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Abstract

Type 2 diabetes mellitus (T2DM) is associated with platelet dysfunction and impaired angio-
genesis. Aim of the study is to investigate if platelet dysfunction might hamper platelet
angiogenic activities in T2DM patients. Sixteen T2DM patients and gender/age-matched
non-diabetic controls were studied. Flow cytometry and endothelial colony forming cell
(ECFC) tube formation on matrigel were used to assess platelet reactivity and angiogenic
activity, respectively. Thrombin receptor PAR1-activating peptide (PAR1-AP) induced
higher platelet P-selectin expression, and evoked more rapid and intense platelet annexin V
binding in T2DM patients, seen as a more rapid increase of annexin V* platelets (24.3
16.4% vs 12.6+3.8% in control at 2 min) and a higher elevation (30.915.1% vs 24.3+3.0% at
8 min). However, PAR1-AP and PAR4-AP induced similar releases of angiogenic regulators
from platelets, and both stimuli evoked platelet release of platelet angiogenic regulators to
similar extents in T2DM and control subjects. Thus, PAR1-stimulated platelet releasate
(PAR1-PR) and PAR4-PR similarly enhanced capillary-like network/tube formation of
ECFCs, and the enhancements did not differ between T2DM and control subjects. Direct
supplementation of platelets to ECFCs at the ratio of 1:200 enhanced ECFC tube formation
even more markedly, leading to approximately 100% increases of the total branch points of
ECFC tube formation, for which the enhancements were also similar between patients and
controls. In conclusion, platelets from T2DM subjects are hyperreactive. Platelet activation
induced by high doses of PAR1-AP, however, results in similar releases of angiogenic regu-
lators in mild T2DM and control subjects. Platelets from T2DM and control subjects also
demonstrate similar enhancements on ECFC angiogenic activities.

Introduction

Type 2 diabetes mellitus (T2DM) is associated with a high risk of cardiovascular complications
due to diabetic angiopathy [1, 2]. The development of diabetic angiopathy and atherosclerosis
involves multiple mechanisms. Apart from inflammatory and thrombotic mechanisms,
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dysfunction of angiogenesis in diabetic patients has also been recognized as an important con-
tributor to diabetic angiopathy [3], which is manifested by reduced tissue regeneration and
organ reparation. The causes leading to aberrant angiogeneses in T2DM are mutiple, but have
not been fully understood.

Platelets from T2DM patients are hyperactive [2, 4]. There are more circulating activated
platelets and platelet-leukocyte aggregates in T2DM patients [4, 5]. Diabetic platelets are more
reactive, seen as enhanced platelet secretion [5, 6] and aggregation upon in vitro stimuli [7].
Moreover, platelets store and release a number of angiogenic factors [8], and contribute impor-
tantly to angiogenesis [9]. It has also been shown that platelets store pro-angiogenic regulators
and anti-angiogenic regulators in separate a-granules [8, 10], and that different stimuli, namely
thrombin via PAR1 receptor/ADP via P2Y12 receptor and thrombin via PAR4 receptor/
thromboxane A, (TxA,) via TP receptor, induce selective releases of pro- and anti-angiogenic
regulators of platelets [8, 10-12], respectively. We have recently shown that platelets exert their
angiogenic regulatory effects through not only released/soluble mediators but also cell mem-
brane glycoproteins [13, 14]. Giving the importance of platelets in angiogenesis and the
impacts of angiopathy on T2DM cardiovascular complications, there is a need to investigate if
and how T2DM alters platelet angiogenic activities. Albeit having been studied before [15],
there is a paucity of information with regard to potential alternations of platelet angiogenic
activities in T2DM.

Diabetic angiopathy involves dysfunctions of endothelial cells (ECs). Thus, ECs of T2DM
patients are linked to reduced production of antithrombotic prostaglandin I, (PGL,) and nitric
oxide (NO) [16], as well as overproduction of pro-inflammatory reactive oxygen species (ROS)
and reactive nitrogen species (RNS) [17]. Diabetic ECs have a reduced endothelial prolifer-
ative/regenerative potential, impaired barrier function, and an increased adhesiveness to other
circulating cells [18]. Moreover, circulating endothelial colony forming cells (ECFCs, also
refered as endothelial progenitor cells) have now been recognized as an important source for
endothelial regeneration and reparation of the injured vessel wall [19]. T2DM patients are
known to have a decreased number and impaired functionality (e.g., with a reduced propensity
of capillary-like network formation in vitro) of circulating ECFCs [20, 21]. It has also been
shown that ECFC recruitment at the sites of arterial injury is impaired in diabetic mice [21].
Hence, it is of interest to study how T2DM platelets can regulate angiogenic activities of
ECFCs.

