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Objectives: Platelet defect mechanisms after cardiopulmonary 
bypass remain unclear. Our hypothesis microRNA expressions in 
circulating platelets significantly change between pre and post 
cardiopulmonary bypass, and consequent messenger RNA and 
protein expression level alterations cause postcardiopulmonary 
bypass platelet defect.
Design: Single-center prospective observational study.
Setting: Operating room of Kyoto Prefectural University of Medicine.
Patients: Twenty-five adult patients scheduled for elective cardiac 
surgeries under cardiopulmonary bypass.
Interventions: None.
Measurements and Main Results: In the initial phase, changes 
in microRNA expression between pre and post cardiopulmo-
nary bypass underwent next generation sequencing analysis (10 
patients). Based on the results, we focused on changes in  mir-10b 
and mir-96, which regulate glycoprotein 1b and vesicle-associ-
ated membrane protein 8, respectively, and followed them until 

messenger RNA and protein syntheses (15 patients) using quan-
titative polymerase chain reaction and Western blotting. Seven 
microRNAs including mir-10b and mir-96 exhibited significant dif-
ferences in the initial phase. In the subsequent phase, mir-10b-5p 
and mir-96-5p overexpressions were confirmed, and glycoprotein 
1b and vesicle-associated membrane protein 8 messenger RNA 
levels were significantly decreased after cardiopulmonary bypass: 
fold differences (95% CI): mir-10b-5p: 1.35 (1.05–2.85), p value 
equals to 0.01; mir-96-5p: 1.59 (1.06–2.13), p value equals to 
0.03; glycoprotein 1b messenger RNA: 0.46 (0.32–0.60), p value 
of less than 0.001; and vesicle-associated membrane protein 
messenger RNA: 0.70 (0.56–0.84), p value of less than 0.001. 
Glycoprotein 1b and vesicle-associated membrane protein 8 
were also significantly decreased after cardiopulmonary bypass: 
glycoprotein 1b: 82.6% (71.3–93.8%), p value equals to 0.005; 
vesicle-associated membrane protein 8: 79.0% (70.7–82.3%), 
p value of less than 0.001.
Conclusions: Expressions of several microRNAs in circulating plate-
lets significantly changed between pre and post cardiopulmonary 
bypass. Overexpressions of mir-10b and mir-96 decreased glyco-
protein 1b and vesicle-associated membrane protein 8 messen-
ger RNA as well as protein, possibly causing platelet defect after 
cardiopulmonary bypass. (Crit Care Med 2018; 46:e761–e767)
Key Words: cardiopulmonary bypass; mir-10; mir-96; platelet 
glycoprotein 1b; platelets; vesicle-associated membrane protein 8

Cardiac surgery under cardiopulmonary bypass (CPB) 
causes various hemostatic defects (1). Regarding plate-
lets, it causes both quantitative and qualitative defects. 

Platelets are diluted at CPB initiation and adhere to the cir-
cuit after thrombin-induced activation (2, 3). CPB decreases 
platelet aggregation in response to platelet agonists (4, 5), and 
platelet functional defect measured by a point-of-care moni-
tor is associated with blood loss in cardiac surgery (6). Also, 
CPB changes intraplatelet protein expressions in the apoptotic 
signaling pathway, such as Bax (a proapoptotic molecule), and DOI: 10.1097/CCM.0000000000003197
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may contribute to qualitative defects (7, 8). However, platelet 
defect mechanisms after CPB remain unclear.

MicroRNAs (miRNAs) are small functional RNA molecules 
composed of 18–25 nucleotides. They negatively regulate 
gene expression with transcriptional or posttranscriptional 
repression, and small changes in their levels cause disease (9). 
Circulating platelets contain abundant RNAs including miR-
NAs (10, 11). Despite being anucleate cells, platelets contain 
messenger RNA (mRNA) as well as mRNA splicing machinery 
and translate mRNA into proteins associated with hemostasis 
and inflammation (12, 13). Thus, platelet miRNAs potentially 
regulate platelet mRNA and protein expression levels.

