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Background: High platelet reactivity (HPR) and low platelet reactivity (LPR) are associated with an 
increased risk of ischemic/bleeding events in patients undergoing percutaneous coronary intervention (PCI). 
The role platelet miRNAs carry out in platelet reactivity regulation is largely unknown.
Methods: In this study, we profiled the expression pattern of platelet miRNA in patients undergoing PCI 
with HPR (n=4) and LPR (n=4) by miRNA microarray screening. The candidate miRNAs were further 
validated in a larger sample of 17 LPR and 22 HPR patients by quantitative reverse-transcription polymerase 
chain reaction (RT-qPCR), and miR-15b was found differentially expressed. MiR-15b mimic and inhibitor 
were transfected into MEG-01 cells, then Bcl-2 protein expression and cell apoptosis were assessed. The 
relationship between platelet reactivity and platelet apoptosis was further evaluated. ABT-737, a Bcl-2 
inhibitor was used to induce platelet apoptosis in PCI patients in vitro, and the influence of enhanced platelet 
apoptosis on platelet reactivity was explored.
Results: Two miRNAs were found to be differentially expressed in patients with LPR and HPR using 
microarray system. Furthermore, the expression of miR-15b, a miRNA known to induce cell apoptosis via 
targeting of Bcl-2, was confirmed by RT-qPCR (P=0.020) to be 1.4× higher in the platelets of LPR patients 
than in those of HPR patients. Overexpression of miR-15b was demonstrated to suppress Bcl-2 protein 
expression and enhance cell apoptosis in a megakaryocyte cell line (MEG-01). The platelets of LPR patients 
expressed lower levels of Bcl-2 protein than those of HPR patients, and an inverse relationship between 
platelet reactivity and platelet apoptosis was observed among 44 patients who underwent PCI. Inducing 
platelet apoptosis in PCI patients in vitro, we observed that their platelet reactivity was decreased in a dose-
dependent manner.
Conclusions: Through the promotion of platelet apoptosis, platelet miR-15b negatively regulates platelet 
reactivity in patients undergoing PCI. Platelet apoptosis may represent a novel antiplatelet target for 
overcoming HPR in PCI treatment.
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Introduction

Platelet P2Y12 receptor antagonists play a central role in 
antiplatelet therapy among patients with acute coronary 
syndromes (ACS) and those undergoing percutaneous 
coronary intervention (PCI) (1-3). However, on-clopidogrel 
platelet reactivity varies widely among patients, with 
the risk of ischemic/bleeding events heightened by high 
or low platelet reactivity (HPR/LPR) (4-10). Prasugrel 
and ticagrelor, new P2Y12 receptor antagonists, have 
been introduced to counter HPR, yet a small amount of 
interindividual variability is still observed (11,12). Moreover, 
major concerns have been raised by their habit of increasing 
the occurrence of bleeding complications (13-15), indicating 
that interindividual variation in platelet reactivity still exists 
in clinical practice.

Given that HPR is proved to be an independent predictor 
of thrombotic events including death, myocardial infarction 
and stent thrombosis in patients undergoing PCI (6-9), 
many studies have explored the mechanisms underlying the 
variability in platelet responsiveness. In addition to clinical 
factors such as age, female gender, diabetes mellitus, and body 
mass index (16-20), genetic factors have been a central focus 
in numerous investigations. Notably, cytochrome P450 (CYP) 
2C19*2 loss-of-function carrier is associated with HPR and 
increased occurrence of thrombotic complications (20-23).  
However, CYP2C19 single-nucleotide polymorphisms 
(SNPs) alone account for only 5–12% of the interindividual 
variability in platelet reactivity (20,21); other genetic factors 
are yet to be clarified.

MicroRNAs (miRNAs) are short non-coding RNAs 
that modulate gene expression by binding target mRNAs 
to induce degradation or repress translation, thus playing a 
critical role in the regulation of various cellular processes, 
including proliferation, apoptosis, and differentiation (24,25). 
Although anucleated, platelets contain an abundant and 
diverse set of miRNAs (26-28). Platelet-derived miRNAs 
(miR-223 and miR-191) in plasma were found to decrease 
with use of antiplatelet drugs (29). Notably, miR-223, which 
is one of the highest expressed miRNAs in platelets, was 
proved to target P2Y12 mRNA (26), and platelet and plasma 
miR-223 was further demonstrated to correlate with HPR 
in patients with coronary heart disease (CHD) (30,31). 
Additionally, the miRNA and mRNA expression profiles 
of epinephrine-induced hyper- and hypo-reactive platelets 
in healthy individuals were compared through microarray 
systems, and 4 miRNAs—miR-96, miR-200b, miR-495 and 
miR-107 were found to be associated with platelet reactivity 

(27,32). The findings mentioned above suggest that in 
healthy individuals and CHD patients platelet reactivity may 
be regulated by platelet miRNAs. In fact, the risk of HPR- 
or LPR-related ischemic or bleeding occurrences is highest 
in patients who have undergone PCI (4-10). Therefore, 
performing miRNA expression profiling in platelets of PCI 
patients, discovering differentially expressed platelet miRNAs 
between patients with LPR and HPR, and mechanistically 
elucidating how miRNAs may regulate platelet function are 
all essential tasks.

