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Abstract
Patients with acute myocardial infarction receive a  P2Y12 receptor antagonist prior to reperfusion, a treatment that has 
reduced, but not eliminated, mortality, or heart failure. We tested whether the caspase-1 inhibitor VX-765 given at reperfu-
sion (a requirement for clinical use) can provide sustained reduction of infarction and long-term preservation of ventricular 
function in a pre-clinical model of ischemia/reperfusion that had been treated with a  P2Y12 receptor antagonist. To address, 
the hypothesis open-chest rats were subjected to 60-min left coronary artery branch occlusion/120-min reperfusion. Vehicle 
or inhibitors were administered intravenously immediately before reperfusion. With vehicle only, 60.3 ± 3.8% of the risk 
zone suffered infarction. Ticagrelor, a  P2Y12 antagonist, and VX-765 decreased infarct size to 42.8 ± 3.3 and 29.2 ± 4.9%, 
respectively. Combining ticagrelor with VX-765 further decreased infarction to 17.5 ± 2.3%. Similar to recent clinical tri-
als, combining ticagrelor and ischemic postconditioning did not result in additional cardioprotection. VX-765 plus another 
 P2Y12 antagonist, cangrelor, also decreased infarction and preserved ventricular function when reperfusion was increased 
to 3 days. In addition, VX-765 reduced infarction in blood-free, isolated rat hearts indicating at least a portion of injurious 
caspase-1 activation originates in cardiac tissue. While the pro-drug VX-765 only protected isolated hearts when started prior 
to ischemia, its active derivative VRT-043198 provided the same amount of protection when started at reperfusion, indicat-
ing that even in blood-free hearts, caspase-1 appears to exert its injury only at reperfusion. Moreover, VX-765 decreased 
circulating IL-1β, prevented loss of cardiac glycolytic enzymes, preserved mitochondrial complex I activity, and decreased 
release of lactate dehydrogenase, a marker of pyroptosis. Our results are the first demonstration of a clinical-grade drug given 
at reperfusion providing additional, sustained infarct size reduction when added to a  P2Y12 receptor antagonist.
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Introduction

Patients with acute myocardial infarction (AMI) are cur-
rently treated with percutaneous coronary intervention 
(PCI) to limit myocardial cell death by restoration of 
coronary blood flow and  P2Y12 receptor antagonists to 
maintain patency of the deployed stents. Despite the car-
dioprotective benefits of PCI combined with  P2Y12 recep-
tor antagonists, approximately one out of four patients 
currently treated for a left anterior descending coronary 
artery (LAD) thrombus will either die or develop chronic 
heart failure in the following year [8, 16, 19]. Attempts 
to translate interventions that reduce infarct size in pre-
clinical models of ischemia/reperfusion (I/R) have failed 
to improve outcomes in patients with AMI treated with 
PCI [7, 9, 10, 14], suggesting that animal hearts might be 
an inappropriate model of the human heart. However, an 
alternate explanation could be that those animal protocols 
did not include any of the co-medications AMI patients 
concurrently receive, and this might have distorted the 
results. In the present study, we have made our rat model 
more clinically relevant by including  P2Y12 antagonists 
which in animal models confer direct protection against 
infarction [4, 15, 37, 39, 41, 42] and, therefore, might 
mask protection from an additional intervention.

Growing evidence suggests the inflammasome-cas-
pase-1 axis contributes to inflammation-induced cell 
death during ischemia/reperfusion (I/R) [11, 18, 22, 
26, 31, 32, 35, 36]. Inflammasomes are intracellular 

danger-sensing complexes consisting of nucleotide oli-
gomerization domain-like receptors (NLRs) that trigger 
processing of pro-caspase-1 into its active form, caspase-1 
(Fig. 1) [24, 25]. One such NLR, the NLR Family Pyrin 
Domain Containing 3 (NLRP3), assembles its inflamma-
some in response to damage-associated molecular pat-
terns (DAMPs) [24], some of which are generated during 
I/R. Beyond the canonical role of caspase-1 in activating 
inflammation by converting pro-interleukins IL-1β and 
IL-18 into their active forms, this cysteine protease cleaves 
other proteins including glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH), mitochondrial enzymes affect-
ing ROS generation, and gasdermin D (the executioner of 
pyroptotic cell death) [23, 33, 34].

Involvement of caspases in myocardial I/R injury was 
first implicated in a study in which the pan-caspase inhibitor 
zVAD reduced infarct size in rats [28]. Evidence for involve-
ment of caspase-1 in I/R injury came from studies using 
the selective inhibitor YVAD, which protected human atrial 
explants from simulated I/R [31], and reduced myocardial 
infarct size in rabbits [18]. Furthermore, caspase-1−/− mice 
had reduced infarct size and attenuated left ventricular 
remodeling after I/R [11]. Conversely, caspase-1 overexpres-
sion in mice increased infarct size [35]. However, studies 
targeting the NLRP3 inflammasome have yielded conflict-
ing results. Acute pharmacologic inhibition of NLRP3 has 
been cardioprotective, while genetic knockouts have not [20, 
26, 32, 36]. A possible explanation for these disparate find-
ings is genetic deletion of NLRP3 and leads to compensa-
tory upregulation of other NLRs that can activate caspase-1 