The present study was aimed to test the hypothesis that diabetic platelet dysfunction in
T2DM patients might alter angiogenic properties of platelets, which would subsequently ham-
per their capacity to regulate angiogenic activities of ECFCs. Our results showed that platelets
from T2DM patients were hyperreactive, as evidenced by enhanced platelet P-selectin expres-
sion and by more rapid and more intense increases of platelet phosphotidylserine exposure
(annexin V binding). Platelets of those mild T2DM patients had, however, similar angiogenic
activities (angiogenic regulator release and platelet-regulated capillary-like network formation
of ECFCs) as compared to those of age/gender-matched controls.

Materials and Methods
Study subjects

Type 2 diabetes mellitus (T2DM) and nondiabetic control subjects (n = 16 for both) gave
informed and written consent to participate in this study, which was approved by the Ethics
Committee of Karolinska Institutet. Demographic data of diabetic and control subjects are
shown in the Table 1.
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Table 1. Demographic data and medical treatments of the study subjects.

T2DM Patients Non-diabetic controls
(n=16) (n=16)

Age 6212 6112
Gender: Female/Male 7/9 7/9
Body mass index 26.7+0.7* 23.9+0.7
DM duration, median(range) 9 (1-16) —
Blood glucose (mM) 8.5+0.8* 5.0+0.2
HbA1c %t 6.31+0.2% 4.610.1
Hypoglycemic treatments

Biguanides 11 —

Sulphonylureas 1 —

glitazones 1 —

insulin 3 —
Aspirin 4 2
Statins 9 1
Beta blocker 2 1
Calcium antagonist 3 —
ACE inhibitor 3 —

* P<0.05, as compared to non-diabetic controls.
T HbAc1 was measured using the Mono-S method with a reference value of <5.2%.

doi:10.1371/journal.pone.0162405.t001

Reagents

Acid-soluble thrombin receptor PAR1 activating peptide (PAR1-AP) was from Calbiochem
(Darmstadt, Germany). Water-soluble PAR1-AP and PAR4 activating peptide (PAR4-AP),
prostaglandin I, (PGI,), and cultured cell detach solution (0.01% trypsin/5 mM EDTA) were
purchased from Sigma (St Louis, MO, USA). Platelets were identified by the fluorescein iso-
thiocyanate (FITC)-conjugated CD42a MAD Beb 1 (Becton Dickinson; San Jose, CA, USA).
Platelet P-selectin expression was determined by R-phycoerythrin (PE)-CD62P MAb, and
platelet phosphotidylserine (PS) exposure was monitored by PE-conjugated annexin V (both
from Becton Dickinson). Immunoassay kits monitoring platelet release of vascular endothelial
growth factor (VEGF), platelet-derived growth factor (PDGE, BB type), platelet factor 4 (PF4),
and thrombospondin-1 (TSP-1) were from R&D Systems Ltd (Abingdon, UK). Endothelial
culture media (EBM-2 Basal Medium and the EGM-2 SingleQuots kit) and fetal bovine serum
(FBS) were purchased from Lonza (Basel, Switzerland). Matrigel ™ Matrix was from Becton
Dickinson.

Blood sample handling and washed platelet preparation

Venous blood was collected by venepuncture without stasis, using siliconized vacutainers con-
taining 1/10 volume of 129 mM trisodium citrate or 200 pg/ml recombinant hirudin (Ciba
Geigy, Base, Switzerland). Platelet rich plasma (PRP) was prepared by centrifugation (150 xg,
15 min, 22°C), and the PRP was further centrifuged at 330 xg for 15 min after supplemented
with 0.1 volume of Acid-Citrate-Dextrose (ACD) buffer and PGI, (0.1 pg/ml, final concentra-
tion). The platelet pellet was suspended in Tyrode’s Hepes buffer and adjusted the concentra-
tion to 1x10%/ml or 1x10°/ml.
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Dynamics of platelet activation

Hirudized whole blood was added into the pre-warmed curvettes. The blood samples were
then incubated in the presence of vehicle or 10 uM PAR1-AP (final concentration) during 8
min at 37°C. At the time points of 0, 2, 4, 6, and 8 min, an aliquot of 2 pl blood was added to
the binding buffer (NaCl 140 mM, CaCl2 2.5 mM, HEPES 10 mM, pH7.4) containing PE-An-
nexin V and FITC-CD42a MAb. After 20 min incubation in dark at room temperature, the
staining was terminated by further dilution with 800 ul binding buffer. Thereafter, annexin V-
binding of single platelets was analysed by flow cytometry.

