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P2Y12 inhibition in macrophages reduces ventricular arrhythmias
in rats after myocardial ischemia-reperfusion
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Abstract

Background. Myocardial ischemia-reperfusion (I/R) injury is still thought to be an unsolved puzzle that
may lead to reperfusion arrhythmias and sudden cardiac death. Inflammation plays a key role in myocardial
I/R. Studies have indicated that purinoceptor 2Y12 (P2Y12) antagonists have anti-inflammatory properties
that are cardioprotective.

Objectives. In this study, we explored whether inhibition of P2Y12 in macrophages could reduce cardiac
inflammation and attenuate reperfusion arrhythmias after myocardial I/R.

Materials and methods. Rats were randomly divided into 4 groups: group A (control 4 vehicle); group B
(control 4 P2Y12 shRNA lentiviral vector); group C (myocardial I/R + vehicle); and group D (myocardial I/R
+ P2Y12 shRNA lentiviral vector). Infarct size, reperfusion arrhythmias, and P2Y12 and platelet endothelial
cell adhesion molecule-1 (CD31) protein expression were measured.

Results. The incidence of reperfusion ventricular tachycardia and fibrillation (VT/VF) was 90% in the I/R
group, while it was reduced to 50% by P2Y12 shRNA treatment. lonized calcium binding adapter mole-
cule 1and P2Y12 immunoreactivity in the myocardial I/R + P2Y12 shRNA group was lower compared
to the myocardial I/R group. P2Y12 shRNA treatment increased a-smooth muscle actin (a-SMA) and (D31
protein expression, as evidence by western blot and immunohistochemistry analyses (0.31 +0.01 compared
10 0.26 +0.008, group D compared to group C, p < 0.05).

Conclusions. Inhibition of P2Y12 in macrophages improved reperfusion arrhythmias in our rat I/R model,
suggesting that blocking P2Y12 could decrease the inflammatory response after cardiac perfusion.
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14

Background

Acute myocardial infarction (AMI) is one of the most
common causes of cardiovascular death worldwide. Re-
perfusion is the primary mechanism to restore blood flow
to the heart in the treatment of AMI. However, myocardial
ischemia-reperfusion (I/R) can cause a variety of injuries
through a number of processes, such as cell and organelle
membrane injury, oxidative stress, endothelial injury, vaso-
constriction, and pro-inflammatory immune responses.!
Accordingly, reperfusion can cause heart tissue damage,
electrophysiological dysfunction and heart failure.>* One
example are reperfusion arrhythmias, particularly ventricu-
lar tachycardia and fibrillation (VT/VF), which are serious
events that complicate reperfusion therapies, like coronary
interventions and thrombolytic therapy, in patients with
AML* Sympathetic over-stimulation and inflammation are
2 major mediators of reperfusion arrhythmias.” Therefore,
reducing cardiac inflammation could be an effective means
to prevent myocardial I/R injury and the occurrence of re-
perfusion arrhythmias. Inflammation is a part of the physi-
ological wound-healing response after mechanical injuries.
At the onset of an infarction, a strong inflammatory re-
sponse is initiated,® which involves macrophage activation.”
Macrophages play an important role in myocardial repair
and remodeling after myocardial infarction. However,
the role of macrophages in I/R injury remains unclear. Pre-
vious studies have shown that the platelet P2Y12 (P2Y12)
receptor plays a central role in platelet function, hemostasis
and thrombosis, but there have only been a few studies that
have explored the non-platelet effects of P2Y12 in cardio-
vascular diseases.®® One study demonstrated that inhibiting
the P2Y12 receptor reduced the increase in pro-inflamma-
tory mediators, pointing to the cardioprotective properties
of P2Y12 antagonists.’ In our study, we investigated the role
and mechanism of P2Y12 inhibition in I/R injury.

Materials and methods
Animals

Sixty 8-week-old male Sprague Dawley rats weighing
200-270 g were purchased from the Vital River Laboratory
(Beijing, China). The protocols was approved by the Ethics
Committee of Shandong Corps Hospital of Chinese People’s
Armed Police Forces, Jinan, China, and rats received hu-
mane care conforming to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. Rats
had free access to normal rat chow and drinking water.

