et
al., 2006). GS-6201 (10 �M) had no significant effects on other
common receptors, ion channels, transporters, and enzymes (Sun et
al., 2006; Karmouty-Quintana et al., 2012). Mice were randomly

assigned to treatment with GS-6201 (4 mg/kg) or a matching dose of
vehicle administered intraperitoneally (final volume 0.13 ml) every
12 h for 14 days starting immediately after coronary artery ligation
surgery. This dose was chosen to achieve similar exposure (1 nM
plasma concentration of unbound GS-6201) as previous studies in
other mouse models of inflammatory injury while taking into con-
sideration differences in formulation and mouse strain (Sun et al.,
2006; Karmouty-Quintana et al., 2012). An additional group of mice
received a lower dose of GS-6201 (2 mg/kg) to explore a dose-response
relationship. Two additional groups of mice received GS-6201 (4
mg/kg) starting 1 or 12 h after surgery to simulate a clinical scenario
in which drug treatment may occur with some delay after AMI. An
additional group of mice was treated with 0.13 ml of 0.9% NaCl as an
additional control; however, because the data of vehicle treatment
were not significantly different from those of NaCl treatment, only
the results of vehicle treatment are reported here.

Caspase-1 Activation. An additional subset of mice was sacri-
ficed 72 h after surgery (n � 4–6 per treatment group). The heart
was removed as a whole, and the pericardium and atria were re-
moved. The remaining left and right ventricles were processed. The
tissue activity of caspase-1 was determined by cleavage of a fluoro-
genic substrate (CaspACE; Promega, Madison, WI) (Abbate et al.,
2008c). After homogenization using radioimmunoprecipitation assay
buffer (Sigma-Aldrich, St. Louis, MO) containing a cocktail of pro-
tease inhibitors (Sigma-Aldrich) and centrifugation at 16,000 rpm
for 20 min, 75 �g of protein from each sample were used for the assay
according to the supplier’s instructions. Fluorescence was measured
after 60 min and expressed as arbitrary fluorescence units produced
by one microgram of sample per minute (fluorescence/�g/min) and
calculated as fold change compared with the caspase-1 activity in
homogenates of the hearts of sham-operated mice.

Inflammatory Infiltrate. To quantify the inflammatory infil-
trate in the heart during AMI, we measured CD45 expression (a
marker for leukocytes) in the heart by using Western blot. The
hearts collected at 72 h after AMI were homogenized in radioimmu-
noprecipitation assay buffer (Sigma-Aldrich) supplemented with a
protease inhibitor cocktail (Sigma-Aldrich) and centrifuged at
16,200g for 20 min. Thirty micrograms of each sample were diluted
in Laemmli buffer, denatured for 10 min at 96°C, and resolved with
SDS/polyacrylamide gel electrophoresis by using an 8% acrylamide
gel to allow protein separation. The proteins were transferred onto a
nitrocellulose membrane. After saturation with 5% milk in phos-
phate-buffered saline the membrane was incubated with a rat anti-
mouse antibody raised against CD45 (R&D Systems, Minneapolis,
MN). To normalize the protein loading a monoclonal antibody for
�-actin (Sigma-Aldrich) was used. Enhanced chemiluminescence as-
say and autoradiography were used to detect the bands correspond-
ing to CD45 and �-actin. The band intensity was determined by
densitometric analysis using Scion Image software (Scion Corpora-
tion, Frederick, MD), and the results were expressed as percentage
increase in intensity compared with the control sham samples.

Measurement of Circulating Levels of Cytokines and Solu-
ble Adhesion Molecules. The plasma concentrations of IL-1�, IL-6,
tumor necrosis factor-� (TNF-�), and soluble adhesion molecules
[E-selectin, intercellular adhesion molecule-1 (ICAM-1) and vascular
cellular adhesion molecule (VCAM)] that are induced by IL-1�, were

A2B AdoR antagonist (GS-6201)[or vehicle]
(twice daily for 2 week)
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Fig. 1. Timeline of the study protocol.
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determined at day 28 after surgery by using Luminex kits obtained
from Millipore Corporation (Billerica, MA) according to the manu-
facturer’s instructions. A blood sample was obtained via a direct
cardiac puncture immediately before killing the animals.