In this two-phase study, we hypothesized that expression lev-
els of several miRNAs in circulating platelets significantly change 
between pre and post CPB, and consequent mRNA and protein 
expression level alterations cause platelet defect after CPB.

In the initial exploratory phase, we performed comprehen-
sive analysis to identify miRNAs showing significant changes 
on comparing levels pre and post CPB using next generation 
sequencing (NGS). In the development phase, we focused 
on miRNAs showing significant changes and associated with 
hemostasis and analyzed downstream protein expressions.

MATERIALS AND METHODS

Ethics, Consent, and Patient Participation
This prospective observational study was approved by the Insti-
tutional Review Board of Kyoto Prefectural University of Med-
icine, Kyoto, Japan. Written informed consent was obtained 
from the patients, who were over 20 years old and scheduled 
for elective cardiac surgery under CPB at Kyoto Prefectural 
University of Medicine from August 2014 to December 2017. 
Patients with chromosomal abnormalities, coagulation defects, 
or inflammatory diseases were excluded. Those receiving anti-
platelet therapy within the last 7 days were also excluded.

Anesthesia and CPB
Anesthesia was induced using midazolam, fentanyl, and 
rocuronium bromide and maintained with sevoflurane, pro-
pofol, fentanyl, remifentanil, and rocuronium; these were also 
used during CPB except sevoflurane. No antifibrinolytic agents 
were employed.

The CPB circuit comprised a centrifugal pump (Maquet, 
Wayne, NJ), cardiotomy reservoir, membrane oxygenator 
(Terumo, Tokyo, Japan), venous drainage cannula, and an arte-
rial catheter filter with arterial return to the ascending aorta. 
Circuit priming consisted of lactated Ringer solution (800 mL), 
mannitol (250 mL), and 8.4% (weight/volume) sodium bicar-
bonate. Anticoagulation during CPB was managed with 300 U/
kg porcine heparin (Novo-Heparin; Mochida Pharmaceutical, 
Tokyo, Japan) and additional boluses of 50 U/kg, as needed, to 
maintain an activated clotting time of greater than or equal to 
400 seconds. Heparin anticoagulation was reversed with 3 mg/kg 
protamine (Novo-Protamine Sulfate; Mochida Pharmaceutical).

An intraoperative cell salvage device (XTRA; LIVANOVA 
PLC, London, United Kingdom) was used in all cases. RBC 

concentrates were transfused to maintain the hematocrit at 
20–25% during CPB. Bypass was conducted under mild hypo-
thermia (core temperature: 32–34°C). Intermittent blood car-
dioplegia was performed for myocardial protection. The target 
hematocrit was 30% for CPB weaning.

Sample Preparation
Whole blood was collected in a 15-mL Falcon tube with sterile 
4.0% citrate concentrated solution (Sigma-Aldrich, St. Louis, MO) 
from the atrial sampling line directly after anesthesia induction 
(pre) and weaning from CPB (post, just after protamine admin-
istration and before platelet concentrate administration). Washed 
platelet suspensions were prepared as previously described (14).

Exploratory Phase
Blood cell miRNA was extracted using the RNeasy Plus Mini 
Kit and RNeasy MinElute Cleanup Kit (Qiagen, Venlo, The 
Netherlands) according to the manufacturer’s instructions. 
The miRNA size range was confirmed, and RNA was quanti-
fied using Bioanalyzer and the Agilent Small RNA kit (Agilent 
Technologies, Santa Clara, CA). Each sample amount was 2 ng. 
Complementary DNA (cDNA) libraries were constructed using 
the Ion Torrent RNA-seq kit v.2 (Thermo Fisher Scientific, 
Waltham, MA) for small RNA libraries according to the manu-
facturer’s instructions, and their purity and concentration were 
confirmed using Bioanalyzer with the Agilent DNA kit (Agilent 
Technologies). miRNA library sequencing was performed on a 
318 chip using an Ion PGM system (Thermo Fisher Scientific). 
All raw reads were automatically trimmed to remove adaptors, 
aligned on the human genome (human genome 19 genome ref-
erence consortium human build 37) and annotated using Tor-
rent Suite 1.5 (Torrent Mapping Alignment Program; Thermo 
Fisher Scientific) with default variables. Small and noncoding 
RNAs were classified according to gene types. The miRNA data-
base referred to was miRBase 21 (http://www.mirbase.org/).