Fig. 1  Schematic representing 
inflammasome activation during 
I/R. VX-765 blocks caspase-1 
activation. ASC apoptosis-
associated speck-like protein 
containing a caspase recruit-
ment domain, DAMP damage-
associated molecular pattern, 
GSDMD gasdermin D, GSDMD 
nt N-terminal fragment of 
GSDMD, IL-1β, 18 interleu-
kin 1β, 18, NLR nucleotide 
oligomerization domain-like 
receptor
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during I/R. Similarly, inhibiting downstream targets of cas-
pase-1 such as IL-1β, IL-18, or their receptors ignores any 
parallel contributions from other potentially injurious tar-
gets of caspase-1 which results in pyroptosis or loss of vital 
enzymes [1, 23, 33, 34]. Thus, caspase-1 may be at a critical 
choke point for eliciting injury during I/R.

We recently found that a highly selective caspase-1 inhib-
itor, VX-765 [38], could further reduce infarct size in rats 
when administered prior to onset of ischemia along with 
the  P2Y12 inhibitor cangrelor infused immediately before 
reperfusion [40]. While interventions such as hypothermia 
or cariporide can further protect rat hearts receiving a  P2Y12 
receptor inhibitor from I/R injury, they only do so when 
administered prior to ischemia [39]. However, pretreating 
AMI patients presenting with ischemia in progress is not 
possible. To be clinically useful, VX-765 must offer protec-
tion when given at reperfusion, and to do that it must target 
a reperfusion injury. Two additional shortcomings of our 
VX-765 pretreatment study were that we did not determine 
whether VX-765-mediated protection against infarction is 
long-lasting, or if the salvaged tissue would be contractile. 
Thus, in the present study, we assessed the effect of VX-765 
treatment at reperfusion on infarct size after 120 min of rep-
erfusion and on infarct size and ventricular function after 
3 days of reperfusion. In addition to these critical questions, 
we explored potential mechanisms underlying VX-765-me-
diated myocardial protection.

Materials and methods

The University of South Alabama Institutional Animal Care 
and Use Committee approved the animal protocols, and all 
conformed to published guidelines [29].

The open‑chest, LAD coronary artery occlusion, 
60‑min regional ischemia/120‑min reperfusion 
protocol

Aged, male Sprague–Dawley rats (retired breeders) weigh-
ing ~ 500 g were anesthetized with 100 mg/kg intraperi-
toneal sodium pentobarbital and supplemented as needed 
to maintain a surgical plane [39]. Rectal temperature was 
maintained between 37–38 °C with a heating pad. Animals 
received positive pressure ventilation with 100% oxygen. 
Catheters were inserted into a carotid artery for measure-
ment of blood pressure, and into a jugular vein for blood 
sampling and drug administration. The chest was opened in 
the fourth left intercostal space, and the heart exposed. A 
suture was placed around the LAD coronary artery to form a 
snare that was tightened to occlude the artery for 60 min, and 
then loosened to reperfuse the artery. Rats were euthanized 

by exsanguination as the heart was removed at the end of 
the experiment.

Infarct size measurement

The excised heart was mounted on a Langendorff apparatus 
to perfuse the aortic root with normal saline. The LAD was 
re-occluded with the snare, and fluorescent microspheres 
(2–9 μm) infused into the aortic perfusate to identify the 
previously ischemic (risk) zone as the non-fluorescent 
region. The heart was fast-frozen, sectioned into 1-mm-thick 
slices, and incubated in triphenyltetrazolium chloride (TTC) 
at 37 °C to stain live tissue deep red. The areas of infarct 
(unstained by TTC) and ischemic risk zone (non-fluorescent) 
were determined in a high-resolution digital photograph of 
the slices with Image-J software. Infarct was differentiated 
from red-stained living heart muscle by adjusting Image-J’s 
color threshold. The total volumes of infarct and risk were 
calculated as the sum of their areas times the slice thick-
ness, and infarct size was expressed as a percent of the total 
ischemic volume for each heart.

Determining intravenous doses for VX‑765, 
cangrelor, and ticagrelor

Sixteen mg/kg VX-765 gives a dose-independent (maxi-
mal) protection when administered 30 min prior to the 
onset of ischemia [40]. However, in pilot studies, this dose 
gave less protection when given 5 min prior to reperfusion. 
Although the pharmacokinetic profile of VX-765 has not 
been published, we rationalized that the failure may have 
been because there was incomplete activation of VX-765 
which is a pro-drug that must be activated by cellular ester-
ases [38]. Increasing the dose at reperfusion to 32 mg/kg 
restored the salvage to a level similar to the dose-independ-
ent response with pretreatment. We reasoned that the higher 
dose increased the amount of active drug available during 
the critical time when caspase-1 caused cell death. Thus, we 
tested an intravenous bolus of 32 mg/kg of VX-765. Can-
grelor was administered as previously determined [39] and 
ticagrelor as reported by Ye et al. [42].