Echocardiography. All mice underwent transthoracic echocar-
diography at baseline (before surgery) and at 7, 14, and 28 days after
surgery (before sacrifice). Echocardiography was performed by using
the Vevo770 imaging system (VisualSonics Inc., Toronto, Ontario,
Canada) with a 30-MHz probe. The heart was visualized in bidimen-
sional mode (B-mode) from parasternal short axis and apical views.
We measured the left ventricular (LV) end-diastolic and end-systolic
areas at B-mode and the LV end-diastolic diameter (LVEDD), LV
end-systolic diameters (LVESD), LV anterior wall diastolic thickness
(LVAWDT), and LV posterior wall diastolic thickness (LVPWDT) at
monodimensional mode (M-mode), as described previously (Abbate
et al., 2008c; Toldo et al., 2011) and according to the American
Society of Echocardiography recommendations (Gardin et al., 2002).
LV fractional shortening, LV ejection fraction (LVEF), and LV mass
and eccentricity (LVEDD/LVPWDT ratio) were calculated (Gardin
et al., 2002; Abbate et al., 2008c; Toldo et al., 2011). The transmitral
and left ventricular outflow tract Doppler spectra were recorded from
apical four-chamber views, and the myocardial performance index
(MPI or Tei index) was calculated as the ratio of the isovolumetric
contraction and relaxation time divided by the ejection time (Tei et
al., 1995). LV stroke volume was calculated by using the velocity-
time integral of the LV outflow tract flow multiplied by the LV
outflow tract area, and cardiac output was calculated by multiplying
LV stroke volume by the heart rate (HR) (Gardin et al., 2002; Abbate
et al., 2008c; Toldo et al., 2011). Right ventricular (RV) enlargement
was assessed by measuring the RV end-diastolic area in the para-
sternal short-axis view midventricular section, and RV systolic func-
tion was estimated by using M-mode and measuring the tricuspid
annular plane systolic excursion (TAPSE) (Gardin et al., 2002; Toldo
et al., 2011). The investigator performing and reading the echocar-
diogram was blinded to the treatment allocation.

Infarct Size Assessment. After the 28-day echocardiogram, all
mice were killed with a pentobarbital overdose and/or cervical dis-
location. The hearts were explanted and fixed in formalin 10% for at

least 48 h. A transverse section of the median third of the heart was
dissected, included in paraffin, cut into 5-�m slides, and stained with
Masson’s trichrome (Sigma-Aldrich) (Abbate et al., 2008c). The areas
of fibrosis and the whole left ventricle were determined by using
computer morphometry with Image Pro Plus 6.0 software (Media
Cybernetics, Inc., Bethesda, MD).

Hemodynamic Measurements. In a subgroup of mice (n � 4 per
each group) the LV apex was punctured 1 h after surgery, and a
Millar catheter connected to a pressure transducer was inserted to
measure LV peak systolic pressure and heart rate (Toldo et al.,
2011).

A2B AdoR-Targeted Silencing RNA for Validation of the
Target. To confirm that the effects seen with GS-6201 were caused
by inhibition of the A2B AdoR and not off-target effects, we used a
previously validated approach of targeted silencing RNA in a sub-
group of mice and measured its effects on caspase-1 activity in the
heart and on cardiac enlargement and dysfunction (see Supplemen-
tal Methods) (Mezzaroma et al., 2011).