Development Phase
We focused on mir-10b and mir-96 expression changes among 
miRNAs showing significant changes in the development 
phase because mir-10b (relevant mature sequence: -5p′) was 
shown to regulate glycoprotein 1b (GP1b) expression (15) and 
mir-96 (relevant mature sequence: -5p′) was associated with 
platelet reactivity through regulating vesicle-associated mem-
brane protein (VAMP) 8, an important soluble N-ethylma-
leimide-sensitive fusion protein attachment protein (SNARE) 
involved in platelet degranulation (16, 17). Both mature 
sequences were confirmed by miRBase 21 and microRNA.org 
(http://34.236.212.39/microrna/getMirnaForm.do). We tested 
the hypothesis that mir-10b overexpression decreased GP1b 
mRNA and protein expressions, and mir-96 overexpression 
decreased VAMP8 mRNA and protein expressions after CPB.

Total RNA Isolation and Quantitative Polymerase 
Chain Reaction
We performed quantitative polymerase chain reaction (qPCR) to 
validate mir-10b and mir-96 as well as GP1b and VAMP8 mRNA 
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expression changes. Total RNA was extracted using the RNeasy Plus 
Mini Kit and RNeasy MinElute Cleanup Kit (Qiagen), according 
to the manufacturer’s instructions. Each RNA sample was aligned 
to 0.2 ng/μL for miRNA analysis and 1.0 ng/μL for mRNA analysis 
using Quantus Fluorometer (Promega KK, Tokyo, Japan). cDNA 
for miRNA was produced using the Applied Biosystems Taqman 
advanced miRNA cDNA synthesis kit (Thermo Fisher Scientific), 
and cDNA for mRNA was produced using SuperScript IV VILO 
Master Mix (Thermo Fisher Scientific).

Small RNA molecules, 5’-UUUGGAUUGAAGG 
GAGCUCUA-3’, were spiked into samples and used as spike-
in controls for miRNA analysis. Glyceraldehyde-3-phosphate 
dehydrogenase was an endogenous control for mRNA analysis. 
qPCR analysis was conducted using Step One Plus (Thermo 
Fisher Scientific). Forty-cycle amplification (cycle threshold 
[Ct] values = 40) was employed for the cycle threshold. The 
2–ΔΔCt method was used to analyze expression values.

Western Blotting
Washed platelet suspensions were prepared as previously 
described, and protein was extracted using M-PER Mammalian 
Protein Extraction Reagent (ThermoFisher Scientific), according 
to the manufacturer’s instructions. After adjusting protein con-
centrations, each sample was separated by 4–12% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis and electrophoretically 
transferred to a polyvinylidene difluoride membrane using the 
iBlot 2 dry blotting system (Life Technologies, Tokyo, Japan). After 
blocking residual protein binding sites, blots were incubated with 
1:2,500 diluted anti-CD42b antibody (EPR6995; Abcam, Tokyo, 
Japan) and 1:500 anti-VAMP8 antibody (Number 302; Synaptic 
Systems, Goettingen, Germany) in Can Get Signal Immunoreac-
tion Enhancer Solution 1 (TOYOBO CO., LTD., Osaka, Japan) 
overnight. They were further incubated with secondary donkey 
antirabbit horseradish peroxidase-linked whole antibody (NA934; 
GE Healthcare, Little Chalfont, United Kingdom) diluted 1:10,000 
in Can Get Signal Immunoreaction Enhancer Solution 2 for 1 
hour and exposed to enhanced chemiluminescence reagents for 5 
minutes. Chemiluminescence was captured by an image acquisi-
tion system (Ez Capture II Atto, Tokyo, Japan).