In this study, we explored the expression pattern of 
platelet miRNAs in patients who underwent PCI and 
identified an apoptosis-related miRNA, miR-15b, which is 
differentially expressed in the platelets of LPR and HPR 
patients. Although apoptosis occurs in anucleate platelets 
(33-35), there is gap in our understanding of the relationship 
between platelet apoptosis and platelet reactivity. Thus, 
this study also determined the relationship between platelet 
miR-15b, platelet apoptosis and interindividual variability 
of platelet reactivity in patients treated by PCI.

Methods

Materials

Human CD45 microbeads were obtained from Miltenyi 
Biotec (Bergisch Gladbach, Germany). Prostaglandin E1 
(PGE1), and JC-1 were purchased from Sigma-Aldrich (St. 
Louis, MO, USA). FITC Annexin V Apoptosis Detection 
Kit and PE Mouse Anti-Human CD61 were obtained from 
BD Biosciences (Heidelberg, Germany). VerifyNow P2Y12 
assay was purchased from Accumetrics (San Diego, CA, 
USA), and adenosine diphosphate (ADP) was from Helena 
Laboratories (Beaumont, TX, USA). Anti-Bcl-2, anti-
Caspase-3, and anti-β-actin rabbit antibody were sourced 
from Cell Signaling Technology (Danvers, MA, USA). 
ABT-737 was from Selleck Chemical (Houston, TX, USA). 
mirVana miRNA Isolation Kit, Taqman microRNA primers 
(hsa-miR-145-5p and hsa-miR-15b-5p), Taqman microRNA 
Reverse Transcription Kit, Taqman Universal Master Mix 
II, mirVana miRNA mimic and inhibitor (hsa-miR-15b-5p),  
mirVana miRNA mimic and inhibitor negative control #1, 
and Lipofectamine RNAiMAX reagents were purchased 
from Applied Biosystems (Foster City, CA, USA). 

Study population

Consecutive patients were enrolled in the cohort if they 
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had undergone PCI with drug-eluting stents and were 
being treated with dual antiplatelet therapy of aspirin 
and clopidogrel. According to the clinical practice of the 
institution, patients received a loading dose (300 mg) of 
clopidogrel prior to PCI and, after that, a maintenance dose 
(75 mg) daily. VerifyNow P2Y12 assay was used to evaluate 
platelet reactivity on the morning of day 1 (12–24 hours)  
and day 2 (36–48 hours) after PCI. To rule out an elevation 
in transient platelet reactivity in patients during the 
treatment, only those who presented consistent LPR or 
HPR on both day 1 and day 2 were recruited into the HPR 
group or the LPR group. We recruited another cohort of  
44 patients who were undergoing PCI with drug-eluting 
stents and assessed the platelet function and levels of 
platelet apoptosis 12–24 hours following PCI. This 
facilitated evaluation of the relationship between platelet 
reactivity and platelet apoptosis. For both cohorts, the 
exclusion criteria were defined as established platelet 
function disorders or whole blood platelet counts of less 
than 100×103/µL. The study protocol was approved by the 
Medical Ethics Committee of Fuwai Hospital of Peking 
Union Medical College and the Chinese Academy of 
Medical Sciences. Written informed consent was obtained 
from each patient.

Platelet function testing

To measure platelet reactivity, the VerifyNow P2Y12 assay 
was performed in accordance with the manufacturer’s 
instructions. The VerifyNow P2Y12 assay is a point-of-
care turbidimetry-based optical detection that estimates 
the inhibition of P2Y12 receptors by their antagonists 
by assessing the level of P2Y12 receptor activation. ADP 
simultaneously activates P2Y1 and P2Y12 receptors, thus 
the disposable assay device contains 20 µM ADP to induce 
platelet aggregation and 22 nM PGE1 to reduce P2Y1 
activation by ADP. The assay reports values in P2Y12 
reaction units (PRU) with a proprietary algorithm. In this 
study, HPR was defined as ≥300 PRU and LPR as <170 PRU  
in order to maximally discriminate between the patients in 
the 2 groups. 

Since the VerifyNow P2Y12 assay was a whole blood 
assay which was unable to evaluate platelet reactivity 
in platelet-rich plasma, after treatment of ABT-737, 
platelet reactivity was assessed using light transmittance 
aggregometry (LTA) assay. To induce platelet aggregation, 
platelet-rich plasma was stimulated with 20 µM ADP 
and 22 nm PGE1 in accordance with the reagents within 

VerifyNow P2Y12 assay devices. Platelet aggregation was 
measured by a 4-channel LBY-NJ4 light transmittance 
aggregometer (Precil, Beijing, China) and expressed as 
the maximum percent change in light transmittance from 
platelet-poor plasma which was set as a reference.

Platelet Isolation and total platelet RNA extraction

On day 2, as previously described, leukocyte-depleted 
platelets (LDPs) were prepared after PCI, which yielded 
a purity of less than one leukocyte per five million  
platelets (27). Briefly, fasting venous blood was drawn into 
acid citrate dextrose (ACD) tubes (BD Vacutainer) through 
a 21-gauge needle and centrifuged at 180 g for 20 minutes 
to obtain platelet suspension. Ethylenediaminetetraacetic 
acid was added at a final concentration of 2 mm. Another 
centrifugation at 180 g was then performed for 15 minutes 
to minimize contamination of leukocytes and erythrocytes. 
Platelets were pelleted at 1,000 g for 15 minutes and then 
resuspended in 1 mL Beads buffer, which was prepared by 
diluting MACS BSA stock solution 1:20 with autoMACS 
rinsing solution. For platelet purification, 40 µL human 
CD45 MicroBeads reagent was added to the platelet 
suspension and incubated for 45 minutes with gentle 
mixing. LDPs were collected by depleting CD45-positive 
cells using magnetic separating unit. LDPs were lysed in 
lysis/binding buffer, and total platelet RNA was harvested 
with the mirVana miRNA Isolation Kit, according to the 
manufacturer’s instructions. Total RNA was eluted in 
80 μL elution solution and stored at −80 ℃ until further 
processing.