Protocols for the 60‑min regional ischemia/120‑min 
reperfusion open‑chest protocol

We evaluated eight groups of rats (≥ 5 animals per group): 
(1) DMSO, vehicle for VX-765 (1.0 mL × kg body weight 
intravenous bolus with final volume diluted to 0.9 mL with 
normal saline); (2) cangrelor intravenous bolus (60 µg/kg) 
10 min before reperfusion followed by a continuous infu-
sion (6 µg/kg/min) for 2 h; (3) ticagrelor intraperitoneal 
bolus (30 mg/kg) 10 min before reperfusion; (4) VX-765 
intravenous bolus (32 mg/kg) 5 min before reperfusion; (5) 
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combination of cangrelor and VX-765 as described above; 
(6) combination of ticagrelor and VX-765 as described 
above; (7) ischemic postconditioning (IPOC) with three 
cycles of 30 s of reperfusion followed by 30 s of reocclusion; 
and (8) IPOC plus cangrelor as described above.

The open‑chest LAD coronary artery occlusion, 
60‑min regional ischemia/3‑day reperfusion 
protocol

Rats were anesthetized with sodium pentobarbital as 
described above for open-chest rats. Ultrasonography was 
performed on spontaneously breathing rats with a 60-MHz 
probe (Vevo 770, FUJIFILM VisualSonics Inc., Toronto, 
ON, Canada). Six images at the level of the posterior pap-
illary muscle were recorded (short and long axes, three 
images each). Long- and short-axis images of the left ventri-
cle were displayed, and an M-mode cursor was placed across 
the images to record motion of the anterior and posterior 
walls and measure end-systolic and end-diastolic chamber 
dimensions. Fractional shortening was calculated as the dif-
ference between end-systolic and end-diastolic dimensions 
normalized for end-diastolic dimension, and averaged over 
six consecutive cardiac cycles.

Upon completion of ultrasonography, animals were intu-
bated for ventilation with 100% oxygen, and surgery under 
semi-sterile conditions was performed as described above. 
Two groups were evaluated: (1) DMSO (as described above, 
six surviving rats) and (2) cangrelor combined with VX-765 
(as described above, five surviving rats). After 60 min of 
coronary occlusion, the ligature was released to initiate rep-
erfusion. Following chest closure, the animals were allowed 
to recover, and received buprenorphine (0.01 mg/kg subcuta-
neously) to provide analgesia. After 3 days of recovery, they 
were re-anesthetized and ultrasonography performed again. 
Animals were then euthanized, and infarct size measured as 
described above.

The isolated heart, 40‑min global ischemia/90‑ 
or 120‑min reperfusion protocol

To evaluate the effects of VX-765 on blood-free, isolated 
hearts, rats were anesthetized as described above. The 
heart was excised and mounted on a Langendorff appara-
tus within 1 min of removing it from the chest [41]. The 
coronary arteries were retroperfused with Krebs buffer 
through the aortic root, and a latex balloon was placed in 
the lumen of the left ventricle and inflated with saline to 
achieve 100-mmHg peak systolic pressure. After 20 min of 
equilibration, perfusion was stopped for 40 min to induce 
global ischemia. During ischemia, the heart was immersed 
in buffer in a water-jacketed chamber at 37 °C. After the 

ischemic period, perfusion was re-initiated for 120 min, 
and the left ventricular balloon was deflated to avoid 
impairment of subendocardial perfusion from increased 
luminal diastolic pressure should contracture occur. After 
120 min of reperfusion, the balloon was re-inflated to a 
luminal diastolic pressure of 0 mmHg (unstressed ventric-
ular volume), and final developed pressure was measured.

The hearts were perfused with buffer containing either 
DMSO (0.5 mL/L buffer, six hearts) or VX-765 (30 μM 
final concentration, five hearts) for 10 min before ischemia 
and throughout reperfusion. After reperfusion (120 min), 
infarct size was measured with TTC staining as described 
above.

A second series of isolated hearts received either 
DMSO (four hearts) or 9 µM VRT-043765 (the active 
derivative of the pro-drug VX-765) present during only 
the 90 min reperfusion period (four hearts). We collected 
all of the effluent during the following intervals: 0–1, 1–2, 
2–4, 4–6, 6–8, 8–12, 12–16, 16–20, 20–40, 40–60, 60–80, 
and 80–90 min after the onset of reperfusion. It was neces-
sary to shorten the reperfusion period for these groups to 
reduce the amount of VRT-043198 used.

The venous effluent was analyzed for lactate dehydro-
genase (LDH) as previously described [3]. The amount of 
LDH released during each collection interval was calcu-
lated as the units of LDH washout/min/g of heart tissue. 
An independent aliquot was concentrated 20-fold using a 
3000 MW cut-off ultrafilter (Millipore, Billerica, MA), 
and assayed for IL-1β by ELISA (ThermoFisher Scientific, 
Waltham, MA) [2].

