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Abstract

Platelet microparticles (PMPs) are closely associated with diabetic macrovascular complications. This
study aimed to explore the underlying mechanisms of high glucose-induced PMPs generation. Washed
platelets, obtained from the plasma of healthy male Sprague-Dawley rats, were incubated with high
glucose. PMPs were isolated using gradient centrifugation and counted by flow cytometry. Expression
and activity of ROCK1 and caspase-3 were evaluated by real-time PCR, Western blotting, and activity
assay kit. The results showed that high glucose enhanced PMPs shedding following the background of
collagen. The mRNA and protein levels of ROCK1, but not ROCK2, were increased in platelets incubated
with high glucose. Y-27632, an inhibitor of ROCK, blocked the increased PMPs shedding induced by
high glucose. Expression and activity of caspase-3 were elevated in platelets under the high glucose
conditions. Z-DVED-FMK, a caspase-3 inhibitor, inhibited ROCK1 activity and decreased the PMPs
generation under high glucose. In conclusion, high glucose increased PMPs shedding via caspase-3ROCK1 signal pathway.
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Introduction

Diabetes mellitus (DM) has higher risk of cardiovascular mortality than the general population despite
efforts to improve the treatments[1, 2]. However, the pathogenesis of diabetic vascular complications is
still unclear. It is well-known that platelet activation plays pivotal role in thrombosis and haemostasis
which contributes to the progression of atherosclerosis in DM. Activated platelets possess proinflammatory and pro-coagulant function primarily through the release of platelet microparticles (PMPs).
PMPs, initially described as "platelet dust", are vesicles typically around 0.1-1 µm in diameter released by
activated platelets[3]. The formation of PMPs are confirmed as the budding of vesicles from platelets
membrane thus carrying the surface proteins of platelets. PMPs have been considered as a new mediator
of intercellular communication exerting effects on inflammation, coagulation and biological information
transmission[4-6]. Recently, accumulating evidence shows that plasma PMPs from diabetic patients are
significantly increased and has been considered to be associated with the development of diabetic vascular
complications[7-9]. Therefore, it’s important to elucidate the mechanism of PMPs generation for
discovering new drug targets and preventing the progression of DM mediated by platelet activation.

The generation of PMPs is primarily due to the activation of platelets by soluble agonist or shear stress[10].
Since hyperglycemia is the most common manifestation of DM, there is a strong link between impaired
glycemic control and platelet activation[11]. Flow cytometry and ultrastructure analysis both confirmed
that DM patients with cardiovascular complications have elevated platelet activation than DM without
cardiovascular events[12]. The formation of PMPs is the process of platelet blebbing during activation.
3

The membrane blebbing depends on the cytoskeleton remodeling, which are highly regulated by Rhoassociated kinase (ROCK)[13]. ROCK is an important serine/threonine protein kinase in mammalian cells.
ROCK1 and ROCK2 are the two identified mammalian ROCK homologs, and their activity depends on
the cleavage mediated by caspases[14]. Y-27632, a potent ROCK inhibitor, reverses membrane bleb
formation[15], indicating the possible role of ROCK in microparticle generation.

Therefore, this study aimed to investigate whether high glucose induced PMPs generation and explore the
potential mechanisms mediated by the caspase-ROCK pathway in the PMPs shedding.

Materials and Methods

Platelet isolation

All animals received human care. The experimental protocols were complied with the National Institutes
of Health guide for the care and use of laboratory animals and approved by the Ethics Committee of
Southeast University. Platelet isolation was conducted as previously described[16]. Male Sprague-Dawley
rats (8 weeks old and 230~240 g body weight) were humanely killed and the blood was withdrawn by
cardiac puncture using acid-citrate-dextrose as the anticoagulant. Platelet-rich plasma (PRP) was obtained
after centrifugation at 282 g for 10 minutes and then at 400 g for 5 minutes at room temperature. After
centrifuging PRP at 1600 g for 5 minutes, the deposition was resuspended in citrate-glucose-saline (pH
6.5) buffer. Undergoing the last centrifugation at 1600 g for 5 minutes, platelets were resuspended in
modified Tyrode's buffer (MTB, 12 mmol/L NaHCO3, 138 mmol/L NaCl, 5.5 mmol/L glucose, 2.9
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mmol/L KCl, 0.42 mmol/L, NaH2PO4, 10 mmol/L N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid
(HEPES), pH 7.4) containing 1 mmol/L CaCl2 and 1 mmol/L MgCl2. Platelets were counted using
Cellometer XE-2100 (Sysmex) and adjusted at 1×108/ml.