Flow cytometry

Flow cytometric platelet analyses were performed as previously described [22]. Briefly, 5 pl
whole blood or washed platelets were added to 45 ul HEPES-buffered saline (pH?7.4) containing
appropriately diluted antibodies and without or with a platelet agonist. The samples were incu-
bated at room temperature in dark for 20 min. Afterwards, the samples were midly fixed with
0.5% (v/v) formaldehyde saline, and analysed with a Beckman-Coulter FC500 flow cytometer
(Beckman-Coulter Corp., Hialeah, FL). Platelets were gated according to their charateristics of
light scattering signals, and the gating was confirmed by FITC-CD42a staining (>98% posi-
tive). Platelet P-selectin expression or platelet annexin V binding were monitored and reported
as the percentages and mean fluorescence intensity (MFI) of positive cells in the total platelet
population.

Preparation of platelet releasates

After the recovery of platelets reactivity (30 min, 22°C), platelets were stimulated with vehicle
(Tyrode’s Hepes buffer), PAR1-AP (80 uM), or PAR4-AP (100 uM) for 10 min at 37°C.
PARI-AP and PAR4-AP concentrations were settled after a careful evaluation, in which both
agonists provoked intense platelet activation to the same extent, and induced optimal platelet
release. Platelet activation was terminated by an ice bath, and the samples were then centri-
fuged at 1000 xg for 10 min at 4°C. The supernatants were collected and centrifuged again at
15000 xg for 10 min at 4°C. Afterwards, the releasates were aliquoted and stored at -80°C.

Immunoassays

Quantikine®™ ELISA kits detecting platelet-derived growth factor (PDGF), vascular endothelial
growth factor (VEGF), platelet factor 4 (PF4), and thrombosponding-1 (TSP1) were purchased
from R&D Systems. The immunoassays of platelet releasates were carried out according to the
manufacturer's instructions. The standards and the samples were run in duplicates.

In vitro tube formation assay on a Matrigel plate

Human endothelial colony forming cells (ECFCs) were cultivated from peripheral blood
mononuclear cells in our laboratory, and the culture procedure and ECFC phenotypings have
been described in details [13, 14]. ECFCs were cultured in endothelial basal medium-2 (EBM-
2) supplemented with 10% FBS and SingleQuots (growth factors, cytokines, and supplements)
in a humidified cell culture incubator with 5% CO, at 37°C. After the cultured cells had reached
approximately 80% confluent, the cells were harvested and re-suspended in EBM-2 basal
medium at the concentration of 1-1.25x10° cells/ml.

Tube formation assay was performed on the Matrigel-coated 96-well culture plates. Matrigel
was thawed at 4°C overnight, placed 50 pl per well in a 96-well plate, and incubate the plate at
37°C for 1 h to allow matrix gel solidification. Afterwards, 10* ECFCs in 100 ul EBM-2 basic
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medium without or with platelets (ECFC:platelet ratio at 1:200) or 10% platelets releasates
were added into each matrix gel-coated well and incubated at 37°C for 6 h. Formation of capil-
lary-like tubular structures was visualized under an Olympus CKX41 inverted light microscope
(with a 10x objective) equipped with a Nikon D5100 camera. Five representative fields (i.e.,
up-left, lower-left, central, up-right, and lower-right sites of a well) from each well were photo-
graphed. Branch points, total tube length, loop numbers, and cell-covered area of the capillary
structure were assessed using the WimTube tube formation image analysis platform (Wimasis
image analysis, Munich, Germany).

Data presentation and statistics

Data are presented as mean+SEMs. Comparisons were performed with Student paired ¢ test
and/or repeated measurements ANOVA using GraphPad Prism 5 (GraphPad Software; CA,
USA). P<0.05 was considered to indicate significance.

Results
Demongraphic data of the study subjects

The T2DM patients had elevated levels of blood glucose and HbA ¢, and the patients also had
a higher BMI as compared to the age- and gender-matched non-diabetic controls (Table 1).
Twelve T2DM patients received oral hypoglycemic drug treatments, of whom three patients
also received insulin treatments, while four patients were on diet only. Four T2DM patients
were on a low-dose aspirin treatment, while two control subjects also took aspirin.

Platelet hyperactivity in T2DM patients

Fig 1A shows that the basal level of platelet P-selectin expression in whole blood was 3.4+0.4%
in T2DM patients, similar to that of control subjects (3.8+0.5%; P = 0.80). However, upon stim-
ulation with submaximal concentration of PAR1-PA at 4 uM, platelet P-selectin expression
was increased more markedly in T2DM patients (34.2+8.9%) than in non-diabetic controls
(21.744.1%; P<0.05). When mean fluorescence intensities (MFIs) of P-selectin positive plate-
lets were analysed (Fig 1B), it was found that platelet P-selectin MFIs in unstimulated samples
were similar between the two groups. PARI-PA stimulation significantly increased the inten-
sity of platelet P-selectin expression, as reflected by elevated MFIs, and the enhancement was
more marked in the patients than in non-diabetic controls.