Experimental design
A total of 60 rats were randomly divided into 4 groups:

group A (control + vehicle); group B (control + P2Y12
shRNA lentiviral vector (Santa Cruz Biotechnology,
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Santa Cruz, ISA); group C (myocardial I/R + vehicle); and
group D (myocardial I/R + P2Y12 shRNA lentiviral vector).
Rats received P2Y12 shRNA lentiviral vector via tail vein
injection starting 5 days before myocardial I/R surgery.
Rats in the sham control groups were administered ve-
hicle. After the shRNA expression vector enters the cyto-
plasm, the vector needs to be transported to the cytoplas-
mic nucleus for transcription. ShRNAs are synthesized
in the nucleus, processed and transported to the cyto-
plasm, and finally incorporated into the RNA-interfering
silencing complex. Mature shRNA provides RNA interfer-
ence through mRNA cleavage and degradation.!® The in-
cidence and duration of VT/VF in the reperfusion period
were recorded to evaluate reperfusion arrhythmias. After
sacrifice, heart tissues were collected for western blot and
immunohistochemistry analyses.

Myocardial I/R surgery

Myocardial I/R surgery was performed 5 days after
P2Y12 shRNA lentiviral vector injection. After anesthe-
tizing with 3% pentobarbital sodium (30 mg/kg; intraperi-
toneal), intubating via tracheotomy and ventilating with
a small animal ventilator, a 3-cm left thoracotomy was
performed through the left 4" intercostal space. The left
anterior descending (LAD) coronary branch was ligated
with 6/0 silk sutures for 30 min to induce myocardial isch-
emia. During the procedure, we monitored cardiac func-
tion using electrocardiogram (ECG) recordings (BL-420S;
TaiMeng, Dongguan, China). Myocardial ischemia was
confirmed with ST-segment elevation and tall T-waves.
Rats in the sham surgery groups underwent only thoracot-
omy and the LAD coronary was not ligated. After 30 min
of ligation, the LAD coronary was reperfused for 2 h.

Evaluation of arrhythmias

Arrhythmias were assessed according to the diagnos-
tic criteria of the Lambeth Conventions.”!! Ventricular
arrhythmia parameters, including percent incidence
of VI/VF and duration of VTI/VF, were quantified during
the whole reperfusion period. Ventricular tachycardia re-
fers to the occurrence of 4 or more consecutive ventricular
premature beats in a row. Ventricular fibrillation is de-
fined as a signal whose individual QRS wave deflections
are no longer distinguishable from each other (meaning
morphological instability) and whose frequency can no
longer be measured.

Determination of myocardial injury

Myocardial ischemic size was determined using Evans
blue/triphenyltetrazolium chloride (TTC) staining. After
reperfusion, 1% Evans blue staining solution (0.3 mL) was
injected to determine the ischemic area. The tissues were
then incubated in a 2% TTC solution (Sigma Aldrich, St.



Adv Clin Exp Med. 2021;30(4):413-420

Louis, USA) for 30 min at 37°C, and fixed in 4% parafor-
maldehyde solution overnight. After storing at —20°C for
20 min, the heart was cut into 1-mm thick slices. The myo-
cardium in the ischemic area and infarction area was
stained blue and light yellow, respectively.

Immunofluorescence

Hearts were sectioned into approx. 7-um slices for im-
munofluorescence assays using a freezing microtome.
The sections were incubated with anti-ionized calcium
binding adapter molecule 1 (Ibal) (1 : 100; Abcam, Cam-
bridge, UK) and anti-P2Y12 (1 : 50, Novus, Centennial,
USA) as primary antibodies diluted in phosphate-buffered
saline (PBS) overnight at 4°C. After washing 3 times with
PBS, the sections were incubated with Alexa 546-conju-
gated donkey anti-rabbit (1 : 200; Thermo Fisher Scientific,
Waltham, USA) and Alexa 488-conjugated donkey anti-
goat (1 : 200, Thermo Fisher Scientific) antibodies for 2 h.
The sections were counterstained with 4’,6-diamidino-
2-phenylindole (DAPI; Life Technologies, Grand Island,
USA) to identify nuclei. Olympus LCX100 Imaging System
(Olympus Corp., Tokyo, Japan) and Image] software (Na-
tional Institutes of Health, Bethesda, USA) were used for
image acquisition and analysis.