Platelet Adenosine Triphosphate Secretion
Platelet adenosine triphosphate (ATP) secretion was measured 
by a Lumat LB 9507 tube luminometer (Berthold Technologies 
GmbH & Co., KG, Bad Wildbad, Germany) with Kinsiro ATP 
Luminescence Kit (Toyo B-net, Tokyo, Japan), according to the 
manufacturer’s instructions. The measurement interval and 
period were 2 seconds. The total measurement period was 120 
seconds. Platelet suspension was aligned to 5.0 × 104/µL. Throm-
bin from bovine plasma (0.5 and 0.1 U/mL as final concentra-
tions, Sigma-Aldrich, LLC, Darmstadt, Germany) and MCM 
collagen H (5 and 2 µg/mL as final concentrations, MCMEDI-
CAL, Tokyo, Japan) were added as platelet agonists (16).

Statistical Analysis
Empirical analysis of digital gene expression using CLC Genomic 
Workbench Version 8.5.1 (Qiagen) was applied to compare the 

NGS-based results of miRNA expression. False discovery rate–
corrected p (FDR-p) values below 0.05 were significant.

Two group variables underwent a normality test to deter-
mine data distributions. Normally distributed data are 
expressed as means (sds), and nonnormally distributed data are 
medians with the first and third quartiles (quartile 1, quartile 
3). Variables were analyzed using the t test and Mann-Whitney 
U test for normally and nonnormally distributed data, respec-
tively. p values below 0.05 were significant. Statistical analyses 
employed Stat Flex Version 6.0 (Artech, Osaka, Japan) and 
GraphPad Prism 7.00 (GraphPad Software, La Jolla, CA).

A sample size of 10 patients was considered appropriate 
for the exploratory phase based on a previous study (18, 19). 
Sample size estimation for the development phase was based 
on α equals to 0.05, β equals to 0.2, effect size equals to 1.0 
(to detect 30% change of VAMP8), with two groups, using 
G*Power 3.1.9.2 (http://www.gpower.hhu.de/) (16, 17). We 
finally enrolled 15 patients.

RESULTS

Exploratory Phase
We isolated and analyzed miRNAs from 10 patients, whose 
characteristics are shown in Tables 1 and 2. Seven miRNAs 

TABLE 1. Preoperative Characteristics and 
Perioperative Management of Subjects in 
Exploratory Phase

Subject Characteristics Value

Age, yr, mean ± sd 76.8 ± 7.4

Weight, kg, mean ± sd 53.3 ± 10.8

Height, cm, mean ± sd 156.5 ± 10.9

Sex (male/female), n 5/5

Blood type (A/B/O/AB), n 4/3/2/1

Perioperative Management Value

Duration of surgery, min, mean ± sd 314.0 ± 88.2

Duration of anesthesia, min, mean ± sd 399.6 ± 90.6

Duration of cardiopulmonary bypass, min, 
mean ± sd

178.3 ± 84.3

Duration of aortic cross-clamp, min, mean  
± sd

129.7 ± 80.6

Total dose of heparin (× 103 U), mean ± sd 23.3 ± 6.6

Total dose of protamine sulfate, mg, mean 
± sd

178.0 ± 34.6

Fluid infusion during surgery, mL, mean  
± sd

1,449.0 ± 760.8

Red cell concentrates during surgery, U, 
mean ± sd

2.6 ± 2.2

Fresh frozen plasma during surgery, U, 
median (interquartile range)

2.5 (2.0–3.0)

http://www.gpower.hhu.de/
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exhibited significant differences between pre and post CPB: 
log2 fold differences: mir-10b: 5.09, FDR-p value of less than 
0.001; mir-582: 3.20, FDR-p value of less than 0.001; mir-451a: 
2.43, FDR-p value of less than 0.001; mir-144: 1.78 FDR-p 
value equals to 0.0014; mir-483: 4.68, FDR-p value equals to 
0.003; mir-96: 1.93, FDR-p value equals to 0.006; and mir-122: 
8.56, FDR-p value equals to 0.015. A volcano plot of the com-
parison is shown in Figure 1.