To demonstrate the dynamics of platelet activation, PE-conjugated Annexin V was also
used to track platelet surface expression of negatively-charged phospholipids, mainly phospho-
tidylserine (PS), in response to 10 uM PAR1-AP stimulation during 8 minutes. As can be seen
in Fig 1C and 1D, unstimulated platelets of both T2DM patients and control subjects had a
small population of annexin V positive platelets, indicating a low level of PS exposure. Notably,
basal annexin V binding in T2DM patients was higher than that of control subjects, both in
terms of annexin V binding positive percentages (2.3£0.4% vs 1.1+0.3%; P<0.05) and MFI
(8.92£1.35 vs 5.27+0.37; P<0.05). The intense platelet activation induced by 10 uM PAR1-AP
stimulation, which increased P-selectin expression positive platelets to >95%, provoked signifi-
cant increases of platelet annexin V binding in both patients and controls. Fig 1C shows that
the positive percentages of platelet annexin V binding/PS exposure in T2DM patients were
much more marked and rapid. The latter was evidenced by that more than 75% increment of
annexin V binding had already been reached by 2 min, as compared to that of less than 50% in
the control subjects. Moreover, the stimulus also induced a greater increase of annexin V bind-
ing in T2DM patients (30.9+5.1% at 8 min) than in the controls (24.3+3.0%; P<0.01). Fig 1D
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Fig 1. Platelets are hyperreactive in T2DM patients. Panels A and B: Hirudinized whole blood of non-diabetic (open bars) and T2DM subjects (filled
bars) was incubated in the presence of PE-conjugated anti-P-selectin MAb and in the absence or presence of 4 yM PAR1-AP for 20 min at 22°C.
Platelet P-selectin expression was determined by flow cytometry. The data plotted are mean+SEM the percentages (panel A) and mean fluorescence
intensities (panel B) of P-selectin positive platelets in the total platelet population; n = 8. *P<0.05 vs unstimulated samples; #P<0.05 vs non-diabetic
controls. Panels C and D: Hirudinized whole blood was incubated at 37°C in the presence of 10 uM PAR1-AP during 8 min. At the time points of 0, 2, 4,
6, and 8 min, blood aliquots were added into the binding buffer containing PE-conjugated annexin V and FITC-CD42a MAb, and incubated for 20 min at
22°C. Thereafter, annexin V-binding of single platelets was analysed by flow cytometry. Mean+SEMs of the percentages (panel C) and mean
fluorescence intensities (panel D) of annexin V binding positive platelets are plotted, n = 7; P value of repeated measurements ANOVA indicates the
difference between non-diabetic (open circles and solid line) and T2DM subjects (filled triangles and dash line).

doi:10.1371/journal.pone0162405.9g001
demonstrates that PAR1-AP stimulation also enhanced platelet annexin V binding/PS expo-

sure intensities over time, and that higher levels of platelet annexin V binding/PS exposure in
T2DM patients were maintained throughout the observation.

Platelet release of angiogenic regulators upon thrombin receptor
activation

Activated platelets release a number of angiogenic regulators, such as VEGE, PDGE, PF4, TSP-
1, and bFGE, which can regulate the ECFC tube formation. To investigate whether there is an
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Fig 2. PAR1-AP and PAR4-AP induce similar platelet releases of angiogenic regulators in T2DM and
non-diabetic control subjects. Washed platelets were prepared from citrated whole blood obtained from
control (open bars) and T2DM subjects (filled bars), and were resuspended in Tyrode’s Hepes buffer at 10%/
ml. The cell suspension was challenged with vehicle/Tyrode’s Hepes buffer, PAR1-AP (80 uM), or PAR4-AP
(100 pM) at 37°C for 10 min. The levels of PDGF-BB (panel A), VEGF (B), PF4 (C) and TSP1 (D) in the
supernatants from above samples were analysed by corresponding ELISA kits from R&D Systems. Data
presented are mean+SEM from 5-matched pairs of control (grey bars) and T2DM subjects (filled bars). P
values plotted were obtained by Student's paired t test.

doi:10.1371/journal.pone.0162405.9002

altered release pattern of platelet angiogenic regulators in T2DM patients, we ran a set of ELI-
SAs for quantifying platelet-released VEGE, PDGE, PF4 and TSP-1 upon PAR1-AP and
PAR4-AP stimulation. Of note, to be able to use the platelet releasates (PRs) for the experi-
ments of PR-regulated ECFC tube formation, we chose to use water-soluble PAR1-AP and
PAR4-AP. Platelet activating potentials of these peptides had been carefully titrated, and it was
found that water-soluble PAR1-AP at 80 uM and PAR4-AP at 100 pM induced a similar extent
of platelet activation, which similarly increased platelet P-selectin expression to approximately
95% in washed platelets prepared from blood samples of non-diabetic subjects.