Statistical Analysis. Data are presented as mean and S.E.M. for
continuous variables and as number and percentage for the other
variables. Differences between the three groups were analyzed by
using one-way analysis of variance followed by Bonferroni-corrected
Student’s t test to compare two of the three groups. Changes in
repeated measures of echocardiographic data were analyzed by using
the random effects analysis of variance for repeated measures to
determine the main effect of time, group, and time-by-group inter-
action. Survival analysis was performed by generating a Kaplan-
Meyer survival curve and using logistic regression analysis. Calcu-
lations were completed by using the SPSS 15.0 package for Windows
(SPSS Inc., Chicago, IL).

Results
GS-6201 Had No Hemodynamic Effects During Acute

Myocardial Infarction. Because Ado is a vasodilator, and
to exclude that a difference in remodeling was caused by
hemodynamic changes secondary to A2B AdoR antagonism
using GS-6201, we measured left ventricular peak systolic
pressure (LVPSP) and HR in mice treated with GS-6201 (4
m/kg) and those treated with vehicle. LVPSP was signifi-
cantly reduced 1 h after coronary artery ligation, but was
unaffected by treatment (Table 1).

GS-6201 Inhibits Caspase-1 Activation and Inflam-
mation. Caspase-1 activation is part of a key proinflamma-
tory mechanism in response to ischemic injury (Frantz et al.,
2003; Merkle et al., 2007; Franchi et al., 2009; Dinarello,
2011; Mezzaroma et al., 2011). Treatment with GS-6201 (4
mg/kg) every 12 h prevented caspase-1 activation in the heart
during AMI (Fig. 2). The intensity of the leukocyte (CD45�)
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Fig. 2. Administration of GS-6201, given immediately after
coronary ligation (4 mg/kg i.p. twice daily), prevented
caspase-1 activation in the heart tissue measured 72 h after
surgery and significantly inhibited leukocyte (CD45�) re-
cruitment in the heart. �, P � 0.001 versus sham; #, P �
0.01 versus vehicle (n � 4–6 per group).

TABLE 1
Gross and hemodynamic data
Hemodynamic data were recorded 1 h after surgery.

Group

Sham A2B AdoR Antagonist MI Vehicle
MI

Age, weeks 11 � 1 12 � 1 11 � 1
Weight, g 32 � 1 34 � 1 32 � 1
LVPSP, mm Hg 99 � 3 57 � 9* 58 � 8*
HR, min 417 � 13 428 � 32 434 � 18

*, P � 0.001 vs. sham.
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infiltrate, measured as CD45 expression by Western blot,
was also significantly reduced by treatment 72 h after AMI
(Fig. 2). Caspase-1 activation results in the processing and
release of active IL-1� that is usually present at very low
tissue concentration and rapidly amplifies the inflammatory
response by inducing the expression of secondary cytokines
and adhesion molecules. IL-1� plasma levels were undetect-
able in all but two mice with AMI, whereas plasma levels of
secondary cytokines (i.e., IL-6) were increased 28 days after
AMI (Fig. 3). Treatment with GS-6201 (4 mg/kg) every 12 h
for 14 days significantly reduced IL-6, TNF-�, E-selectin,
ICAM-1, and VCAM plasma levels (Fig. 3).

Effects of A2B AdoR Antagonism with GS-6201 on
Survival after Coronary Artery Ligation Surgery. None
of the sham-operated mice died. Half of the vehicle-treated
mice (50%) survived to 28 days after coronary artery ligation
surgery (P � 0.001 versus sham), whereas 75% of mice
treated with GS-6201 were alive (P � 0.14) (Fig. 4).

Effects of GS-6201 on Cardiac Remodeling. Cardiac
remodeling was measured noninvasively by using transtho-
racic echocardiography. Examples of B-mode and M-mode
recordings are shown in Fig. 5. Administration of GS-6201 (4
mg/kg) every 12 h starting at the time of surgery led to a
significant attenuation of left and right ventricular enlarge-
ment and dysfunction at 7 days, which was maintained at 14
days and also at 28 days, 14 days after the last dose of drug
was given (Fig. 6). At 28 days, LV enlargement after AMI was
reduced by approximately 40% by GS-6201. LV systolic func-
tion was also significantly greater in the GS-6201 group
(absolute difference in mean LVEF of 5%). The attenuation in
cardiac remodeling was paralleled by preservation of myo-
cardial diastolic/systolic performance (myocardial perfor-
mance index) (Fig. 6). The hearts of mice treated with GS-
6201 also showed less right ventricular enlargement and
dysfunction (Fig. 6).