MicroRNA microarray and data analysis

To determine the diverse miRNA expression in platelets 
between LPR and HPR patients, we performed miRNA 
expression profiles of LDP samples from four LPR and four 
HPR patients using Agilent human miRNA microarray 
(version 19.0) system (Agilent technologies, Santa 
Clara, CA, USA). The miRNA molecular labeling, array 
hybridization and data scanning were performed at Biochip 
Company (Shanghai, China), according to the protocols 
of the Agilent miRNA microarray system. Raw data were 
normalized by Quantile algorithm, Gene Spring Software 
11.0. miRNA microarray data has been deposited in the 
National Center for Biotechnology Information Gene 
Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/), 
with the accession number GSE59488.
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Quantitative reverse-transcription polymerase chain 
reaction (RT-qPCR)

A larger LDP sample of 17 LPR and 22 HPR patients 
by RT-qPCR was used to further validate the candidate 
miRNAs analyzed from microRNA microarray. Total RNA 
was reversely transcribed into cDNA with specific Taqman 
microRNA primers (hsa-miR-145-5p and hsa-miR-15b-5p)  
and the Taqman MicroRNA Reverse Transcription Kit. 
After mixing cDNA with Taqman Universal Master Mix 
II and miRNA-specific Taqman Small RNA Assay (20×), 
reactions were carried out on the 7300 real-time PCR 
system (Applied Biosystems, Foster City, CA, USA). 
miRNA expression was calculated by correlating the mean 
values of miRNAs with U6 using the 2−ΔΔCT method.

miRNA transfection

Platelets are formed and released from their precursor 
cells—megakaryocytes. As miRNA expression profiling in 
megakaryocyte cell line—MEG-01 (ATCC, CRL-2021)  
correlates with that in human platelets, Nagalla et al. 
used MEG-01 cells for platelet miRNA transfection (27). 
MEG-01 cells were cultured in Roswell Park Memorial 
Institute (RPMI) 1640 medium containing 10% (v/v) fetal 
bovine serum (FBS) and were transfected with mirVana 
miRNA mimics or inhibitor (hsa-miR-15b-5p, 150 nm) by 
Lipotfectamine RNAiMAX reagents. The negative controls 
in the experiment were in the form of mirVana miRNA 
mimic negative control #1 and inhibitor negative control 
#1. miRNA mimics are double-stranded RNAs which mimic 
endogenous precursor miRNAs, while miRNA inhibitors 
are designed to specifically bind to and inhibit the activity 
of endogenous miRNAs. Twelve hours later, the cells were 
harvested for either western blot analysis or measurement 
of apoptosis. 

Western blot analysis

LDPs or MEG-01 cells were lysed in RIPA buffer with 
protease inhibitor cocktail (Roche Diagnostics, Mannheim, 
Germany). Lysates were subjected to 12% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), 
electrotransferred to polyvinylidene difluoride (PVDF) 
membranes (Millipore, Darmstadt, Germany), incubated 
with specific antibodies, and detected with ECL-enhanced 
chemi-luminescence system (Bio-Rad, Hercules, CA, USA). 
ImageJ was used to perform protein quantification.

Flow cytometric measurement of apoptotic events

ABT-737-treated platelets were stained with anti-CD61-
PE and Annexin V-FITC to detect phosphatidylserine 
(PS) exposure in platelet (CD61)-positive events. MEG-01  
cells were stained with Annexin V-FITC and propidium 
iodide (PI). Mitochondrial membrane potential (△Ψm) 
depolarization was determined with JC-1 (5 µg/mL). The 
final volume was 500 µL for an immediate analysis by 
FACSCalibur flow cytometry (BD Biosciences, CA, USA).

Platelet treatment

Blood-citrate tubes were centrifuged at 180 g for 10 minutes 
and again at 1,000 g for 10 minutes to obtain platelet-rich 
plasma and platelet-poor plasma, respectively. For ABT-
737-induced platelet apoptosis, platelet-rich plasma was 
incubated with various concentrations of ABT-737 (2.5, 5, 
10 µM) for 2 hours at 37 ℃. DMSO was used as a vehicle 
control of ABT-737.

Statistical analysis

A t-test was carried out to compare continuous variables, and 
the Chi-square test was applied to compare the distribution 
of categorical variables. The association between platelet 
miR-15b expression and platelet reactivity was determined 
by binary logistic regression analysis. Pearson’s correlation 
coefficient, linear regression, binary logistic regression and 
receiver operator characteristic (ROC) curve analysis were 
used to determine the correlation between platelet reactivity 
and platelet apoptosis. All statistics were performed with 
SPSS 20.0 (SPSS, Inc., Chicago, IL, USA). A value was 
considered statistically significant when P<0.05.