Western blot analysis

Heart tissue was homogenized in radioimmunopre-
cipitation assay (RIPA) lysis buffer containing 1% phenyl-
methanesulfonyl fluoride (PMSF), and the supernatants
were collected after centrifugation at 4°C and processed
for western blot analysis. A BCA assay kit (Pierce Protein
Biology, St. Louis, USA) was used to determine protein
concentration. Approximately 70 ug of total protein from
each sample was resolved on 8-10% polyacrylamide gels
and transferred to polyvinylidene fluoride (PVDF) mem-
branes (BioRad, Richmond, USA). The membranes were
incubated at 4°C overnight with anti-P2Y12 (1 : 2000;
Abcam; ab184411), anti-platelet endothelial cell adhesion
molecule-1 (CD31) (1 : 1000; Abcam; ab64543), anti-glyc-
eraldehyde-3-phosphate dehydrogenase (anti-GAPDH)
(1 : 5000; CoWin Bioscience, Beijing, China) antibodies
diluted in general antibody dilution buffer. The blots were
detected with an enhanced chemiluminescence (ECL) de-
tection kit (Merck Millipore, Burlington, USA) and visual-
ized using a FluorChem E Imager (Protein-Simple, Santa
Clara, USA). The protein expression relative to GAPDH
was analyzed using Image] software.

Statistical analysis

Data are presented as means + standard deviations (SD).
Unpaired t-tests were used to compare values between
2 groups. Analysis of variance (ANOVA) and Tukey’s test
were used to compare the differences among multiple
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groups. The SPSS v. 17.0 software (SPSS Inc., Chicago,
USA) was used for the analysis. A p-value less than 0.05
was considered significant in all statistical tests.

Results

P2Y12 inhibition in macrophages
attenuates infarct size following
myocardial I/R injury in rats

As shown in Fig. 1A,B, P2Y12 shRNA treatment signifi-
cantly reduced ischemia size, as evidenced by Evans blue
staining (p < 0.05). The ECGs were examined to elucidate
the physiological effect of I/R injury and the incidence rate
of reperfusion arrhythmias. Successful ischemia injury was
confirmed by ST-segment elevation, and reperfusion injury
was confirmed by reduced ST-segment elevation and tall
T-waves after ischemia. P2Y12 knockdown (I/R + P) signifi-
cantly reduced the incidence rates of reperfusion arrhyth-
mias are shown in Fig. 1C, and the duration of VT when
compared with I/R + V as shown in Fig. 1D (23.07 +4.32
compared to 55.83 +11.3, p < 0.05). The incidence of re-
perfusion VT/VF was 90% in the I/R group; it was reduced
to 50% following P2Y12 shRNA treatment.

P2Y12 inhibition in macrophages
attenuates inflammation induced
by myocardial I/R injury in rats

We used P2Y12 shRNA to determine the role of P2Y12R
in macrophages following myocardial I/R injury in rats.
Asshown in Fig. 2, immunohistochemical analysis of heart
sections demonstrated a strong immunoreactive signal for
Ibal in the I/R areas in the control groups, which was sig-
nificantly attenuated by P2Y12 shRNA treatment (p < 0.05).

P2Y12 inhibition in macrophages
attenuates cardiac remodeling in rats

To assess the role of P2Y12 in myocardial I/R injury,
we employed the following strategies. To evaluate the effi-
cacy of cardiac remodeling, we measured protein expression
of a-smooth muscle actin (a-SMA) and CD31 using immu-
nohistochemistry and western blot analyses, respectively.
We found that a-SMA staining was significantly higher
in the I/R + P2Y12 shRNA group compared to the I/R
group (Fig. 3A). CD31 protein expression in the I/R areas
was significantly upregulated in the I/R + P2Y12 shRNA
group compared to the other groups (Fig. 3B, 3C 0.31 £0.01
compared to 0.26 £0.008 (I/R + P compared to I/R + V);
p < 0.05). The a-SMA and CD31 staining also revealed
increased vessel formation in the I/R areas.