Experimental design for platelets in vitro

Platelets were stimulated with 5 µg/ml collagen (collagen I, Sigma) for 30 minutes at 37°C under steady
stirring with or without glucose (25 mmol/L) pre-treatment for 10 minutes. Mannitol (25 mmol/L) was
used as the osmotic pressure control. The final concentration of glucose was 30 mmol/L whereas it was 5
mmol/L in the control. For the study of PMPs-shedding mechanism, washed platelets were pre-treated
with ROCK inhibitor, Y-27632 (10 µmol/L; Absin Bioscience), or a specific caspase-3 inhibitor, ZDVED-FMK (10 µmol/L; Absin Bioscience), for 10 minutes before incubation with or without glucose
(25 mmol/L) plus collagen (5 µg/mL). Residual platelets and cell debris were used for platelet protein
extraction. PMPs were resuspended in MTB for flow cytometry analysis or stored at -80°C.

PMPs extraction and flow cytometry analysis

After treatment, residual platelets and cell debris were removed by using two subsequent centrifugations
of 2000 g for 10 minutes at room temperature. The supernatant was then centrifuged at 18000 g for 60
minutes to pellet the PMPs[17]. The samples were resuspended with annexin-V binding buffer, and then
incubated with APC-anti-Annexin V and FITC-anti-CD61 (BD Pharmingen) for 30 minutes at 4°C in the
dark. Next, beads of 0.8 µm and 3 µm in diameter were used for gating and counting control, respectively.
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3 µm beads (106 events) were added to each sample rightly before detection. PMPs were detected as the
Annexin V+/CD61+ particles in the size gate by a FACSCalibur cytometer (BD Biosciences). Analysis
was performed using FlowJo (Tree Star Inc.) software. Results were expressed as the number of PMPs
from every 108 platelets.

Electron microscopy

Immediately after incubation with glucose (30 mmol/L) following the background of collagen (5 µg/mL),
the platelets suspension was fixed in 2.5% glutaraldehyde for 2 hours at 4°C and then centrifuged at 2000
g for 5 minutes. The precipitant was washed with MTB and then postfixed in 1% osmium tetroxide in
MTB with sucrose for 2 hours. After dehydration and embedding, the specimens were cut into ultrathin
sections and observed by transmission electron microscopy (Leica).

RNA preparation and real-time PCR

The residual platelets and cell debris were obtained after centrifugation, and washed twice with PBS (pH
7.4). Total RNA from platelets was extracted by TRIzol (TaKaRa). The concentration of RNA was
checked by Nanodrop (Thermo). The cDNA was obtained using PrimescriptTM RT Master Mix (TaKaRa),
and then amplified in a 20 µL reaction on ABI Prism 7300 sequence detection system (Applied Biosystems)
using SYBR Premix Ex TaqTM (TaKaRa). Predesigned primers were purchased from InvitrogenTM Life
Technology and β-actin served as the housekeeping gene (Table 1). Data were generated from each
reaction and normalized to the control group as calculated by the 2-∆∆Ct method.
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Western blotting

Total protein from the platelets was extracted using radioimmunoprecipitation assay lysis buffer combined
with phenylmethanesulfonyl fluoride and phosphatase inhibitors and quantified using a bicinchoninic acid
assay kit (KeyGEN BioTECH). Protein samples were separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis and then semi-wet transferred onto polyvinylidene fluoride
membranes. Non-specific binding sites were blocked with 5% BSA dissolved in Tris-buffered saline (TBS)
containing 0.1% Tween 20 for 1 hour at room temperature. Membranes were respectively incubated with
primary antibodies of anti-ROCK1, anti-caspase-3, anti- myosine phosphatae targeting subunit 1
(MYPT1), anti-p-MYPT1 (Cell Signaling Technology), and anti-GAPDH (Proteintech Group) overnight
at 4°C. Peroxidase-conjugated secondary antibodies were incubated with the membranes for 1 hour.
Detection of the bands was performed using chemiluminescent horseradish peroxidase substrate (Merck
Millipore) with an ImageQuant LAS 4000 mini acquisition system.