The open‑chest LAD occlusion, 60‑min regional 
ischemia/30‑min reperfusion protocol

The open-chest LAD occlusion protocol was modified to 
make measurements of heart tissue enzymes and mito-
chondrial function after only 30  min of reperfusion. 
Because infarct size was not different between hearts expe-
riencing 3 days or 120 min of reperfusion, we reasoned 
that the ultimate infarct size had already been achieved 
by 120 min. We chose a shorter period of reperfusion, so 
that we could hopefully harvest heart tissue in the process 
of dying. Two groups were tested with either an intrave-
nous bolus of VX-765 or vehicle as described above. After 
30 min of reperfusion, blood was collected for assay of 
IL-1β by ELISA [2]. The heart was excised and hung on 
a Langendorff apparatus as described above, the snared 
coronary artery was re-occluded, and fluorescent micro-
spheres were injected into the aortic perfusate to demar-
cate ischemic and non-ischemic regions. Tissue from the 
ischemic and non-ischemic zones was harvested, fast-fro-
zen, and stored at − 80 °C for biochemical analysis.
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Mitochondrial respirometry

Some of the tissue was immediately prepared for high-res-
olution respirometry (Oroboros oxygraph  O2 K, Innsbruck, 
Austria) as previously described [30]. Different states of 
mitochondrial respiration and electron-transfer complexes 
were evaluated using the experimental protocol, as out-
lined in Fig. 2.

Western blotting

Tissue homogenates/lysates were normalized (90 µg of total 
protein per lane) and resolved by sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (NuPAGE; 4–12% Bis 
Tris-gradient gels, Invitrogen, Carlsbad, CA), transferred 
to nitrocellulose membranes, and analyzed by immunob-
lotting [2] (four rats/group). A total of four gels (labeled 
Gel 1–4) were used to resolve all of the samples collected. 
After transfer, membranes were cut into strips representing 
desired molecular weight ranges based on a protein standard 
loaded in the far left lane of each gel [denoted as molecu-
lar weight marker (MWM) in kDa], and probed for protein 
levels by Western blotting. Primary antibodies against cas-
pase-1, GAPDH, aldolase-A, and hexokinase II (Santa Cruz 
Biotechnology, Dallas. TX) were used. Protein transfer was 
assessed by staining membranes with BLOT Fast Stain (G 
Biosciences, St. Louis, MO), and total protein levels deter-
mined by fluorescence (Odyssey, LI-COR, Lincoln, NE). 
Total signal from each lane was used to normalize all immu-
noblot data.

Statistics

Prism v6.1 (GraphPad, La Jolla, CA) was used for all analy-
ses. Data are reported as mean ± standard error. Data were 
assessed for normality before analysis. Parametric data were 
evaluated using two-tailed unpaired t test (two groups) or 
one- or two-way analysis of variance (> 2 groups). Post-hoc 
analysis was performed with Tukey’s test. Differences with 
P ≤ 0.05 were considered significant.

Results

Administration of VX-765 and a  P2Y12 receptor antagonist 
just before reperfusion is highly cardioprotective.

Discovery of new clinically applicable treatments to 
reduce infarct size following I/R hinges on testing their effi-
cacy in combination with guideline-mandated  P2Y12 recep-
tor antagonists. Open-chest rats were subjected to in situ 
60-min regional ischemia/120-min reperfusion, and inter-
ventions were administered shortly before the onset of rep-
erfusion. In the DMSO vehicle-treated group, 60.3 ± 3.8% 
of the risk (ischemic) zone suffered infarction (Fig. 3). 
When administered individually 10 min before reperfusion, 
 P2Y12 receptor antagonist ticagrelor reduced infarction to 
42.8 ± 3.3% of the risk zone (Fig. 3). Cangrelor as we previ-
ously reported [40] resulted in 43.8 ± 2.4% infarction in the 
same model which was virtually identical to that obtained 
herein with ticagrelor. This protection by  P2Y12 inhibitors 
is consistent with the previous reports [37, 40–42]. The tica-
grelor group is analogous to patients undergoing PCI that 

Fig. 2  Schematic of high-resolution respirometry protocol to assess 
mitochondrial respiration from heart biopsies. Thin sections (~ 10 mg 
weight) were obtained from heart biopsies and dissected to separate 
the muscle fibers from each other. The tissue was suspended in ster-
ile MiR06 buffer (MiR05 + 280  IU/mL catalase); MiR05 contained 
(mM): sucrose (110), potassium lactobionate (60), ethylene glycol-
bis(β-aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA, 0.5, mag-
nesium chloride  (MgCl2, 3), taurine (20), monopotassium phosphate 
 (KH2PO4, 10), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES, 20) adjusted to pH 7.1 with potassium hydroxide at 37 °C 
and 1  g/L bovine serum albumin (fatty acid free). Tissue was per-
meabilized with 1% saponin for 15  min at room temperature and 
transferred to individual chambers of a respirometer (Oxygraph-2 k, 
Oroboros Instruments, Innsbruck, Austria) containing 2-mL MiR06 
for high-resolution respirometry. The linear rate of oxygen consump-
tion (mitochondrial respiration) was measured in each chamber with 
continuous stirring. After 10  min of equilibration at 37  °C, oxy-
gen flux began to be reported and the basal oxygen flux (JO2) was 
assessed (state I), and then, malate (1.5 mM) and pyruvate (5.0 mM) 
were added as electron donors for complex I followed by the addition 
of adenosine diphosphate (ADP, 1.0 mM) to assess states II and III. 
Succinate (9.5  mM) was added as electron donor for complex II to 
measure state III in the presence of the three electron donors coupled 
to complexes I and II. Specimens were then treated with cytochrome 
C (10  µM) to confirm integrity of the mitochondrial membranes, 
followed by atractyloside (50  µM) to measure state IV. Trifluoro-
carbonylcyanide phenylhydrazone (FCCP, 10  µM) was added as an 
uncoupler to measure maximal respiration (state 3U). Respiratory 
ratio was calculated by dividing JO2 from state III by state IV. Rote-
none (0.1 µM) was added to assess complex I activity followed by the 
addition of antimycin A (2.5 µM) to determine complex III activity. 
Overall protocol length ranged between 55 and 75 min
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receive a  P2Y12 receptor inhibitor. Although the cangrelor 
data were previously reported [40], this group was studied 
within the same 4-month interval and by the same investi-
gators as the new groups revealed here and thus belong to 
the same cohort. The previously presented data are clearly 
identified in the figure. When VX-765 was administered 
5 min before reperfusion or ischemic postconditioning ini-
tiated immediately after reperfusion (three cycles of 30-s 
reperfusion/30-s occlusion), infarction was reduced to 
29.2 ± 4.9 and 39.8 ± 4.3%, respectively (Fig. 3).