As shown in Fig. 3D, we observed that P2Y12 protein
expression in the I/R areas was significantly increased
compared to the control groups (0.23 +0.01, 0.17 +0.007
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Fig. 1. A. Infarct and ischemic area as determined using Evans blue dye and TTC staining; B. Percent ischemic area after reperfusion; C. Comparisons of VT
duration between the 4 groups after reperfusion; D. Comparisons of the incidence rates of reperfusion arrhythmias between the 4 groups after reperfusion;
*p < 0.01 compared with C +V; tp < 0.05 compared with I/R + V. C + V; control + vehicle; C + P, control + P2Y12 shRNA lentiviral vector; I/R + V, myocardial

I/R + vehicle; and I/R + P, myocardial I/R + P2Y12 shRNA lentiviral vector

compared to 0.150 +£0.007, 0.16 £0.009 (I/R + Vand I/R + P
compared to C + Vand C + P); p < 0.05). The I/R + P2Y12
shRNA group had significantly lower P2Y12 protein ex-
pression compared to the I/R group (0.17 £0.007 compared
to 0.23 +£0.01 (I/R + P compared to I/R + V); p < 0.05).

Discussion

The present study was designed to investigate the role
of P2Y12 in macrophages following myocardial I/R injury
in rats. The primary findings of our study are as follows:
1) P2Y12 shRNA lentiviral vector reduced P2Y12 protein

expression in macrophages; 2) reperfusion treatment sig-
nificantly increased the incidence of arrhythmias, and in-
hibiting P2Y12 in macrophages improved the duration and
incidence of arrhythmias; and 3) inhibiting P2Y12 reduced
inflammation associated with reperfusion.

Myocardial ischemia can lead to cardiovascular disease
and AMI, which is the major cause of death worldwide.
Reperfusion is the primary treatment for AMI, and timely
and successful reperfusion can reduce myocardial isch-
emia injury, limit infarct areas and improve ventricular
function. However, tissue ischemia often occurs despite
the fact that the flow of blood is restored, resulting in myo-
cardial I/R injury, which is characterized by endothelial cell
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Fig. 2. A. Representative double-immunostained images of the macrophage marker Ibal (green) and P2Y12 (red); last column shows merged images
of all staining in the 4 groups after reperfusion; B. Percent of Ibal expressed in the ischemic areas; C. Percent of P2Y12 expressed in the ischemic area.
Values shown are the mean +SD; *p < 0.01 compared with I/R +V; C+V, control + vehicle; C + P, control + P2Y12 shRNA lentiviral vector; I/R +V,
myocardial I/R + vehicle; and I/R + P, myocardial I/R + P2Y12 shRNA lentiviral vector
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Fig. 3. A. Immunohistochemical staining of a-SMA in the 4 groups after reperfusion; B. Representative western blot images of CD31, P2Y12 and GAPDH
expression in the 4 groups after reperfusion; C. Quantified CD31 expression relative to GAPDH expression in the 4 groups; D. Quantified P2Y12 expression
relative to GAPDH expression in the 4 groups; *p < 0.01 compared with C +V; tp < 0.05 compared with I/R +V

dysfunction, DNA damage and inflammation.” A variety
of clinical conditions can cause I/R injury, such as myocar-
dial injury, stroke, organ transplantation, limb ischemia,
and multiple organ system dysfunction. In the last 20 years,
it has been confirmed that inflammation plays a vital role
in the pathophysiological process of I/R injury. Inflamma-
tion may induce ectopic triggers, leading to the occurrence
of arrhythmias.”!? Recent studies provide evidence that
immune cells are involved in I/R-induced wound heal-
ing.!3-18 Macrophages are the primary inflammatory cell
responders, and they play an important role in myocardial
healing following infarction,'® as well as the inflammatory
response after I/R injury.?°