Caspase-3 activity measurement

The activity of caspase-3 was measured in the cell lysates of platelets treated as indicated using a caspase3 activity assay kit (Beyotime Biotechnology). Briefly, the cell lysates were incubated with Ac-DEVDpNA substrate, and the absorbance value of the production of pNA at 405 nm was measured using a
spectrophotometer (Thermo Scientific). The results are shown as caspase-3 activity per unit protein.

Statistical analysis
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Data are shown as the mean ± standard deviation (SD) and analysed using SPSS 19.0 and GraphPad Prism
7.0. Data comparisons between two groups with only one treatment were analysed using t-tests.
Experiments with multiple treatment groups were assessed by one-way ANOVA, and followed by
Student-Newman-Keuls multiple comparison test. P<0.05 was considered statistically significant.

Results

High glucose enhanced PMPs shedding

The effect of high glucose on shedding of PMPs from platelets was firstly detected by flow cytometry.
PMPs were indicated as both annexin V and CD61-positive events that are in the size gate (Figure 1A).
As shown in Figure 1B, high glucose (30 mmol/L) alone did not enhance PMPs generation. Moreover,
mannitol, an osmotic pressure control, didn't increase the PMPs release in platelets. Stimulation with the
physiological agonist collagen (5 µg/mL) alone induced the release of PMPs compared with the control
group. Interestingly, there was a significant increase for the number of PMPs when platelets were
stimulated with collagen (5 µg/mL) plus high glucose (30 mmol/L) compared with collagen stimulation
alone. PMPs generation in activated platelets was also confirmed by using transmission electron
microscopy which were circle-like particles and about 0.2 µm in diameter (Figure 1C). Subsequently, we
explored the mechanism of high glucose-induced PMPs generation.

Activation of ROCK1 mediated PMPs generation under the stimulation of high glucose
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Since ROCK plays important role in reorganizing the cytoskeleton, experiments were performed to
determine whether ROCK is involved in PMPs generation under the stimulation of high glucose. To gain
an insight into the target of PMPs shedding, we firstly measured the mRNA levels of ROCK1 and ROCK2.
The results demonstrated that ROCK1, but not ROCK2, was highly upregulated after stimulation with
high glucose and collagen (Figure 2A). To further confirm the target, the protein levels of ROCK1 were
also examined by Western blotting. The results were in accordance with the upregulated mRNA levels.
Furthermore, the upregulation of ROCK1 was abolished by the selective ROCK inhibitor Y-27632 (Figure
2B). The increased activity of ROCK1, evaluated by the p-MYPT1 to MYPT1 ratio, was also inhibited
by Y-27632 in platelets under the high glucose (Figure 2C). The role of ROCK1 in PMPs shedding was
then investigated. Y-27632 significantly inhibited the PMPs release induced by high glucose following
the background of collagen, while Y-27632 had no effect on the PMPs release from untreated platelets
(Figure 2D). These results indicate that ROCK1 plays an important role in high-glucose induced PMPs
generation.

Caspase-3 activation played a crucial role in ROCK1 activation-mediated PMPs generation

It has been well established that ROCK1 is activated by caspase-3, which mediates membrane blebbing.
We hypothesized that caspase-3 contribute to high glucose-induced PMPs generation following the
background of collagen. As shown in Figure 3A, the relative expression of cleaved-caspase-3/pro-caspase3 was increased in platelets treated with high glucose plus collagen, which was significantly decreased in
the presence of Z-DVED-FMK, a specific caspase-3 inhibitor. Meanwhile, high glucose induced an
9

elevated caspase-3 activity following the background of collagen compared with the control. The
increased caspase-3 activity was blocked by Z-DVED-FMK, on the contrary, Y-27632 had no effect on
high glucose-induced caspase-3 activity (Figure 3B). Furthermore, preincubating platelets with Z-DVEDFMK significantly inhibited high glucose-and collagen-induced PMPs release (Figure 3C). Subsequently,
the effect of caspase-3 on ROCK1 activation in platelets was studied in the presence of high glucose. The
increased expression of ROCK1 in platelets induced by high glucose plus collagen were blocked by ZDVED-FMK, which had no effect on platelets from the control (Figure 3D). More importantly, elevated
ROCK1 activity displayed as the ratio of Y-MYPT1/MYPT1 was also abolished by Z-DVED-FMK in
platelets treated with high glucose. Taken together, these data suggest that caspase-3 activates ROCK1
and contributes to high glucose-induced PMPs release following the background of low dose of collagen.