Results

Patient characteristics

We enrolled a cohort of 290 patients who underwent PCI. 
According to the platelet function testing, 21 of these 
patients were defined as LPR and 26 as HPR. Among these 
patients, four with LPR and four HPR were included in 
miRNA microarray detection. The baseline characteristics 
of these eight patients are displayed in Table S1. To further 
validate the candidate differentially expressed miRNAs,  
RT-qPCR was conducted in LDPs of other 17 patients with 
LPR and 22 HPR. Their characteristics are summarized in 
Table 1. 
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Platelet miRNA expression profiling

To detect differentially expressed miRNAs in platelets of 
diverse platelet reactivity, we profiled miRNA expression in 
LDPs of the four LPR and four HPR patients using Agilent 
human miRNA microarray (version 19.0) system. In all, out 
of more than 1800 miRNAs that were scanned, 420 were 
positively detected in the platelets of all eight patients and 
are listed in Supplemental Table 2. Among these miRNAs, 
we found miR-145 and miR-15b were differentially 
expressed between patients with LPR and HPR (P<0.05, 
Table 2). To confirm the miRNAs that were to platelet 
function, we measured the expression of these two miRNAs 
via RT-qPCR.

Platelet miR-15b negatively correlates with platelet 
reactivity

The expression of the candidate miRNAs (miR-145 and 
miR-15b) in the LDPs of 17 LPR and 22 HPR patients was 
compared through RT-qPCR. There was a 1.4× increase 
in platelet miR-15b expression in patients with LPR 
compared with those with HPR (P=0.020, Figure 1). There 
was no significant difference observed between the levels 
of platelet miR-145 in the two groups (P=0.718, Figure 1). 
Stepwise binary logistic regression was used to evaluate 
an independent association between platelet miR-15b 
expression and platelet reactivity. Variables such as gender, 
age, concentration of hemoglobin, and platelet miR-15 
expression were included in this model. After adjustment 
for risk factors, we found that the expression of miR-15b in 
platelets was independently associated with LPR [odds ratio 
(OR), 118.10 (95% confidence interval, 3.40 to 4102.96), 
P=0.008, Table 3].

miR-15b enhances apoptosis via targeting Bcl-2 in 
megakaryocytes

miRNA prediction software, including TargetScan, 
miRanda, and Pictar, was used to scan miR-15b target 

Table 1 Characteristics of patients with LPR and HPR in the 
validation group

Variables
LPR group 

(n=17)
HPR group 

(n=22)
P

Clinical parameters

Age (years) 51.94±10.37 63.91±8.20 <0.001

Male sex (%) 94.1 63.6 0.052 

BMI (kg/m2) 26.15±2.73 25.53±2.60 0.477 

Hypertension (%) 58.8 72.7 0.497 

Hyperlipidemia (%) 76.5 81.8 0.709 

Diabetes (%) 29.4 36.4 0.740 

Family CAD  
history (%)

17.6 27.3 0.704 

Current smoking (%) 41.2 31.8 0.738 

LVEF 56.62±9.69 58.86±8.68 0.459 

Medications

PPI (%) 17.6 31.8 0.464 

Nitrates (%) 100 100 1.000 

β-blockers (%) 94.1 86.4 0.618 

ACEI (%) 29.4 22.7 0.721 

ARB (%) 23.5 36.4 0.494 

CCB (%) 41.2 68.2 0.115 

Statins (%) 100 95.5 1.000 

Laboratory parameters

WBC counts (109/L) 7.49±1.56 6.95±1.48 0.284 

Hemoglobin (g/L) 147.12±15.28 132.77±10.10 0.000 

Creatinine (μmol/L) 80.89±14.67 78.14±17.59 0.606 

PCI parameters

No. of stents 
implanted

1.76±1.15 2.05±0.95 0.409 

Left anterior 
descending artery

58.8 50.0 0.748 

Platelet function parameters

VerifyNow P2Y12 
(PRU), 1st day

127.29±42.24 351.00±30.05 <0.001

VerifyNow P2Y12 
(PRU), 2nd day

122.65±32.23 338.91±34.26 <0.001

Continuous variables are presented as mean ± SD and categorical 
variables as percentage of the subjects. BMI, body mass index; 
CAD, coronary artery disease; LVEF, left ventricular ejection 
fraction; PPI, proton pump inhibitor; ACEI, angiotensin-converting 
enzyme inhibitor; ARB, angiotensin receptor blocker; CCB, calcium 
channel blocker; WBC, white blood cell; PRU, platelet reactivity 
unit; LPR, low platelet reactivity; HPR, high platelet reactivity. 

Table 2 Differentially expressed platelet miRNAs between LPR 
and HPR in microarray analysis

miRNAs P Fold change (LPR/HPR)

hsa-miR-145-5p 0.031 0.549 

hsa-miR-15b-5p 0.042 1.368 

LPR, low platelet reactivity; HPR, high platelet reactivity.
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genes (36-38). Among the putative genes, Bcl-2 was also 
identified by several previous studies, and miR-15b was 
found to enhance cell apoptosis through its targeting of 
Bcl-2 (39-41). Therefore, we transfected miR-15b mimic 

and inhibitor into MEG-01 cells and then assessed protein 
expression and cell apoptosis. As shown in Figure 2,  
miR-15b mimic reduced 24% Bcl-2 expression and miR-15b  
inhibitor elevated 1.8-fold in Bcl-2 expression in MEG-01 