Development Phase
We isolated and analyzed mir-10b, mir-96, GP1b mRNA, 
VAMP mRNA, GP1b, and VAMP8 expression levels pre and 
post CPB in 15 patients. Patients’ characteristics are shown 
in Tables 3 and 4. qPCR results are shown in Figure 2. mir-
10b-5p and mir-96-5p were significantly increased, and GP1b 
and VAMP8 mRNA were significantly decreased after CPB: 
fold differences (95% CI): mir-10b-5p: 1.35 (1.05–2.85), p 
value equals to 0.01; mir-96-5p: 1.59 (1.06–2.13), p value 
equals to 0.03; GP1b mRNA: 0.46 (0.32–0.60), p value of less 
than 0.001; and VAMP mRNA: 0.70 (0.56–0.84), p value of less 
than 0.001. mir-10b-3p and mir-96-3p were not determined. 
The Western blotting results are shown in Figure 3. GP1b and 
VAMP8 were also significantly decreased after CPB: GP1b: 
82.6% (71.3–93.8%), p value equals to 0.005; VAMP8: 79.0% 

(70.7–82.3%), p value of less than 0.001. Platelet ATP secretion 
was significantly decreased after CPB: pre versus post total ATP 
secretion (relative light unit,  95% CI): thrombin 0.5 U/mL: 
2.17 (1.39–2.93) × 107 versus 0.84 (0.33–1.56) × 107, p value 
equals to 0.002; thrombin 0.1 U/mL: 0.46 (0.38–0.98) × 107 
versus 0.30 (0.19–0.52) × 107, p value equals to 0.002; collagen 
5 µg/mL: 1.77 (1.33–2.66) × 106 versus 1.25 (0.97–1.51) × 106, 
p value of less than 0.001; and collagen 2 µg/mL: 1.26 (1.01–
1.57) × 106 versus 0.81 (0.50–0.99) × 106, p value of less than 
0.001 (Supplemental Fig. 1, Supplemental Digital Content 1, 
http://links.lww.com/CCM/D570; legend, Supplemental Digi-
tal Content 2, http://links.lww.com/CCM/D571).

DISCUSSION
This two-phase study tested the hypothesis that expressions 
of several miRNAs in circulating platelets significantly change 
between pre and post CPB, and consequent alterations in the 
target mRNA and protein cause platelet defect after CPB. In 
the initial exploratory phase, NGS revealed significant miRNA 
elevations after CPB. In the subsequent development phase, 
we focused on overexpressions of mir-10b and mir-96, which 
regulate GP1b and VAMP8, respectively, by binding to target 
mRNA, after CPB. GP1b and VAMP8 mRNA and their cor-
responding protein levels were significantly decreased, possibly 
causing platelet defect after CPB.

GP1b forms one of the major protein complexes (GP1b-
IX-V complex) on platelet surfaces. This complex is neces-
sary for platelet attachment, aggregation, and activation 
under high shear flow (20). GP1b and the GP1b-IX-V com-
plex also play important roles in normal megakaryopoiesis 
(21, 22). High levels of mir-10a and mir-10b caused the deg-
radation of GP1b mRNA, resulting in low levels of GPIb and 
the GP1b-IX-V complex during platelet production (15). 
Therefore, elevation of mir-10b in circulating platelets after 
CPB may decrease expressions of GP1b mRNA and protein. 
CPB induces GP1b expression changes (4), and we previously 
showed that increased platelet Bax protein (B-cell lymphoma 
2 protein family) contributes to decreased GP1b expression 
after CPB (8). In the previous study, decreased GP1b expres-
sions continued from weaning from CPB to postoperative day 
1. Considering the standard time from mRNA to protein syn-
theses, the present results could also explain the mechanism 
of sustained GP1b down-regulation after CPB. Therefore, the 
results suggest there are multiple, complex mechanisms lead-
ing to platelet defect after CPB.

Figure 1. Volcano plot in exploratory phase. The microRNAs with false 
discovery rate–corrected p (FDR-p) values less than 0.05 are presented: 
log2 fold differences: mir-10b: 5.09, FDR-p < 0.001; mir-582: 3.20, 
FDR-p < 0.001; mir-451a: 2.43, FDR-p < 0.001; mir-144: 1.78 FDR-p 
= 0.0014; mir-483: 4.68, FDR-p = 0.003; mir-96: 1.93, FDR-p = 0.006; 
mir-122: 8.56, FDR-p = 0.015. The microRNAs were recognized as stem-
loop sequences. The microRNA database used was miRBase 21 (http://
www/mirbase.org/).