GS-6201 treatment led to a slightly thicker infarct scar
(LVAWDT) thickness versus vehicle-treated mice and a sim-
ilar degree of LV hypertrophy (LV mass) but no signs of
eccentric dilatation (Fig. 7).

Cardiac output was preserved in AMI mice compared with
sham-operated mice, without significant differences between
the two treatment groups (Table 2).

The benefits of GS-6201 seemed to be dose-dependent,
because a lower dose (2 mg/kg given every 12 h for 14 days)
provided a smaller effect on cardiac enlargement (Fig. 8).

The Effects of A2B AdoR Antagonism with GS-6201
on Cardiac Remodeling Are Not Caused by a Reduc-
tion in Infarct Size. At 28 days, the infarct scar measured
at the midventricular section involved approximately 17% of
the LV area and 30% of the LV circumference and was not
significantly reduced by treatment with the A2B AdoR antag-
onist GS-6201 (4 mg/kg) every 12 h for 14 days (Fig. 9).

Treatment Delay with GS-6201 and Effects on Car-
diac Remodeling. To simulate a clinically relevant scenario
in which drug treatment may occur with some delay after
AMI, we compared treatment with GS-6201 (4 mg/kg) every
12 h for 14 days, without delay with other groups in which
GS-6201 was given with 1 or 12 h of delay. The treatment
with a 1-h delay provided similar improvement in cardiac
remodeling as no delay (Fig. 10). However, the treatment
with a 12-h delay showed only minimal effects on adverse
cardiac remodeling.

A2B AdoR-Targeted siRNA Inhibits Caspase-1 Acti-
vation and Limits Cardiac Dilatation and Dysfunction.
Treatment with A2B AdoR-targeted siRNA, but not scrambled
siRNA, significantly inhibited caspase-1 activity in the heart
during acute myocardial infarction and significantly limited
cardiac enlargement and dysfunction measured 7 days after
AMI (see Supplemental Results; Supplemental Fig. 1).
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Discussion
Myocardial ischemia and the accompanying cellular injury

are known to cause the release of cell contents, triggering a
sterile inflammatory response promoting further dysfunction
and heart failure (Frantz et al., 2009). This study shows for
the first time that inhibition of Ado binding to the A2BAdoR
with GS-6201 limits the inflammatory response and leads to
a more favorable cardiac remodeling.

Ado is indeed rapidly released during tissue hypoxia and
ischemia and binds rapidly to ubiquitous specific G protein-
coupled receptors (AdoRs) (Gessi et al., 2011). There are four
subtypes of AdoR: A1AdoR, primarily expressed in the heart,
regulates electrical conduction; A3AdoR is expressed in ro-
dent mast cell and regulates activation and degranulation in
the mouse; and A2AAdoR and A2BAdoR have been linked to
vascular tone and inflammation (Zhong et al., 2003; Feoktis-
tov and Biaggioni, 2011; Gessi et al., 2011). A2AAdoRs are
high-affinity AdoRs expressed on the membrane of various
cell types including endothelial cells, leukocytes, and cardio-
myocytes (Belardinelli et al., 1996; Zhong et al., 2003; Feok-
tistov and Biaggioni, 2011; Gessi et al., 2011). A2BAdoR are
low-affinity receptors sometimes coexpressed in the same
cells expressing A2AAdoR but in a low number and are there-
fore considered to be minimally relevant to Ado signaling in
these cells, at least in unstressed conditions (Aherne et al.,
2011; Feoktistov and Biaggioni, 2011). Whereas both
A2AAdoR and A2BAdoR G protein-coupled receptors may sig-
nal through adenyl cyclase, A2BAdoR also signals through
phospholipase C and the small GTP-binding protein p21ras,
which is involved in inflammatory signaling involving the
p38 mitogen-activated phosphokinase and the extracellular
signal-regulated kinases (Feoktistov et al., 1999; Grant, et al.
2001; Schulte and Fredholm, 2003; Aherne et al., 2011; Feok-
tistov and Biaggioni, 2011). It is noteworthy that the expres-
sion of the A2BAdoR depends on stabilization of hypoxia
inducible factor-1� and hence is highly sensitive to hypoxia
and inflammation (Grant et al., 2001; Aherne et al., 2011;
Feoktistov and Biaggioni, 2011; Koeppen et al., 2011).