Fig 2 shows that PAR1-AP (80 uM) and PAR4-AP (100 pM) both markedly enhanced plate-
let release of angiogenic regulators in T2DM and control subjects. Both agonists tended to
induced slightly greater releases of PDGF (Fig 2A) and PF4 (C) in T2DM patients than in con-
trol subjects (P values ranging from 0.09 to 0.24), whilst they induced similar releases of VEGF
(B) and TSP-1 in patients and controls. Furthermore, PAR1-AP tended to induce slightly
lower release of PDGF (A) and TSP-1 (D) as compared to PAR4-AP, but both activating pep-
tides enhanced platelet release of VEGF (B) and PF4 (C) to a similar extent.

Effects of platelet releasates on tube formation of endothelial colony
forming cells

The effects of platelet releasates on ECFC tube formation was examined with an in vitro Matri-
gel model. Fig 3 shows that seeding of ECFCs suspended in EBM-2 basic medium with only
0.5% FBS did not show a marked formation of capillary-like tubular structures after 6 h culture
(panel A), and that the same was true in the wells containing water-soluble PAR1-AP (8 puM;
panel B) and PAR4-AP control (10 uM; panel C). The latter indicates that PAR activating pep-
tides per se at those concentrations, which were present in the platelet releasates used in the
experiments, had limited influences on ECFC tube formation. Supplementation of 10% PR
from either control subjects (D and E) or T2DM patients (F and G) enhanced tube formation
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Fig 3. Platelet releasates enhance tube formation of ECFCs. ECFCs (1x10*) suspended in EBM-2 basal
medium with 0.5% FBS were seeded onto Matrigel-coated wells of a 96-well plate, and incubated at 37°C for
6 hin presence of vehicle (panel A), 8 yM PAR1-AP (B), 10 uM PAR4-AP (C), 10% PAR1-PR (D and F),
or10% PAR4-PR (E and G) of non-diabetic (D and E) and T2DM subjects (F and G). ECFC tube formation
was observed and fotographed using an Olympus CKX41 inverted light microscope equipped with a Nikon
D5100 camera. The tube formationimages were subjected to WimTube tube formation image analysis. Total
branch points (H) and total tube length (I) of ECFC tube formation are plotted as mean+SEM; n = 5. *P<0.05;
**P<0.01; ns, not significant.

doi:10.1371/journal.pone.0162405.9003
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of ECFCs. Moreover, the enhancements were observed both with PAR1-PRs (D and F) and
PAR4-PRs (E and G).

When capillary-like tubular structures of ECFCs were quantified using WimTube tube for-
mation image analysis, it was found that PAR1-PRs from both non-diabetic controls and
T2DM patients similarly increased the total branch points (H) and total tube length (I) of
ECFC tube formation, as compared to those obtained without supplementation of platelet
releasates. Similar to PAR1-PRs, PAR4-PR supplementation also markedly increased the total
branch points and the total tube length of ECFC tube formation. Moreover, the enhancements
of total branch points and tube length of ECFC tube formation by platelet releasates from
T2DM patients were similar to those from non-diabetic controls.

Platelets enhanced tube formation of endothelial colony forming cells

We have recently demonstrated that platelets can enhance the angiogenic activities of ECFCs
through direct cell-to-cell contact, i.e., via membrane components [14]. To investigate if there
is an alteration of platelet contact-dependent enhancement of ECFC angiogenic activities in
T2DM patients, platelets were isolated from patients and controls, and co-incubated with
ECFCs on a Matrigel-coated plate. The capillary network formation was then observed, and
tive 10x fields of each well were recorded further analysis.

Fig 4A shows that ECFCs incubated alone on Matrigel-coated surface had limited capillary-
like network formation. In contrast, the presence of platelets from either control (panel B) or
T2DM subjects (C) markedly enhanced ECFC tube formation. The enhanced tube formation
was seen as a denser capillary-like network and wider tubular structures. Hence, supplementa-
tion of platelets clearly increased the total branch points (D), total tube length (E), total loops
(F), and area coverage (G) of ECFC tube formation. Moreover, the enhancements on these
parameters did not differ between non-diabetic and diabetic platelets.

Discussion

The present study investigated if diabetic platelet dysfunction would lead to altered platelet
angiogenic activities in T2DM patienets. We found that platelet activation induced more
marked elevation of platelet P-selectin expression (a marker of platelet secretion) and annexin
V binding (an indicator of platelet phosphotidylserine exposure/procoagulant activity) in
T2DM patients than in non-diabetic controls. However, we found that PAR1 or PAR4 stimula-
tion induced similar platelet releases of angiogenic regulators in both control and T2DM sub-
jects, and that angiogenic activities of platelets from mild T2DM patients were not changed
either, as supplementation of either platelet releasates or washed platelets from non-diabetic
and diabetic subjects enhanced ECFC tube formation similarly.