TABLE 2. The Changes of Hematologic Tests in Exploratory Phase

Hematologic Tests Baseline Just After Cardiopulmonary Bypass p

Hemoglobin, g/dL, median (IQR) 12.2 (11.6–13.3) 9.9 (9.6–10.1) < 0.001

Hematocrit, %, median (IQR) 37.2 (34.1–39.8) 30.5 (29.7–31.4) < 0.001

Platelets (× 104/μL), mean ± sd 16.0 ± 3.3 7.7 ± 2.8 < 0.001

Activated clotting time, s, median (IQR) 113 (106–121) 113 (111–134) 0.40

IQR = interquartile range.

http://links.lww.com/CCM/D570
http://links.lww.com/CCM/D571
http://www/mirbase.org/
http://www/mirbase.org/
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VAMP8 is an important SNARE involved in platelet degran-
ulation. In a mouse model, mir-96 regulated VAMP8 mRNA, 
and ATP release and aggregation were defective in VAMP8− 
platelets (16). Also, in a human study, VAMP8 mRNA and 
protein were overexpressed in hyperreactive platelets and 
underexpressed in hyporeactive platelets, and mir-96 was 
associated with VAMP8 mRNA regulation (17). The degree of 
VAMP mRNA changes after CPB was similar to the hyporeac-
tive human platelets, and the present study results were con-
sistent with those of the previous human study. Expanding the 
previous study that employed platelet aggregation, we identi-
fied a more direct association between VAMP8 decrease and 
ATP release by measuring ATP secretion.

Based on many studies, it is widely accepted that anucle-
ate platelets contain abundant RNAs and translate mRNA 

into proteins (12, 13, 23). However, it is unclear whether 
miRNA in circulating platelets is overexpressed and whether 
this can occur rapidly, as in the present study. Interestingly, 
several miRNA levels in stored platelets increased despite 
using nucleic acid cross-linking agents (24, 25). Therefore, an 
unknown mechanism related to miRNA synthesis may exist in 
anucleate platelets, and specific miRNA changes were induced 
by intraoperative stresses. Another possibility involves exo-
somes, which are small 0.05–0.1 µm vesicles released from the 
endosomal membrane compartment after the fusion of multi-
vesicular bodies with a plasma membrane (26). They contain 
abundant miRNAs and are considered to be associated with 
intercellular communication in response to various environ-
mental stressors (27–29). Endocytosis is considered the main 
pathway of exosome uptake because it was inhibited by clath-
rin-dependent and -independent endocytosis inhibitors (30). 
Platelets possess clathrin-dependent and -independent endo-
cytic pathways (31) and they potentially uptake exosomes. 
Therefore, the significant miRNA changes may have resulted 
from intercellular communication with exosomes secreted 
in response to intraoperative stresses. Another possibility is 
that the miRNA change results from megakaryocyte rupture 
in response to acute platelet requirements (32). Contrary to 
normal thrombopoietin-driven megakaryopoiesis, interleu-
kin (IL)–1α levels increase rapidly and trigger rupture-type 
platelet formation via IL-1R1 on megakaryocytes during acute 
platelet loss, such as in excessive bleeding. Therefore, normal 
megakaryopoiesis regulated by mir-10b may be suppressed 
with its overexpression, and the rapidly released platelets may 
contain miRNA related to megakaryocyte rupture. Further 
studies are needed to clarify the mechanism.