Figure 1 Increased expression of miR-15b in platelets of LPR 
patients. The levels of two miRNAs (miR-15b and miR-145) were 
detected in leukocyte-depleted platelets of 17 LPR and 22 HPR 
patients who underwent PCI by quantitative reverse-transcription 
polymerase chain reaction. The relative expression of the miRNAs 
was normalized to U6 expression using the 2−ΔΔCT method. Error 
bars represent SEM. NS indicates P>0.05; *, P<0.05. LPR, low 
platelet reaction; HPR, high platelet reactivity; PCI, percutaneous 
coronary intervention. 
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negative control #1 or inhibitor negative control #1 was used as a 
negative control. Cell protein lysates were harvested after 12 hours 
and then analyzed by western blot for Bcl-2 and pro-Caspase-3 
proteins. Protein levels were normalized to levels of b-actin. Data 
are mean ± SEM (n=3). *, P<0.05.
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cells (P=0.018; P=0.019). The inhibition of antiapoptotic 
Bcl-2 triggers depolarization of △Ψm, activation of 
caspases, and membrane externalization of PS, all of which 
are key markers for cell apoptosis (39-43). Caspase-3 is 
the main executioner of apoptosis, and its activation and 
subsequent apoptotic events are marked by decreased levels 
of procaspase-3 (44-46). We observed that miR-15b mimic 
induced a 42% knockdown of procaspase-3 expression, and 
miR-15b inhibitor elevated procaspase-3 expression 1.3-fold  
(P=0.006; P=0.021, Figure 2). Moreover, we also found that 
miR-15b mimic induced a 2.3-fold increase in Annexin V 
and PI stained apoptotic events (P=0.002, Figure 3A), and 

a 2.2-fold increase in △Ψm-depolarized cells (P=0.001, 
Figure 3B). 

HPR patients express higher levels of Bcl-2 protein

Given the proapoptotic role of miR-15b as a suppressor of 
Bcl-2 in MEG-01 cells , we next assessed the expression of 
Bcl-2 and procaspase-3 proteins in the platelets of patients 
with LPR (n=5) and HPR (n=5) using the western blot 
method. Patients with HPR showed 2.3- and 1.6-fold 
increases in the levels of platelet Bcl-2 and procaspase-3 
proteins, respectively, than those with LPR (P=0.003, 

Figure 3 miR-15b induces apoptotic events in MEG-01 cells. miR-15b mimic or inhibitor (150 nm) was transfected into MEG-01 cells, 
and miRNA mimic negative control #1 or inhibitor negative control #1 was used as a negative control. Cells were harvested after 12 hours 
for evaluation of apoptotic events by flow cytometry. Data are mean ± SEM (n=3). (A) Cell apoptosis was assessed with Annexin V and 
propidium iodide staining. (B) Cell apoptosis was determined with mitochondrial membrane potential (△Ψm) depolarization stained with 
JC-1 (5 µg/mL). **, P<0.01. 

miR-15b

miR-15b

Control

Control

104

103

102

101

100

104

103

102

101

100

104

103

102

101

100

104

103

102

101

100

Annexin V

JC-1 monomers

FL
2-

H

FL
2-

H
FL1-H

FL1-H

FL1-H

FL1-H

100  101  102  103  104

100  101  102  103  104

100  101  102   103  104

100   101   102   103   104

P
I

JC
-1

 a
gg

re
ga

te
s

25

20

15

10

5

0

20

15

10

5

0
A

po
pt

os
is

 (%
)

D
ep

ol
ar

iz
ed

 △
Ψ

m
 (%

)

**

**

Ctrl    miR-15b

Ctrl    miR-15b

A

B



Wang et al. miR-15b regulates platelet reactivity through apoptosis

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2020;8(6):364 | http://dx.doi.org/10.21037/atm.2020.02.88

Page 8 of 15

P=0.003, Figure 4). These increases were consistent with 
decreased expression of platelet miR-15b in HPR patients. 

Platelet apoptosis is negatively correlated with platelet 
reactivity

As the expression of platelet miR-15b was upregulated in 
LPR patients compared with HPR patients and the pivotal 
role of miR-15b in inducing cell apoptosis in MEG-01 
cells was confirmed, we carried out further examination 
of the relationship between platelet apoptosis and platelet 
reactivity. We consecutively recruited another cohort 

of 44 patients who underwent PCI with drug-eluting 
stents; the baseline characteristics of these patients are 
displayed in Table 4. Platelet reactivity was shown in this 
cohort to be significantly correlated with a decreased 
rate of platelet apoptosis (r=−0.643, P<0.001, Figure 5A). 
Linear regression analysis revealed that the proportion 
of platelet apoptosis was independently associated with 
platelet reactivity (standardized coefficients β=−0.643, 
P<0.001, Table 5). Additionally, as the cut-off value of 
235–240 PRU is commonly used to predict major adverse 
cardiovascular events,(4,6,7,47), we divided the patients 
into two groups according to their platelet reactivity and 

Figure 4 Upregulation of Bcl-2 and pro-Caspase-3 proteins in platelets of HPR patients. Western blot was performed to evaluate the 
levels of Bcl-2 and pro-Caspase-3 proteins in leukocyte-depleted platelets of five LPR and five HPR patients who underwent percutaneous 
coronary intervention. The relative expression of proteins was normalized to b-actin expression. The protein lysates were separated by 12% 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then the filter was immunoblotted for Bcl-2, pro-Caspase-3 and b-actin. 
Error bars represent the SEM. **, P<0.01. LPR, low platelet reaction; HPR, high platelet reactivity. 
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Table 4 Characteristics of patients in the cohort of 44 patients