Therefore, although in unstressed conditions Ado signaling
through the A2BAdoR is probably not significant, in the con-
text of tissue injury the A2BAdoR may play a significant role.

We hereby show that selective blockade of the A2BAdoR
using GS-6201 blunted the inflammatory response during
the infarction as reflected by a nearly complete reduction in
caspase-1 activity, a significant reduction in infiltrating in-
flammatory cells early in the course of AMI, and a significant
reduction in plasma cytokine and adhesion molecules 28 days
after AMI. Caspase-1 is the enzymatically active component
of the inflammasome, a macromolecular structure function-
ing as a “danger” sensor and involved in the processing of
mature IL-1� and cell death (Franchi et al., 2009; Dinarello,
2011). Formation of the inflammasome and activation of
caspase-1 in the heart leads to heart failure (Mezzaroma et
al., 2011). The significant reduction in caspase-1 activity in
the heart with selective blockade of A2BAdoR is in agreement
with the proinflammatory signaling of the A2BAdoR (Feok-
tistov and Biaggioni, 2011).

Extracellular Ado, which functions as a signal for tissue
injury, represents only one of the many potential triggers for
sterile inflammation. Indeed, although we found a significant
reduction in caspase-1 to near-normal levels, this determina-
tion was made at a single time point (72 h) and may not
reflect complete inhibition of caspase-1 activity in the heart.
It is noteworthy that an inflammatory response (measured as
CD45 content) was evident in both groups, reflecting that
A2BAdoR blockade with GS-6201 mitigates rather than elim-
inates the tissue inflammatory response during AMI, and
suggests that other potential triggers contribute to the in-
flammatory response.

The role of A2BAdoR in myocardial ischemia is controver-
sial (Aherne et al., 2011). In models of acute myocardial
injury caused by ischemia/reperfusion, Ado consistently re-
produces the beneficial effects of ischemic preconditioning
(Feoktistov and Biaggioni, 2011; Gessi et al., 2011). The
preconditioning-like effects of Ado are eliminated when sig-
naling through the A2BAdoR is disrupted (Philipp et al.,

Fig. 5. Examples of B-mode and M-
mode echocardiographic images from
a mouse treated with vehicle (top) and
one treated with GS-6201 (4 mg/kg)
every 12 h (bottom) 2 weeks after
acute myocardial infarction surgery.
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2006; Wakeno et al., 2006). However, blockade of the
A2BAdoR in the absence of ischemic preconditioning had no
effects on the heart in such models. This suggests to us that
although it may mediate some aspects of preconditioning
A2BAdoR signaling is not inherently protective and unlikely
to be the sole mediator of preconditioning.