Discussion

This study indicated that high glucose enhanced the PMPs shedding following the background of low dose
of collagen. Further analysis showed that aberrant PMPs shedding from activated platelets was caused by
activation of ROCK1, but not ROCK2, which primarily due to the cleavage of caspase-3.

Since increased PMPs play an important role in DM-associated macrovascular complications, the
mechanism of PMPs generation might be a new therapy target. PMPs shedding occurs after platelet
activation, which can be induced by some agonists, such as collagen, thrombin, adenosine diphosphate,
and arachidonic acid[18]. DM is typically characterized by chronically elevated blood glucose level.
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Therefore, the mechanism exploration for the most of in vitro study is at the condition of high glucose.
High glucose was demonstrated to influence platelet activation[19]. We did not observe an obvious
increase in PMPs levels in vitro under the high glucose stimulation alone compared with the normal
control or mannitol control. These results could be explained by the fact that glucose is not a physiological
agonist of platelets. However, it can increase the intercellular osmotic pressure[20]. Tang et al.
demonstrated that platelets were activated by collagen under the stimulation of high glucose compared
with normal glucose level, whereas high glucose stimulation had no effect on ADP-induced activation[21].
The flow cytometry analysis and morphological results showed that high glucose increased the PMPs
shedding from platelets following the collagen background. This discovery helps us to further explore the
potential mechanism underlying PMPs release from activated platelets induced by high glucose.

Based on the platelet microvesiculation process, PMPs generation is accompanied by cytoskeleton
rearrangement and phosphatidylserine exposure, which can be used to detect PMPs by flow cytometry.
Inhibition of ROCK reversed the endothelial cell-derived microparticles induced by angiotensin II[22]. It
has been reported that ROCK activation can alter platelet shape, which is associated with microparticles
shedding[23]. ROCK1 and ROCK2 are the two isoforms that perform similar functions in membrane
blebbing. Interestingly, our study showed that ROCK1 was upregulated in platelets in response to high
glucose following the background of collagen. The function of ROCK1 is mainly manifested in the
phosphorylation of the myosin binding subunit MYPT1. Protein expression and activity analysis both
confirmed the exactly effects of ROCK1 on the generation of PMPs. In contrast, ROCK2 was the target
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of endothelial microparticle release induced by thrombin[24]. However, ROCK1-deficient mouse platelets
expose significantly more phosphatidylserine upon activation by collagen compared with wild-type
platelets[25]. These results may be attributed to the different cell types and to the distinct stimuli. Using
the ROCK inhibitor Y-27632, we found that the expression and activity levels of ROCK1 were decreased
and the PMPs levels were accordingly reduced. These suggest that ROCK1 plays a crucial role in high
glucose-induced PMPs shedding folowing the background of collagen.

As we know, to fully activate ROCK1, inhibitory carboxyl terminal domain needs to be removed by
caspase-3[14]. Ben Amor et al demonstrated that thrombin activated caspase-3 and 9 in human platelets
and increased their active forms by translocating to cytoskeleton[26]. Cohen et al found that PMPs
production and platelet caspase-3, 6, and 8 activity levels were increased in diabetic rats[27]. Moreover,
Cohen et al demonstrated that the broad-spectrum caspase inhibitor Z-VAD-FMK decreased the
phosphatidylserine exposure of platelets in diabetic rats[28]. These findings suggest that caspases have a
certain function in platelet activation. Our results showed that cleaved-caspase-3 expression and its
activity were upregulated in high glucose-induced activated platelets, which accordingly increased PMPs
release. Previous study also showed that PMPs contain caspase-3[29].These data are in favour of the
relationship between caspase-3 and PMPs shedding. The protein expression and activity of caspase-3 were
significantly blocked by Z-DVED-FMK, but not by Y-27632. However, the increased expression and
activity levels of ROCK1 in platelets were significantly suppressed by Z-DVED-FMK. Coleman et al
demonstrated the involvement of caspase-mediated activation of ROCK1 in membrane blebbing[30].
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These results indicate that caspase-3 is on the upstream of ROCK1 and mediates ROCK1 activation in
platelets following the condition of high glucose.