Variables
PRU <240 

(n=24)
PRU ≥240 

(n=20)
P

Clinical parameters

Age (years) 61.15±7.42 62.44±7.43 0.539 

Male sex (%) 92.3 80.0 0.248 

BMI (kg/m2) 25.89±2.16 24.97±2.61 0.175 

Hypertension (%) 69.2 76.0 0.588 

Hyperlipidemia (%) 80.8 80.0 1.000 

Diabetes (%) 30.8 32.0 0.925 

Family CAD  
history (%)

19.2 20.0 1.000 

Current Smoking (%) 30.8 28.0 0.828 

LVEF 58.42±8.16 60.00±6.45 0.449 

Medications

PPI (%) 15.4 24.0 0.499 

Nitrates (%) 100.0 100.0 1.000 

β-blockers (%) 96.2 88.0 0.350 

ACEI (%) 26.9 24.0 0.811 

ARB (%) 19.2 24.0 0.679 

CCB (%) 46.2 48.0 0.895 

Statins (%) 100.0 100.0 1.000 

Laboratory parameters

WBC counts (109/L) 6.27±1.71 6.46±1.48 0.670 

Hemoglobin (g/L) 147.77±12.88 143.56±14.60 0.280 

Creatinine (μmol/L) 75.39±14.02 77.44±12.84 0.588 

PCI parameters

No. of stents 
implanted

1.65±0.75 1.76±0.78 0.621 

Drug-eluting stent (%) 100.0 100.0 1.000 

Left anterior 
descending artery (%)

50.0 56.0 0.668 

Platelet function parameters

VerifyNow P2Y12 
(PRU)

200.50±42.49 271.68±20.68 <0.001

Continuous variables are presented as mean ± SD and 
categorical variables as percentage of the subjects. BMI, body 
mass index; CAD, coronary artery disease; LVEF, left ventricular 
ejection fraction; PPI, proton pump inhibitor; ACEI, angiotensin-
converting enzyme inhibitor; ARB, angiotensin receptor blocker; 
CCB, calcium channel blocker; WBC, white blood cell; PRU, 
platelet reactivity unit; LPR, low platelet reactivity; HPR, high 
platelet reactivity. 

Figure 5 The correlation between platelet apoptosis and platelet 
reactivity. (A) Forty-four patients who underwent percutaneous 
coronary intervention were enrolled to assess platelet reactivity and 
platelet apoptosis. Platelet reactivity was measured by VerifyNow 
P2Y12 assay and platelet apoptosis was defined as Annexin V 
stained PS exposure in platelets (CD61 positive) using flow 
cytometry. Correlation between platelet reactivity and platelet 
apoptosis was determined using Pearson’s correlation coefficient. 
(B) In this cohort, comparison of the rate of platelet apoptosis was 
performed between patients with PRU <240 (n=24) and PRU ≥240 
(n=20). (C) ROC analysis was used to evaluate the ability of platelet 
apoptosis to distinguish between patients with PRU ≥240 and 
PRU <240. PRU, platelet reactivity unit; AUC, area under curve; 
CI, confidence interval; PS, phosphatidylserine; ROC, receiver 
operator characteristic. ● and ▲ represent a single patient.
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found that patients with PRU ≥240 demonstrated lower 
levels of platelet apoptosis than those with PRU <240 
(P=0.004, Figure 5B). Binary logistic regression analysis 
also revealed that apoptotic events in platelets were 
independently associated with lower levels of platelet 
reactivity [OR, 1.52 (95% confidence interval, 1.10 
to 2.10), P=0.012, Table 4]. Furthermore, ROC curve 
analysis, allowed us to demonstrate a distinction between 
the rate of platelet apoptosis in patients with PRU ≥240 
and those with PRU <240. The area under the curve was 
0.715 (95% confidence interval, 0.564 to 0.866, P=0.015), 
and the optimal cut-off value was evaluated to be 6.64% 
(sensitivity 70.8%, specificity 65.0%) for platelet apoptosis 
to predict PRU <240 (Figure 5C). These results indicate an 
inverse relationship between platelet apoptosis and platelet 
reactivity in PCI patients.

Induced platelet apoptosis attenuates platelet reactivity

ABT-737, a Bcl-2 Homology 3 (BH3) mimetic, induces 
platelet apoptosis by inhibiting antiapoptotic Bcl-2 proteins 
(48-50). After incubation with platelet-rich plasma from 
PCI patients, ABT-737 promoted platelet apoptosis at 
a concentration of 2.5, 5 and 10 µM, reaching 11.4%, 
19.9% and 46.8% apoptotic events in platelets, respectively 
(P<0.001, Figure 6A,B). For verification of whether the 
higher rate of platelet apoptosis lead to reduced platelet 
reactivity, we assessed ADP-induced platelet aggregation of 
apoptotic platelets. We observed that ABT-737 treatment 
decreased platelet aggregation in a dose-dependent manner, 
resulting in 42.4%, 38.5% and 29.6% of maximal platelet 
aggregation (P<0.001, Figure 6C). These results demonstrate 
that by inducing platelet apoptosis through inhibiting Bcl-
2, platelet reactivity of PCI patients is lowered in vitro.

Discussion

This study identified platelet miRNA expression profiles 
of patients who underwent PCI with drug-eluting stents. 