It is well known that platelets from diabetic patients are hyperreactive [2, 4]. Thus, the pres-
ent study showed that platelet stimulation induced more marked elevation of platelet P-selectin
expression, suggesting intensified platelet secretion upon activation. Importantly, our work
brought new evidence that platelet activation provoked a quicker and stronger rise of platelet
annexin V binding in T2DM patients. The findings indicate that diabetic platelets had a more
rapid and more intense exposure of aminophospholipids (predominantly phosphotidylserine),
which is a key component of platelet procoagulant activities and constitutes the prothrombi-
nase complex together with FXa, FVa, and calcium. We have previously demonstrated that dia-
betic platelets are hypercoagulant, as evidenced by a more rapid burst of thrombin generation
and a shortened clotting time of recalcified platelet rich plasma in T2DM patients than in non-
diabetic controls [23]. Thus, the present findings reveal us a mechanism underlying hypercoa-
gulant activities of diabetic platelets. Phosphotidylserine exposure of platelets is controlled by
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Fig 4. Platelets per se enhance tube formation of ECFCs. ECFCs (1x10%) suspended in EBM-2 basal
medium with 0.5% FBS were seeded onto Matrigel-coated wells and incubated in presence of vehicle or
platelets (ECFC:platelet ratio at 1:200) at 37°C for 6 h. ECFC tube formation was observed and fotographed
using an Olympus CKX41 inverted light microscope equipped with a Nikon D5100 camera. The images
presented are ECFC tube formation without platelets (panel A), with control platelets (B), and with T2DM
platelets (C). Parameters of tube formation were analysed using WimTube tube formation image analysis.
Total branch points (D), total tube length (E), total loops (F), and covered area (G) of ECFC tube formation are
plotted as mean+SEM; n = 5. **P<0.01; ***P<0.001; ****P<0.0001; ns, not significant.

doi:10.1371/journal.pone.0162405.9004

the balance of translocase and scramblase activities [24]. Our data imply that pathophysiologi-
cal changes of T2DM have disrupted enzyme activity balance between translocase and scram-
blase during platelet activation, either by attenuating translocase activity, potentiating
scramblase activity, or both.

Platelets have emerged as an important player in angiogenesis and tissue regeneration [25,
26]. This has prompted us to generate the hypothesis that impaired tissue regeneration, often
manifested as a cumbersome wound healing, in diabetic patients may be attributed to the alter-
ations of platelet angiogenic activities in T2DM patients. Notably, recent studies by others and
us demonstrated that platelets store pro-angiogenic and anti-angiogenic regulators in different
o-granules, and that PAR1 stimulation prompts pro-angiogenic, whilst PAR4 stimulation
favors anti-angiogenic regulator release of platelets [8, 10, 11], albeit there are still debates
about the theory [27, 28]. The present study compared PAR1-inducd and PAR4-induced
angiogenic regulator release between non-diabetic and T2DM subjects, aiming to reveal if
T2DM may enhance anti-angiogenic or/and reduce pro-angiogenic regulator release of plate-
lets. We have monitored VEGF and PDGF-BB, both of which are well recognized as potent
proangiogenic regulators [29, 30], as well as TSP-1 and PF4, which are well-established nega-
tive regulator of angiogenesis [31-33]. Contrasting to our assumption, we found that PAR1
and PAR4 stimulation induced similar angiogenic regulator release in T2DM and control
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subjects. Even more surprisingly, we found that PAR1 or PAR4 stimulation did not provoke
differential platelet releases of pro- or anti-angiogenic regulators, as shown in our earlier report
[10]. The likely explanation for the discrepancy is because the inhibiting cocktail, including
aspirin, hirudin, and apyrase and for preventing positive feedbacks of platelet activation, was
omitted during the present preparation of platelet releasates. We skipped the cocktail because
the releasates would be used for ECFC culture, and we assumed that those inhibitors would
complicate ECFC cultrue. However, these unexpected findings highlight the importance of
positive feedbacks of platelet activation in the final readouts of platelet secretion, in which
platelet released/generated ADP, thromboxane A, and thrombin, secondary to the primary
stimulus by PAR1-AP or PAR4-AP, may work in concert with the primary agonist to induce a
general platelet secretion and subsequently mask the differential release of angiogenic regula-
tors. Our observation may also provide a hint for the current controversy in the literature of
platelet angiogenic regulator secretion that suports either differential release [8, 10, 12], activa-
tion intensity-dependent release [27], or non-differential release [28]. Nevertheless, as the
result of similar platelet releases of pro- or anti-angiogenic regulators by non-diabetic and
T2DM subjects and by PAR1- and PAR4-stimulation, those platelet releasates were found to
enhance ECFC tube formation similarly.