In our mouse model of large nonreperfused myocardial infarc-
tion, A2BAdoR antagonism significantly limited left ventricular
enlargement and systolic and diastolic dysfunction. The protective
effects of the A2BAdoR were independent of an effect on infarct

size. This is in agreement with the fact that in nonreperfused
myocardial infarction in the rat adenosine has no effect on infarct
size (Wakeno et al., 2006), but in apparent contrast with the report
that the use of a A2BAdoR blocker [N-(4-cyanophenyl)-2-(4-
(2,3,6,7-tetrahydro-2,6-dioxo-1,3-dipropyl-1H-purin-8-yl)-phenoxy)
acetamide (MRS1754)] given with the adenosine agonist (2-chloro-
adenosine) provided no benefit versus vehicle and eliminated the
benefits of 2-chloro-adenosine alone (Wakeno et al., 2006). Unfor-
tunately, there were no experiments in which the A2BAdoR
blocker (MRS1754) was given in the absence of the adenosine
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Fig. 6. After coronary artery ligation sur-
gery, vehicle-treated mice had a signifi-
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and a significant reduction in left and
right ventricular function (LVEF, MPI,
and TAPSE). Treatment with GS-6201 (4
mg i.p. twice daily for 14 days) signifi-
cantly limited the cardiac enlargement and
dysfunction. �, P � 0.001 versus baseline (or
sham); �, P � 0.001 versus vehicle.
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agonist; therefore, the effects on A2BAdoR blockade on cardiac
remodeling were not independently assessed (Wakeno et al.,
2006). Moreover, although the intensity of the infiltrate seemed to
be less, A2BAdoR blockade did not abolish recruitment of inflam-
matory cells in the infarct or prevent infarct scar formation, thus
avoiding issues seen with other anti-inflammatory treatments.

A2BAdoR blockade limited left ventricular enlargement
and dysfunction measured at M-mode echocardiography.
A2BAdoR blockade also prevented changes in the MPI (Tei et
al., 1995), reflecting preserved diastolic and systolic function,
and in RV enlargement (Toldo et al., 2011), reflecting pre-
vention of global remodeling measured at Doppler and B-
mode echocardiography. Changes in cardiac structure and
function assessed by using B-mode or Doppler in the mouse
may, however, be affected by limited spatial and temporal
resolution and an inability to fully correct for alignment.

Although most of the patients with AMI receive some form
of intervention aimed at obtaining reperfusion, we chose the
model of nonreperfused AMI, because incomplete myocardial
reperfusion (no reflow) occurs in a large number of patients,

which limits the benefit of reperfusion and is associated with
a greater risk of subsequent heart failure (Abbate et al.,
2008b).

In this model of nonreperfused myocardial infarction, mor-
tality is high, and cardiac remodeling is global and involves
the infarct and border zones as well as the unaffected remote
left ventricle and the right ventricle (Abbate et al., 2008a;
Toldo et al., 2011). Blockade of A2BAdoR seemed to have no
effect on the infarct size, whereas A2BAdoR blockade may
have prevented thinning and stretching of the infarct and
border zones (infarct expansion) and protected the border
zone and the remote myocardium, as evidenced by an im-
provement in both left and right ventricular dimensions and,
importantly, LV function. This is in line with the benefits
seen with numerous anti-inflammatory strategies that target
caspase-1, the inflammasome, and IL-1� (Abbate et al.,
2008c, 2010; Van Tassell et al., 2010a,b; Mezzaroma et al.,
2011). The lack of detectable plasma IL-1� levels is not sur-
prising because IL-1� is present in very low levels and has a
very short half-life (Dinarello, 2011). Enhanced IL-1� activ-
ity is, however, reflected in the increased levels of IL-6,
TNF-�, E-selectin, ICAM-1, and VCAM, which all are in-
duced by IL-1� (Ikejima et al., 1990; Tosato and Jones, 1990;
Tamaru et al., 1998; Dinarello, 2011).

In agreement with the fact that during myocardial isch-
emia and cellular injury adenosine is rapidly released and
bound to cell surface receptors, we found that a delay of 12 h
in the administration of the A2BAdoR antagonist signifi-
cantly limited the benefits of A2BAdoR blockade on cardiac
remodeling. Treatment with 12 h of delay, however, still
showed protective effects in terms of preserved MPI, and we
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TABLE 2
Doppler-derived left-ventricular stroke volume and cardiac output
Doppler echocardiography was completed 28 days after surgery.