In conclusion, we demonstrated that high glucose increased the PMPs shedding. Activation of caspase-3ROCK1 signalling cascade is involved in the PMPs generation. This novel mechanism might provide a
potential therapeutic target for preventing the production of circulating PMPs from avtivated platelets in
DM.
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Table 1. Taqman primers for real-time PCR
Origins

Genes

Taqman primers

Rat

ROCK 1

5'-GTAAGGAAGGCACAAATGGAG-3' sense
5'-TGGTTGGGACGTACAGTAAAA-3' antisense

Rat

ROCK 2

5'-CAGAGTCAAGAAGCATGTGAGA-3' sense
5'-CAGTATAGGCAGTGGACCAGG-3' antisense

Rat

β-actin

5'-TGTGACGTTGACATCCGTAAAG-3' sense
5'-GGCAGTAATCTCCTTCTGCATC-3' antisense
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Figure Legends
Figure 1. High glucose enhanced PMPs shedding. Platelets were treated with MTB (5 mmol/L glucose),
25 mmol/L glucose, 25 mmol/L mannitol, 5 µg/mL collagen, or 25 mmol/L glucose plus 5 µg/mL collagen
for 30 minutes under steady stirring. (A) Flow cytometry settings for PMPs detection. Beads with diameter
of 3 µm were used to quantify, and 0.8 µm beads were used for setting a size gate. PMPs was detected by
flow cytometry as CD61+/AnnexinⅤ+. (B) Flow cytometric analysis of PMPs generated from platelets.
The data are shown as the PMPs release ×106 per 108 platelets. Results represent the mean ± SD. **P<0.01.
(C) Transmission electron micrographs of PMPs. Platelets were incubated with 25 mmol/L glucose in the
presence of 5 µg/mL collagen. The black arrow indicates PMPs. Scale bar=0.2 µm.

Figure 2. Activation of ROCK1 mediated PMPs generation under the high glucose stimulation. (A)
Platelets were treated with MTB (Control) or 25 mmol/L glucose plus 5 µg/mL collagen (HG+Collagen)
for 30 minutes. ROCK1 and ROCK2 mRNA expression levels were measured by real-time PCR. Results
represent the mean ± SD. ***P<0.001. (B-D) Platelets were pretreated with the ROCK inhibitor Y-27632
(10 µmol/L) and then stimulated with or without 25 mmol/L glucose plus 5 µg/mL collagen as described
in the section of Materials and Methods. (B) The protein expression levels of ROCK1 were measured by
Western blotting. The histograms represent the mean ± SD of the ROCK1 expression levels and are
normalized to GAPDH. *P<0.05. (C) ROCK1 activity in platelets was evaluated by measuring the pMYPT1 substrate levels. The histograms indicate the fold change of p-MYPT1 normalized to MYPT1
shown as the mean ± SD. **P<0.01, ***P<0.001. (D) The effects of ROCK1 on PMPs release from
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platelets. PMPs were counted by flow cytometry and the results represent the mean ± SD. **P<0.01,
***P<0.001.

Figure 3. Caspase-3 activation played a crucial role in PMPs generation mediated by ROCK1
activation. Platelets were pretreated with the caspase-3 inhibitor Z-DVED-FMK (10 µmol/L) or ROCK
inhibitor Y-27632 (10 µmol/L) and then stimulated with or without 25 mmol/L glucose following the
background of 5 µg/mL collagen for 30 minutes as described in the section of Materials and Methods. (A)
Protein expression levels of pro-caspase-3 and cleaved-caspase-3 were measured by Western blotting. The
histograms represent the ratio of cleaved-caspase-3 to pro-caspase-3. **P<0.01. (B) Caspase-3 activity
was determined by chemiluminescence. **P<0.01, ***P<0.001. (C) PMPs release from activated platelets
were measured by flow cytometry. **P<0.01, ***P<0.001. The results represent the mean ± SD. (D)
Protein levels of ROCK1, p-MYPT1 and MYPT1 in platelets were measured by Western blotting.
Quantification of ROCK1 expression levels in platelets. Data are shown as the fold change normalized to
GAPDH. Quantification of ROCK1 activity is shown as the ratio of p-MYPT1 to MYPT1. *P<0.05,
***P<0.001.
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