A total of 420 different miRNAs were discovered in the 
platelets of PCI patients by our miRNA microarray analysis 
based on sanger miRBase (v 19.0) in total online: http://
fp.amegroups.cn/cms/c061c8aeaa78fef88a53bace5e60e62
a/atm.2020.02.88-1.pdf. We compared the mean levels of 
platelet miRNAs in our PCI patients with 284 miRNAs 
detected in healthy subjects in a previous study by Nagalla 
et al. (27). In total, 218 of our miRNAs coincided with 
theirs, and a significant relationship between the databases 
of the two studies was observed (r=0.780, P=6.726×10−46, 
Figure S1). 

Interestingly, among the HPR patients, we observed a 
trend of higher expression of platelet miR-15b (P=0.068) 
and miR-145 (P=0.003) in females than in males, suggesting 
the existence of gender-related miRNAs in platelets. 
However, the platelet miRNA expression of males and 
females was not compared in LPR patients because only 
one female were recruited into the LPR group. Recently, 
Simon et al. reported gender- and age-associated networks 
of platelet miRNA and mRNA, and found that 54 mRNAs 
and 9 miRNAs were differentially expressed in platelets 
according to gender (51), which supports our study. How 
these gender-related miRNAs may regulate platelet function 
warrants further study.

Here, we report a negative relationship between 
platelet miR-15b expression and HPR, and the pivotal 
role platelet apoptosis has in platelet reactivity. Apoptosis 
or programmed cell death (PCD) serves as a control 
mechanism to remove damaged or unnecessary cells, and 
its involvement in the regulation of anucleated platelets has 
also been recognized (33-35). Platelet apoptosis is distinct 
from platelet activation (34,35), and excessive apoptosis in 
platelets was proposed to be associated with some types of 
diseases such as myelodysplastic syndromes (MDS) (52), 
immune thrombocytopenia (ITP) (53), amyotrophic lateral 
sclerosis (ALS) (54), chronic uremia (55), malaria (56), and 
type 2 diabetes (57), which indicates that platelet apoptosis 
serves a role in manipulating hemostasis and thrombosis. 
During the pathogenesis of CHD, platelets adhere to 

Table 5 Association between platelet apoptosis and platelet reactivity

Variables
 Liner regression  Binary logistic regression

Standardized coefficients β P OR (95% CI) P

Platelet apoptosis −0.643 <0.001 1.52 (1.10–2.10) 0.012

Age – 0.385 – 0.705

CI, confidence interval; OR, odds ratio.
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damaged vessel walls where the endothelial cells are 
activated and platelet activation promotes the propagation 
of intracoronary thrombi after spontaneous disruption of 
atherosclerotic plaque (58,59). The PCI procedure also 
activates platelets (60), and patients with higher levels of 
post-PCI (and post-antiplatelet therapy) platelet reactivity to 
ADP have adverse clinical outcomes (6-9). Nevertheless, the 
association between platelet apoptosis and platelet reactivity 
has not yet been investigated. Interestingly, the activation 
of platelet P2Y12 receptors was demonstrated to attenuate 
platelet apoptosis induced by ABT-737 in vitro (61),  
suggesting a possible relationship between platelet 

aggregation and apoptosis. With that being said, platelet 
aggregation does not equate to platelet reactivity variation 
in response to antiplatelet drugs, and the mechanisms 
modulating the latter might be more complicated and 
delicate. 

The relationship observed between platelet miR-15b and 
platelet reactivity and the role of miR-15b in apoptosis lead 
us to speculate that the diverse levels of platelet apoptosis 
may have had an impact on the interindividual variability 
of platelet reactivity. Indeed, we demonstrated a negative 
correlation between platelet apoptosis and platelet reactivity 
and platelet apoptosis as an independent predictor of 

Figure 6 Induced platelet apoptosis attenuates platelet reactivity. (A) Platelet-rich plasma of patients undergoing percutaneous coronary 
intervention was incubated with ABT-737 (0, 2.5, 5 and 10 µM) for 2 hours at 37 ℃, then platelet apoptosis was measured by flow cytometry. 
DMSO was used as a vehicle control of ABT-737. Platelet apoptosis was defined as Annexin V stained PS exposure in platelets (CD61 
positive). (B) Data are presented as mean ± SEM (n=3). (C) After ABT-737 treatment, platelet reactivity was evaluated by light transmittance 
aggregometry assay induced with 20 µM adenosine diphosphate and 22 nm Prostaglandin E1. Data are mean ± SEM (n=3). *, P<0.05; **, 
P<0.01; #, P<0.001. PS, phosphatidylserine.
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platelet reactivity in PCI patients. HPR patients appeared 
to present lower levels of miR-15b in platelets, leading 
to relatively higher levels of Bcl-2 protein and reduced 
platelet apoptosis, and relatively more “functional platelets” 
to induce platelet aggregation. On the other hand, LPR 
patients expressed higher levels of platelet miR-15b to 
enhance platelet apoptosis, which might attenuate the risk 
of HPR. To test whether induction of apoptosis in the 
platelets of HPR patients in vitro would decrease the levels 
of platelet reactivity, we treated platelet-rich plasma with 
ABT-737 at different concentrations, and found that ABT-
737 inhibited platelet aggregation in a dose-dependent 
manner, verifying the role of platelet apoptosis in protecting 
patients from HPR in vitro. 