Group

Sham A2B AdoR
Antagonist MI Vehicle MI

HR, min 378 � 23 370 � 38 360 � 32
LV stroke volume, �l 37 � 3 27 � 4* 25 � 4*
Cardiac output, ml/min 14 � 5 10 � 4 9 � 4

*, P � 0.001 vs. sham.
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therefore cannot exclude that with longer treatment and/or
follow-up this strategy may ultimately prove useful in ame-
liorating cardiac remodeling after AMI.

The finding of reduced caspase-1 activity in the heart and
more favorable cardiac remodeling confirms the central role
of caspase-1 in the myocardial response to myocardial isch-
emia. Overexpression of caspase-1 in the mouse heart leads
to larger areas of ischemic damage, more severe cardiac
enlargement, and a reduced survival after AMI; whereas
caspase-1-deficient mice are protected after AMI (Frantz et
al., 2003; Merkle et al., 2007; Mezzaroma et al., 2011).

GS-6201 was also associated with a numerically lower mortality
compared with vehicle; however, this difference did not reach sta-
tistical difference probably because the study was not designed or
powered to study the effects of GS-6201 on survival.

Our study is, however, limited because a direct cause-effect
relationship between A2BAdoR antagonism and caspase-1
inhibition was not demonstrated. A2BAdoR antagonism could
affect the expression of adhesion molecules on cardiac micro-
vascular endothelial cells and hence reduce recruitment of
inflammatory cells (Ryzhov et al., 2008). In our data, how-
ever, the effects of A2BAdoR antagonism on caspase-1 activ-
ity were out of proportion to the effects seen on leukocyte
recruitment, suggesting that the inhibition of caspase-1 ac-
tivity is not only an effect of reduced recruitment of leuko-
cytes. However, because no data regarding the components of
the leukocyte infiltrate were obtained, we cannot analyze
whether A2BAdoR antagonism qualitatively affected the in-
filtrate. Moreover, A2BAdoR signaling may additionally af-
fect cardiac remodeling independently of caspase-1: adenosine
stimulates macrophages to produce osteopontin (Schneider et al.,
2010) and release of interleukin-6, which induces differentiation of
fibroblasts into myofibroblasts (Zhong et al., 2005), potentially
affecting tissue remodeling and progression toward heart failure.
In addition, although unlikely considering the selectivity of the

Fig. 9. Masson trichrome-stained sections show infarct scar (blue) in
vehicle-treated mice and mice treated with GS-6201 (4 mg/kg i.p. every
12 h for 14 days). The graph shows the mean values of the quantifications
of the infarct size expressed as percentage of the area of the left ventricle
section or as percentage of the circumference of the left ventricle.
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ular function (LVEF and MPI) 4 weeks after AMI. �, P �
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GS-6201 (Sun et al., 2006), we cannot exclude that GS-6201 af-
fected cardiac remodeling by blocking different AdoRs other than
the A2BAdoR or even with an additional hitherto undetermined
mechanism. This event is, however, even more unlikely, because
the beneficial effects seen with GS-6201 were also seen with a
different strategy aimed at reducing A2B AdoR expression using
targeted siRNA (see Supplemental Information). Although not
without technical limitations the siRNA approach offers comple-
mentary evidence for a proinflammatory and deleterious role of
Ado and the A2BAdoR in infarct healing after myocardial isch-
emia. From a translational point of view, we used a clinically
relevant treatment plan in which the animals were not pretreated
and drug was administered after the onset of ischemia. Moreover,
the effects of treatment were measured by using clinically relevant
endpoints such as left ventricular enlargement and function. Fi-
nally, we treated the animals for a short period (2 weeks) and
followed them for an additional period showing no evidence of
rebound after withdrawal of treatment.

In conclusion, selective blockade of A2B AdoR with GS-6201
administered after the onset of ischemia reduces caspase-1 activity
in the heart and leads to a more favorable cardiac remodeling after
AMI in a mouse model of nonreperfused myocardial infarction.
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