When administered in combination, VX-765 and either 
cangrelor or ticagrelor provided strikingly superior protec-
tion when compared to either platelet inhibitor alone. Infarc-
tion was further reduced to 11.9 ± 1.9 and 17.5 ± 2.3% of the 
risk zone, respectively (Fig. 3). Similar to observations in 
recent clinical trials [7, 9, 10], ischemic postconditioning 
failed to provide additional protection when combined with 
the  P2Y12 antagonist ticagrelor in our experiments. There 
were no significant differences in either baseline heart rate 
or blood pressure between groups.

VX‑765 and cangrelor administration just 
before reperfusion provides sustained reduction 
of infarct size and long‑term preservation 
of ventricular function

We next determined whether the cardioprotective effect of 
combining VX-765 and the  P2Y12 receptor antagonist can-
grelor was long-lasting. To this end, we modified the in situ 

I/R protocol, whereby after 60 min of ischemia, drug treat-
ment, and 2 h of reperfusion, the chest was closed and the 
rat was allowed to recover. Ventricular function was meas-
ured before infarction and again after 3 days of reperfusion 
which is long enough for mechanical stunning to subside, 
but not long enough for significant post-infarction remod-
eling. Infarct size was also assessed at 3 days. In the DMSO 
vehicle-treated group, 63.8 ± 4.8% of the risk (ischemic) 
zone suffered infarction (Fig. 4a). VX-765 with cangrelor 
reduced infarction of the risk zone to 17.7 ± 1.4% (Fig. 4a). 
The infarct sizes observed in acute (120-min reperfusion, 
Fig. 3) and chronic (3-day reperfusion) protocols were simi-
lar suggesting the majority of cell death occurs during the 
first 120 min of reperfusion, and the combination of a single 
bolus of VX-765 and 120-min cangrelor infusion is suffi-
cient to produce sustained reduction of infarction.

Ventricular wall motion was measured by ultrasonogra-
phy in each anesthetized animal prior to coronary occlusion 
and after 3 days of reperfusion. Figure 4b shows that while 
vehicle-treated animals displayed a 30% decline in fractional 
shortening, animals treated with VX-765 and cangrelor 
retained normal ventricular function.

VX‑765 administration is cardioprotective 
in an ex vivo blood‑free, isolated rat heart subjected 
to global I/R

Cangrelor shows no cardioprotection in ex vivo buffer-
perfused, isolated hearts in which platelets and circulating 

Fig. 3  Administration of VX-765 and a  P2Y12 receptor antago-
nist at the onset of reperfusion decreases infarct size. Infarct size 
as a percentage of risk zone in rats subjected to 60-min regional 
ischemia/120-min reperfusion. Rats were treated 10 min prior to rep-
erfusion with vehicle (DMSO), ticagrelor (Ticag), and 5 min before 
reperfusion with VX-765. Ischemic postconditioning (IPOC) was 

initiated immediately after reperfusion. In other groups, Cang and 
VX-765, Ticag and VX-765, Ticag and IPOC interventions were 
combined. Open circles represent individual data points; closed cir-
cles designate mean ± SEM. P < 0.001 for one-way ANOVA of all 
groups. *P ≤ 0.02 vs vehicle (DMSO), #P < 0.001 vs ticagrelor alone
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immune cells are absent [5]. We tested whether VX-765-me-
diated cardioprotection requires platelets and/or circulating 
immune cells by testing it in blood-free, buffer-perfused 
isolated rat hearts. Adding VX-765 to the perfusate only 
during reperfusion had no protective effect against infarction 
(data not shown), possibly because VX-765 is a pro-drug 
that must be activated by blood esterases [38] that would be 
missing in this model. We, therefore, tried including VX-765 
in the buffer for 10 min before stopping perfusion with the 
hope that exposing pro-drug to esterases in the cardiac tis-
sue during ischemia might activate it. In isolated hearts 
subjected to 40-min global ischemia/120-min reperfusion, 
vehicle (DMSO) added to the perfusion buffer (0.5 ml/L) 
starting 10 min before the onset of ischemia and throughout 
reperfusion resulted in 82.8 ± 3.3% infarction of risk zone 
(Fig. 5a). Conversely, VX-765 at 30 μM, administered with 
the same schedule, reduced infarct size to 45.8 ± 1.3% of the 
risk zone (Fig. 5a). These data suggest that VX-765 protects 
by inhibiting caspase-1 originating in heart tissue, support-
ing the previous reports that the inflammasome-caspase-1 
axis is present in rat cardiac fibroblasts [22, 32].