We have recently reported that direct cell-cell contact via platelet tetraspannin
CD151-ECFC integrin 0.6p1 interaction contributes importantly to platelet-enhanced ECFC
angiogenic activities [14], as evidenced by that fixed platelets (i.e., no platelet secretion) par-
tially retain angiogenesis enhancing effects, and that CD151 and a6B1 blockade attenuate the
effects [14]. The present study confirmed that platelet co-culture markedly enhances ECFC
tube formation, and showed that the enhancements by non-diabetic and diabetic platelets were
similar. Together with our results showing that angiogenic regulator releases from diabetic and
non-diabetic platelets were similar (Fig 2), and that supplementation of platelet releasates from
patients and controls had identical effects on ECFC tube formation (Fig 3), these three pieces
of evidence indicate that platelet a-granule contents/release of angiogenic regulators and
platelet membrane components involved in platelet-enhanced angiogenesis (e.g., CD151) are
unaltered in well controlled/mild T2DM patients. Hence, it may also be hypothesized that dis-
turbed platelet angiogenic activities could only be seen in advanced/poorly controlled T2DM
patients, and that the dysfunctions could happen secondary to a poor blood glucose control. As
blood glucose and HbA1c of the present T2DM patients were controlled on decent levels, our
data may suggest that a good glucose control is beneficial for maintaining platelet angiogenic
function, despite the presence of diabetic platelet hyperreactivities.

Taken together, platelets are hyperreactive in T2DM. However, as compared to age- and
gender-matched non-diabetic controls, angiogenic activities of platelets remain unaltered in
mild T2DM patients.

Author Contributions
Conceptualization: NL.

Data curation: XM NL.
Formal analysis: XM NL.
Funding acquisition: NL.
Investigation: XM WZ ZH NL.
Methodology: XM WZ ZH.

PLOS ONE | DOI:10.1371/journal.pone.0162405 September9, 2016 11/13



@° PLOS | ONE

Platelet Angiogenic Activities in T2DM

Project administration: NL.

Supervision: NL.

Visualization: XM NL.

Writing - original draft: XM NL.

Writing - review & editing: WZ.

References

1.

10.

11.

12.

13.

14.

Fox CS, Golden SH, Anderson C, Bray GA, Burke LE, de Boer IH, et al. Update on Prevention of Car-
diovascular Disease in Adults With Type 2 Diabetes Mellitus in Light of Recent Evidence: A Scientific
Statement From the American Heart Association and the American Diabetes Association. Circulation.
2015; 132(8):691-718. doi: 10.1161/CIR.0000000000000230 PMID: 26246173.

Santilli F, Simeone P, Liani R, Davi G. Platelets and diabetes mellitus. Prostaglandins Other Lipid Med-
iat. 2015; 120:28-39. doi: 10.1016/j.prostaglandins.2015.05.002 PMID: 25986598.

Spinetti G, Kraenkel N, Emanueli C, Madeddu P. Diabetes and vessel wall remodelling: from mechanis-
tic insights to regenerative therapies. Cardiovasc Res. 2008; 78(2):265—73. Epub 2008/02/19. cvn039
[pii] doi: 10.1093/cvr/cvn039 PMID: 18281374.

Ferroni P, Basili S, Falco A, Davi G. Platelet activation in type 2 diabetes mellitus. J Thromb Haemost.
2004;2(8):1282—91. PMID: 15304032.

Hu H, Li N, Yngen M, Ostenson C-G, Wallén NH, Hijemdahl P. Enhanced leukocyte-platelet cross-talk
in type 1 diabetes mellitus: relationship to microangiopathy. J Thromb Haemost. 2004; 2(1):58—64.
PMID: 14717967

Yngen M, Ostenson CG, Hu H, Li N, Hiemdahl P, Wallén NH. Enhanced P-selectin expression and
increased soluble CD40 ligand in patients with Type 1 diabetes mellitus and microangiopathy: evidence
for platelet hyperactivity and chronic inflammation. Diabetologia. 2004; 47(3):537—40. PMID:
14963650.

Vinik Al, Erbas T, Park TS, Nolan R, Pittenger GL. Platelet dysfunction in type 2 diabetes. Diabetes
Care. 2001; 24(8):1476-85. PMID: 11473089

Italiano JE Jr, Richardson JL, Patel-Hett S, Battinelli E, Zaslavsky A, Short S, et al. Angiogenesis is reg-
ulated by a novel mechanism: pro- and antiangiogenic proteins are organized into separate

platelet alpha granules and differentially released. Blood. 2008; 111(3):1227-33. blood-2007-09-
113837 [pii] doi: 10.1182/blood-2007-09-113837 PMID: 17962514.