Our study has some limitations. We performed miRNA 
microarray analysis on a relatively small sample set of 
patients with LPR or HPR, with n=4 in each group. 
However, we validated miR-15b in a larger sample of  
39 patients by RT-qPCR. Additionally, in the RT-qPCR 
validation group, patients with HPR were found to be older 
and have lower levels of hemoglobin concentration than 
LPR. A stepwise binary logistic regression model observed 
that, besides decreased platelet miR-15b expression, age 
and gender were also independently associated with HPR, 
with older people and females more likely to have HPR, 
which coincided with previous studies (17-20). Hemoglobin 
concentration was excluded from this model due to its 
negative correlation with age (r=−0.359, P=0.025). We 
further examined the relationship between age and platelet 
miR-15b expression. In a non-stratified population, we did 
not detect a statistically significant correlation between 
age and levels of platelet miR-15b (P=0.373). In patients 
with HPR, however, age was significantly and positively 
correlated with platelet miR-15b expression (P=0.007, 
Figure S2), indicating that levels of platelet miR-15b might 
rise as age increases. Despite being older, HPR patients 
presented lower expression of platelet miR-15b than those 
with LPR. After adjustments to factor in age, the difference 
in platelet miR-15b expression between patients with LPR 
and HPR become even more significant (P=0.008). 

In summary, we profiled the platelet miRNA expression 
patterns of patients who underwent PCI and demonstrated 
a novel link between miR-15b, platelet apoptosis, and 
platelet reactivity, suggesting a new approach to overcome 
HPR in PCI patients through promoting platelet apoptosis. 
In fact, besides ADP and arachidonic acid, other agonists 
such as thrombin, collagen and epinephrine are also able to 
induce platelet aggregation through other pathways (59). 

This may be one of the reasons why thrombotic events 
still occur despite the clinical practice of dual antiplatelet 
therapy. However, enhanced platelet apoptosis provides a 
remarkable way to reduce residual “functional platelets”, 
and in this way, platelet aggregation induced by a variety 
of agonists might be effectively and extensively inhibited. 
Considering that tailored antiplatelet therapy based on 
platelet function has had limited improvement on outcomes 
of PCI patients to date, in future, drugs which exclusively 
target antiapoptotic proteins in platelets may be introduced 
to overcome HPR in PCI patients. In addition, since 
platelet miR-15b expression and the proportion of platelet 
apoptosis are both significantly and inversely associated with 
HPR in PCI patients, both platelet miR-15b and platelet 
apoptosis bear hopes of serving as biomarkers for platelet 
reactivity or even high risk ischemic/bleeding events.
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Supplementary

Table S1 Characteristics of patients for miRNA microarray study

Variables
LPR group 

(n=4) 
HPR group 

(n=4) 
P

Clinical parameters

Age (years) 61.25±8.26 58.25±6.45 0.588 

Male sex (%) 75 75 1.000 

BMI (kg/m2) 24.78±2.66 28.26±2.48 0.104 

Hypertension (%) 75.0 75.0 1.000 

Hyperlipidemia (%) 50.0 100.0 0.429 

Diabetes (%) 50.0 50.0 1.000 

Family CAD  
history (%)

25.0 25.0 1.000 

Currently  
smoking (%)

50.0 25.0 1.000 

LVEF 66.67±6.43 64.50±3.32 0.581 

Medications

PPI (%) 0.0 25.0 1.000 

Nitrates (%) 100.0 100.0 1.000 

β-blockers (%) 100.0 100.0 1.000 

ACEI (%) 25.0 0.0 1.000 

ARB (%) 0.0 50.0 0.429 

CCB (%) 100.0 75.0 1.000 

Statins (%) 100.0 100.0 1.000 

Laboratory parameters

WBC counts (109/L) 7.06±1.28 7.86±0.29 0.300 

Hemoglobin (g/L) 140.25±16.19 145.25±13.05 0.576 

Creatinine (μmol/L) 76.35±17.14 76.05±5.73 0.975 

PCI parameters

No. of stents 
implanted

1.50±0.58 3.00±1.16 0.059 

Drug-eluting  
stent (%)

100.0 100.0 1.000 

Left anterior 
descending artery

50.0 25.0 1.000 

Platelet function parameters

VerifyNow P2Y12 
(PRU), 1st day

159.00±11.17 326.00±17.78 <0.001

VerifyNow P2Y12 
(PRU), 2nd day

160.00±9.83 319.25±11.24 <0.001

Continuous variables are presented as mean ± SD and 
categorical variables as percentage of the subjects. BMI, body 
mass index; CAD, coronary artery disease; LVEF, left ventricular 
ejection fraction; PPI, proton pump inhibitor; ACEI, angiotensin-
converting enzyme inhibitor; ARB, angiotensin receptor blocker; 
CCB, calcium channel blocker; WBC, white blood cell; PRU, 
platelet reactivity unit; LPR, low platelet reactivity; HPR, high 
platelet reactivity. 



Figure S1 The correlation of miRNA expression in platelets between our microarray analysis and Nagalla et al. study. Correlation between 
the databases was determined using Pearson’s correlation coefficient. · represents a single miRNA.

Figure S2 The correlation between levels of platelet miR-15b and ages of patients. By Pearson’s correlation coefficient, there was no 
significant correlation between platelet miR-15b expression and ages of the patients (P=0.373). Whereas in HPR patients, ages were 
significantly and positively correlated with platelet miR-15b expression (P=0.007). LPR, low platelet reaction; HPR, high platelet reactivity.
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