Since VX-765 given 5 min before reperfusion protected 
in situ hearts, we suspected that VX-765 also protected 
isolated hearts by preventing an injury early in reperfusion 
as suggested by our previous study [40]. However, in the 
absence of blood, VX-765 could not be activated quickly 
enough to block the injury when it was started at reperfu-
sion. In the blood-perfused model, VX-765 had 5 min of 

exposure to blood until it was allowed into the ischemic zone 
at reperfusion, thus providing enough time for the pro-drug 
VX-765 to be converted to its active component which then 
protected when introduced into the freshly reperfused myo-
cardium. To test our delayed activation hypothesis, we used 
VRT-043198 (the active derivative of VX-765) only during 
reperfusion in isolated hearts. Figure 5a shows that VRT-
043198 at reperfusion was as protective as VX-765 pretreat-
ment confirming our hypothesis that essentially, all of the 
caspase-1-dependent injuries occur during reperfusion. A 
caspase-1-dependent reperfusion injury is also consistent 
with our observation that in blood-perfused hearts, VX-765 
pretreatment [40] was no more protective than treatment at 
reperfusion, as shown in Fig. 3. Figure 5b shows that both 
VX-765 and VRT-043198 caused a significant increase 
in residual developed pressure at the end of reperfusion 
compared to control hearts. Figure 5c shows the amount 
of infarction (tan tissue) in representative DMSO control 
hearts, hearts treated before ischemia with VX-765, and 
hearts treated at reperfusion with VRT-043198.

An advantage of the ex vivo isolated heart protocol is that 
it permits examination of venous effluent. Effluents from 
these isolated hearts were assayed for two downstream bio-
markers of caspase-1 activity, IL-1β (indicating conversion 
of pro-interleukins), and LDH (a commonly used marker 
of membrane failure with necrosis or pyroptosis) [23, 25, 
34]. IL-1β was undetectable by ELISA in both vehicle- and 
VX-765-treated heart effluents. In vehicle-treated hearts, 

Fig. 4  Administration of 
VX-765 and a  P2Y12 recep-
tor antagonist at the onset of 
reperfusion results in sustained 
cardioprotection and preserva-
tion of left ventricular function 
3 days post-reperfusion. a 
Infarct size as a percentage of 
risk zone in rats subjected to 
60-min regional ischemia/3-day 
reperfusion, and treated with 
vehicle (DMSO) or the com-
bination of cangrelor infusion 
initiated 10 min before reperfu-
sion and VX-765 administered 
5 min before reperfusion. Open 
circles represent individual data 
points; closed circles designate 
mean ± SEM. *P < 0.0001. b 
Echocardiographic left ventricu-
lar fractional shortening before 
60 min of coronary occlusion 
and after 3 days of reperfu-
sion. *P = 0.006 for interaction 
between treatment and time
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LDH release into the effluent peaked within the first 5 min 
of reperfusion, and steadily diminished thereafter (Fig. 6a). 
Infusion of VRT-043198 significantly reduced LDH release 
during the entire reperfusion period (Fig. 6a). LDH release 
from hearts treated with VRT-043198 peaked in the first 
2 min of reperfusion indicating the caspase-1-dependent 
component of injury occurs very early in reperfusion. The 
areas under the curves for control and VRT-treated hearts 
are significantly different (P = 0.017). Finally, VRT-043198 
hearts had much better post-ischemic perfusion than their 
DMSO counterparts (Fig. 6b).

VX‑765 administration just before reperfusion 
influences IL‑1β, glycolytic enzymes, 
and mitochondrial function during I/R

To determine potential mechanisms through which VX-
765-mediated caspase-1 inhibition elicits cardioprotection, 

we revisited the in situ I/R protocol in which hearts were 
subjected to 60-min regional ischemia/30-min reperfu-
sion. We shortened reperfusion to 30 min to measure func-
tional downstream effectors, while the myocardium was 
still viable rather than after cell death had occurred. Blood 
levels of IL-1β after 30 min of reperfusion were lower in 
VX-765-treated rats compared to vehicle controls (Fig. 7a). 
Biopsies from non-ischemic and ischemic left ventricular 
regions were then assayed for caspase-1 and glycolytic pro-
teins (Fig. 7b–d). Protein levels of active caspase-1 were 
increased in ischemic tissue in both vehicle and VX-765 
groups (Fig. 7b). The increased caspase-1 protein in the 
VX-765 samples was expected, since VX-765 inhibits  
only caspase-1 enzymatic activity, but not its autoproteo-
lytic activation. This observation is consistent with simi-
lar measurements using another less-selective caspase-1 
inhibitor, YVAD [27]. VX-765 preserved GAPDH and to a 
lesser extent aldolase-A in ischemic zones (Fig. 7c, d). Both 