This study had several limitations. First, we compared plate-
let miRNA only between pre and post CPB. There were vari-
ous intraoperative stresses between these points, which may 
have acted together to induce molecular biological changes. 
However, in our previous study comparing platelet apoptotic 
signaling pathways between on-pump and off-pump coronary 
artery bypass graft surgery, platelet protein changes, including 
GP1b, were greater in the on-pump group (8). Therefore, CPB 
stress may have had a greater impact on molecular biological 
changes in the present study. Also, the difference in protein 
analysis might be clearer, or the recovery state of platelet defect 
might be observed by conducting analysis at the end of the 
operation or on postoperative day 1. Considering the period 
from mRNA to protein syntheses (33), around 20% differences 
of GP1b and VAMP8 expression just after CPB were accept-
able. Second, we did not perform platelet functional tests 

TABLE 3. Preoperative Characteristics and 
Perioperative Management of Subjects in 
the Development Phase

Subject Characteristics Value

Age, yr, mean ± sd 73.0 ± 8.1

Weight, kg, mean ± sd 54.7 ± 9.4

Height, cm, mean ± sd 160.6 ± 11.2

Sex (male/female), n 10/5

Blood type (A/B/O/AB), n 5/2/7/1

Perioperative Management Value

Duration of surgery, min, mean ± sd 367.8 ± 91.3

Duration of anesthesia, min, mean ± sd 473.0 ± 92.5

Duration of cardiopulmonary bypass, min, 
mean ± sd

171.1 ± 43.1

Duration of aortic cross-clamp, min, median 
(interquartile range)

115 (99–143)

Total dose of heparin (× 103 U), mean ± sd 29.1 ± 7.9

Total dose of protamine sulfate, mg, mean 
± sd

220.7 ± 73.7

Fluid infusion during surgery, mL, mean  
± sd

1,722.9 ± 528.8

Red cell concentrates during surgery, U, 
mean ± sd

6.8 ± 3.8

Fresh frozen plasma during surgery, U, mean 
± sd

10.0 ± 3.7

TABLE 4. The Changes of Hematologic Tests in Development Phase

Hematologic Tests Baseline, Mean ± sd Just After Cardiopulmonary Bypass, Mean ± sd p

Hemoglobin, g/dL 11.5 ± 1.7 9.9 ± 0.8 0.002

Hematocrit, % 35.4 ± 5.2 30.6 ± 2.4 0.003

Platelets (× 104/μL) 17.0 ± 5.1 7.6 ± 3.7 < 0.001

Activated clotting time, s 109.5 ± 8.6 121.6 ± 21.9 0.06
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except for ATP secretion. Therefore, actual platelet function 
defects induced by decreased expressions of GP1b and VAMP8 
were mainly assumed based on previous findings (4, 16, 17, 
34–36). Third, we did not consider rs1010 single nucleotide 
polymorphism (SNP) in VAMP8 mRNA. It has been identified 
in different patient populations (37–39) but reported to affect 

platelet reactivity in only young subjects (17). Also, rs1010 
SNP may exhibit a different linkage disequilibrium among 
races (17). However, the present population was neither young 
nor multiracial, so rs1010 SNP may have had little influence 
on the results. Fourth, we did not investigate significant miR-
NAs except mir-10b and mir-96. Levels of mir-451a and mir-
144 up-regulated over time in microparticles (MPs) of stored 
donor platelet concentrates (25). Regarding mir-144, it may 
target Notch homolog 1, fibrinogen α chain, and fibrinogen 
β chain and be associated with hemostasis. Thus, the elevation 
of these miRNAs may be the preliminary step of intercellular 
communication with MPs exposed to intraoperative stresses. 
Also, mir-486 (mature sequence is -5p′) enhances normal 
CD34+ cell differentiation (40). Increased mir-486-5p might 
be a compensatory mechanism for CPB-mediated hemodilu-
tion by triggering an increase of circulating hemocytes. Fifth, 
the platelet count of the platelet suspension used for ATP 
secretion (5.0 × 104/µL) was lower than commonly employed 
(10.0–20.0 × 104/µL), with the count of platelet-rich plasma 
after CPB sometimes being less than 10.0 × 104/µL.

CONCLUSIONS
Several miRNAs in circulating platelets showed expression level 
changes between pre and post CPB. The present study focused 
on mir-10b and mir-96 overexpression after CPB, revealing 
that GP1b and VAMP8 mRNA and the proteins regulated by 
the miRNAs were significantly decreased, possibly contribut-
ing to platelet defect after CPB.
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