The P2Y12 receptor is composed of 2 parts: seven-
transmembrane (7-TM) «-helix bundle and a carboxyl
terminal helix.?° P2Y12 is expressed in platelets, where
it stabilizes platelet aggregation induced by thrombin
and thromboxane A2 (TXA2) and other agonists, and
also plays an important role in thrombosis in vivo.2-2*
Activation of the ADP-P2Y12 pathway can induce an in-
flammatory state in vascular smooth muscle and lead

to atherosclerosis.?> A series of studies have shown that
P2Y12 antagonists have cardioprotective properties that
are independent of their anti-thrombotic actions.?® This
protective effect is mainly due to adenosine receptor acti-
vation and downstream phosphorylation of protein kinase
B and endothelial nitric oxide synthase, and activation
of cyclooxygenase-2.2” Adenosine plays a key protective
role during myocardial I/R injury.?8-3! Blocking the P2Y12
receptor can increase extracellular adenosine levels by in-
hibiting the reuptake of interstitial adenosine in cells.32:33
The present study intended to investigate the cardiopro-
tective effects of P2Y12 in the context of inflammation.
P2Y12 is also expressed on macrophages. A P2Y12 an-
tagonist has been shown to attenuate atherogenesis and
reduce accumulation of macrophages in ApoE-deficient
mice.3* A recent study demonstrated that P2Y12 expression
in macrophages was involved in the modulation of the im-
mune microenvironment in various pathological inflamma-
tory conditions, a fact that indicates that P2Y12 is an im-
portant immunomodulatory receptor on macrophages.®
In the present study, shRNA was used to knock down
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P2Y12 expression in macrophages. Systemic administration
of P2Y12 shRNA had no effect on platelet expression, given
that platelets lack nuclei. Thus, we were able to rule out
the effect of blocking P2Y12 in platelets in our I/R model.
Our immunofluorescence staining of P2Y12 in macro-
phages demonstrated that P2Y12 plays an anti-inflamma-
tory role in I/R injury. Activation of P2Y12 in macrophages
could induce cell proliferation and lamellar foot formation,
and inhibiting P2Y12 could reduce chemotaxis.?® Our re-
sults suggest that regulating P2Y12 in macrophages could
improve the duration and incidence rates of reperfusion
arrhythmias through 2 possible mechanisms.

Downregulating P2Y12 in macrophages could ameliorate
the immune microenvironment and exert anti-inflamma-
tory effects in the I/R injury area. Furthermore, since car-
diac tissue inflammation is related to cardiovascular sympa-
thetic tone, sympathetic overstimulation and inflammation
could be 2 major mediators of reperfusion arrhythmias.®

Another possibility is that reperfusion arrhythmias were
obviously correlated with myocardial I/R injury. Our re-
sults showed that systemic administration of P2Y12 shRNA
could significantly reduce the ischemia area, altering the re-
lease of oxygen free radicals and inflammatory factors.

In our study, we only carried out animal experiments
to investigate the cardioprotective effect of P2Y12 on mac-
rophages. However, determination of the effect of P2Y12
inhibition on macrophages in clinical scenarios and
the exact mechanism underlying the effect requires fur-
ther research. Ticagrelor is a P2Y12 receptor antagonist
with proven clinical benefits in patients with myocardial
infarction and acute coronary syndrome.*” This experi-
ment elaborated upon the mechanism of potential car-
dioprotective effects outside of the antiplatelet actions
of ticagrelor, particularly from the perspective of inflam-
mation regulation.

Limitations

In our study, we only carried out animal experiments
to investigate the cardioprotective effect of P2Y12 on mac-
rophages. However, determination of the effect of P2Y12 in-
hibition on macrophages in clinical scenarios and the exact
mechanism underlying the effect requires further research.
Ticagrelor is a P2Y12 receptor antagonist with proven clin-
ical benefits in patients with myocardial infarction and
acute coronary syndrome.” This experiment elaborated
upon the mechanism of potential cardioprotective effects
outside of the antiplatelet actions of ticagrelor, particularly
from the perspective of inflammation regulation.

Conclusions

Knockdown of P2Y12 in macrophages was a main
mechanism in improving the duration and incidence of ar-
rhythmias after reperfusion in a I/R rat model. In addition,
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blocking P2Y12 could decrease the inflammatory response
after cardiac reperfusion, which may be a new mecha-
nism to target in the development of new cardioprotective
therapeutics.
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