Fig. 5  VX-765 starting before ischemia or VRT-043198 at reperfu-
sion is cardioprotective in an ex  vivo blood-free, isolated rat heart 
experiencing global I/R. a Left panel shows infarct size as a percent-
age of risk zone in isolated rat hearts receiving DMSO or VX-765 
for 10  min prior to 40-min global ischemia and again throughout 
the 120 min of reperfusion. The right panel shows infarcts for hearts 
treated with DMSO or VRT-043198 started at the initiation of 90 min 
of reperfusion. Open circles represent individual data points; closed 

circles designate mean ± SEM. *P < 0.001 vs respective DMSO con-
trol. b Final left ventricular developed pressure at the end of reperfu-
sion. *P < 0.05 VX-765- or VRT-043198 vs their respective DMSO 
control. c Ventricular slices stained with triphenyltetrazolium chlo-
ride from three representative hearts treated with either vehicle 
(DMSO), VX-765 started before ischemia, or VRT-043198 started at 
reperfusion. The tan areas are infarcted
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are known caspase-1 targets [33]. VX-765 had no effect on 
hexokinase II which is not a caspase-1 target (Fig. 7e) [33]. 
The selective preservation of caspase-1 targets by VX-765 
suggests that loss of GAPDH and aldolase-A during reperfu-
sion was not only a result of membrane failure, but may have 
also been affected by direct proteolysis.

We performed high-resolution respirometry on heart 
biopsies from non-ischemic and ischemic left ventricular 
regions from vehicle- and VX-765-treated rats, and meas-
ured mitochondrial function (i.e., JO2), as depicted in Fig. 2 
[30]. Mitochondrial fitness was validated by showing no dif-
ferences in the respiratory ratio between ischemic and non-
ischemic regions in all four groups (Fig. 8a). Interestingly, 
however, assaying mitochondrial complex activities using 
target-specific inhibitors revealed that complex I activity in 
non-ischemic and ischemic tissues was significantly lower 
in both suggesting an action unrelated to caspase-1 inhibi-
tion (Fig. 8b). In addition, VX-765 administration increased 
complex III activity in ischemic but not in non-ischemic 
zones (Fig. 8c). No heart tissues from any of the four groups 

displayed JO2 differences when the various states of mito-
chondrial respiration were measured (Fig. 9).

Discussion

The present study shows that co-administration of VX-765 
and a  P2Y12 receptor antagonist immediately prior to rep-
erfusion produced additive cardioprotection and preserved 
long-term ventricular function in a pre-clinical rat model of 
AMI. Co-administration of VX-765 and ticagrelor or can-
grelor reduced myocardial infarction from ~ 60% of the risk 
zone in untreated rats to ~ 15%, an unprecedented response 
that was superior to any single intervention. In contrast, 
ischemic postconditioning did not add to the protection 
afforded by  P2Y12 receptor antagonist, an observation remi-
niscent of reports from clinical trials of ischemic postcondi-
tioning in AMI [7, 9, 10].

Although we previously found that treatment with 
VX-765 prior to ischemia could add its protection to 

Fig. 6  LDH and coronary blood 
flow time course during reperfu-
sion following ischemia. a Rate 
of LDH release into effluent 
before ischemia, and during rep-
erfusion. P = 0.0039 for DMSO 
(control, n = 3) vs VRT-043198-
treated hearts (n = 4). The areas 
under the two curves were sig-
nificantly different (P = 0.017). 
b Coronary flow at various time 
points during reperfusion for 
the two groups of hearts. The 
upward hash marks on the time 
axis for both panels separate the 
periods when venous effluent 
was collected for analysis
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that from cangrelor [38, 40], the present data reveal that 
VX-765 does so by preventing a reperfusion injury that 
occurs during reperfusion rather than during ischemia. 
That positions VX-765 as a suitable agent for use in AMI 
patients being treated with PCI who cannot be given 

the drug prior to the onset of ischemia. In addition, we 
showed that the reduction of infarct size by a single bolus 
of VX-765 combined with 120 min of treatment with can-
grelor was still evident after 3 days of reperfusion and 
that ventricular function was markedly preserved. Both 

Fig. 7  Administration of VX-765 at the onset of reperfusion influ-
ences IL-1β and glycolytic enzymes. Rats were subjected to 60-min 
regional ischemia/30-min reperfusion after treatment with vehicle 
(DMSO) or VX-765 administered 5  min prior to reperfusion. Open 
circles represent individual data points; closed circles designate 

mean ± SEM. Measurements of a serum IL-1β levels and tissue lev-
els of b caspase-1, c glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH), d aldolase-A, and e hexokinase II by western blotting of 
biopsies from risk (ischemic) zone and normal myocardium. P values 
are reported in the figure
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findings are indicative of a permanent salvage of contrac-
tile myocardium.

These studies provided that some insight into mechanisms 
involved in VX-765ʼs protection as well. VX-765 protected 
blood-free isolated hearts in the absence of platelets and 
circulating immune cells, indicating that VX-765-mediated 
cardioprotection works, at least in part, by inhibiting acti-
vated caspase-1 originating in heart tissue, most likely in 
fibroblasts which do express the inflammasome-caspase-1 
axis [22]. Although we found some evidence that caspase-1 
inhibition influences inflammatory, glycolytic, mitochon-
drial, and pyroptotic cell death pathways in a salutary man-
ner, we could not determine whether of any of these path-
ways actually contributed to myocardial death.

In addition to prevention of thrombosis,  P2Y12 receptor 
antagonists such as clopidogrel, ticagrelor, and cangrelor 
elicit cardioprotective effects in animal models of AMI [5, 
37, 39, 41]. While the beneficial effects of  P2Y12 recep-
tor antagonists in PCI are undisputedly attributed to their 

anticoagulant properties, we hypothesize that their activa-
tion of unrecognized postconditioning-like cardioprotection 
offers a possible explanation for why clinical trials using 
postconditioning or cyclosporine offered little-to-no addi-
tional protection [8–10, 17, 19].

We have previously tested cangrelor in combination 
with ischemic preconditioning [39] and ischemic post-
conditioning [41] in the open-chest rat model and found 
no more protection against infarction than with cangrelor 
alone. In the present study, we observed that the same 
behavior with the much more commonly used  P2Y12 
receptor inhibitor ticagrelor. Previously, we tested seven 
signaling inhibitors against cangrelor which are known 
to block protection from preconditioning and found that 
while none blocked its anti-aggregatory effect, all blocked 
its anti-infarct effect [41] indicating that cangrelor has a 
protective mechanism very similar to that seen in pre- and 
postconditioning. Several of these inhibitors were also 
tested against clopidogrel [41] and ticagrelor [39] with 

Fig. 8  Administration of VX-765 at the onset of reperfusion influ-
ences mitochondrial respiration. Rats were subjected to 60-min 
regional ischemia/30-min reperfusion after treatment with vehi-
cle (DMSO) or VX-765 administered 5  min prior to reperfusion. 
Respirometry was assessed in biopsies of risk (ischemic) zone and 

normal myocardium. Open circles represent individual data points; 
closed circles designate mean ± SEM. a Mitochondrial respiratory 
ratio (fitness). b Mitochondrial complex I activity. c Mitochondrial 
complex III activity. P values are reported in the figure
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similar outcomes suggesting a class effect for all  P2Y12 
receptor inhibitors. Thus, we suspect that  P2Y12 receptor 
inhibitors condition the heart, so that any additional con-
ditioning stimulus becomes redundant.

What sets VX-765 apart from other ant-infarct interven-
tions is its ability to add to the protection from the  P2Y12 
receptor antagonists. Because ischemic postconditioning 
or ticagrelor reduce infarct size, but do not eliminate it, 

Fig. 9  Effect of administration of the selective caspase-1 inhibitor 
VX-765 on mitochondrial respiratory states assessed in heart biop-
sies of rats subjected to ischemia/reperfusion. Heart tissues from rats 
treated with the selective caspase-1 inhibitor VX-765 or its vehicle 
dimethyl sulfoxide (DMSO) control were prepared and analyzed by 
respirometry, as described in Fig. 2. Data depicted with open circles 
represent individual experiments and closed circles represent the 

mean ± standard error from each intervention. a State I, b state II—
alate and pyruvate, c state III—malate, pyruvate and ADP, d state 
III—malate, pyruvate, ADP, and succinate, e mitochondrial mem-
brane integrity—cytochrome C, and f uncoupled—FCCP. No signif-
icant differences were observed between VX-765 groups vs DMSO 
(unpaired t test)
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some other process must also be killing the reperfused 
heart muscle. The present study suggest that caspase-1 is 
killing a considerable amount of heart muscle that platelet 
inhibitors cannot protect against and does so during early 
reperfusion.

It is tantalizing to postulate that activation of cas-
pase-1 in myocardial tissue during I/R induces pyrop-
tosis as a mechanism underlying loss of myocardial via-
bility (Fig. 1). Gasdermin D has been identified as the 
executioner of pyroptosis, whose cleavage by caspase-1 
releases the active subunit that creates pores in the cell 
membrane leading to lysis and release of cellular contents 
including LDH [23, 34]. In support of this hypothesis, 
gasdermin D activation has been recently demonstrated 
in rat hearts during I/R [26]. LDH washout has tradition-
ally been attributed to membrane failure caused by loss 
of volume regulation, hypercontracture, and proteolytic 
activation related to ATP depletion and calcium rise [12, 
16]. If pyroptosis was also contributing to cell killing, then 
a gasdermin D knockout mouse [13] should be protected 
from I/R and VX-765 should be less effective in it.

Our studies have identified additional potential mecha-
nisms, whereby caspase-1 could contribute to ATP deple-
tion. One is proteolysis of vital glycolytic enzymes (e.g., 
GAPDH), whose dysfunction has been previously impli-
cated during I/R [33]. Another could be increased mito-
chondrial complex I activity associated with succinate-
driven reverse mitochondrial electron transport during 
I/R [6] caused by proteolysis of critical mitochondrial 
enzymes. Further studies will be required to fully eluci-
date the relative contributions of caspase-1 inflammatory, 
glycolytic, and respiration targets to cell death during I/R.

Conclusion

VX-765 becomes the first clinical-grade drug [21] dem-
onstrated to add its cardioprotection to that from a  P2Y12 
receptor antagonist when both were administered at rep-
erfusion in an animal model of AMI. A single bolus of 
VX-765 in combination with cangrelor resulted in marked 
preservation of left ventricular function and an infarct size 
that continued to be small when measured 3-day post-
reperfusion suggesting a clinically significant long-term 
salvage of heart muscle.
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