Kisucka J, Butterfield CE, Duda DG, Eichenberger SC, Saffaripour S, Ware J, et al. Platelets and plate-
let adhesion supportangiogenesis while preventing excessive hemorrhage. Proc Natl Acad Sci U S A.
2006; 103(4):855-60. Epub 2006/01/19. 0510412103 [pii] doi: 10.1073/pnas.0510412103 PMID:
16418262.

Chatterjee M, Huang Z, Zhang W, Jiang L, Hultenby K, Zhu L, et al. Distinct platelet release and surface
expression of proangiogenicand antiangiogenic factors upon different platelet stimuli. Blood.
2011:3907-11. Epub 2011/02/19. blood-2010-12-327007 [pii] doi: 10.1182/blood-2010-12-327007
PMID: 21330475.

Ma L, Perini R, McKnight W, Dicay M, Klein A, Hollenberg MD, et al. Proteinase-activated receptors 1
and 4 counter-regulate endostatin and VEGF release from human platelets. Proc Natl Acad Sci U S A.
2005; 102(1):216—20. Epub 2004/12/24. 0406682102 [pii] doi: 10.1073/pnas.0406682102 PMID:
15615851.

Battinelli EM, Markens BA, Italiano JE Jr. Release of angiogenesis regulatory proteins from

platelet alpha granules: modulation of physiologic and pathologic angiogenesis. Blood. 2011; 118
(5):1359-69. Epub 2011/06/18. blood-2011-02-334524 [pii] doi: 10.1182/blood-2011-02-334524 PMID:
21680800.

Huang Z, Miao X, Luan Y, Zhu L, Kong F, Lu Q, et al. PAR1-stimulated platelet releasate promotes
angiogenic activities of endothelial progenitor cells more potently than PAR4-stimulated platelet relea-
sate. J Thromb Haemost. 2015; 13(3):465-76. doi: 10.1111/jth.12815 PMID: 25495701.

Huang Z, Miao X, Patarroyo M, Nilsson G, Pernow J, Li N. Tetraspanin CD151 and integrin a631 medi-
ate platelet-enhanced endothelial colony forming cell angiogenesis J Thromb Haemost. 2016; 14
(3):606—18.doi: 10.1111/jth.13248 PMID: 26749288

PLOS ONE | DOI:10.1371/journal.pone.0162405 September9, 2016 12/13


http://dx.doi.org/10.1161/CIR.0000000000000230
http://www.ncbi.nlm.nih.gov/pubmed/26246173
http://dx.doi.org/10.1016/j.prostaglandins.2015.05.002
http://www.ncbi.nlm.nih.gov/pubmed/25986598
http://dx.doi.org/10.1093/cvr/cvn039
http://www.ncbi.nlm.nih.gov/pubmed/18281374
http://www.ncbi.nlm.nih.gov/pubmed/15304032
http://www.ncbi.nlm.nih.gov/pubmed/14717967
http://www.ncbi.nlm.nih.gov/pubmed/14963650
http://www.ncbi.nlm.nih.gov/pubmed/11473089
http://dx.doi.org/10.1182/blood-2007-09-113837
http://www.ncbi.nlm.nih.gov/pubmed/17962514
http://dx.doi.org/10.1073/pnas.0510412103
http://www.ncbi.nlm.nih.gov/pubmed/16418262
http://dx.doi.org/10.1182/blood-2010-12-327007
http://www.ncbi.nlm.nih.gov/pubmed/21330475
http://dx.doi.org/10.1073/pnas.0406682102
http://www.ncbi.nlm.nih.gov/pubmed/15615851
http://dx.doi.org/10.1182/blood-2011-02-334524
http://www.ncbi.nlm.nih.gov/pubmed/21680800
http://dx.doi.org/10.1111/jth.12815
http://www.ncbi.nlm.nih.gov/pubmed/25495701
http://dx.doi.org/10.1111/jth.13248
http://www.ncbi.nlm.nih.gov/pubmed/26749288

@° PLOS | ONE

Platelet Angiogenic Activities in T2DM

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Dernbach E, Randriamboavonjy V, Fleming |, Zeiher AM, Dimmeler S, Urbich C. Impaired interaction of
platelets with endothelial progenitor cells in patients with cardiovascular risk factors. Basic Res Cardiol.
2008; 103(6):572-81. doi: 10.1007/s00395-008-0734-z PMID: 18604625.

Schneider DJ. Factors contributing to increased platelet reactivity in people with diabetes. Diabetes
Care. 2009; 32(4):525-7. doi: 10.2337/dc08-1865 PMID: 19336636; PubMed Central PMCID:
PMCPMC2660482.

Redondo PC, Jardin |, Hernandez-Cruz JM, Pariente JA, Salido GM, Rosado JA. Hydrogen peroxide
and peroxynitrite enhance Ca2+ mobilization and aggregation in platelets from type 2 diabetic patients.
Biochem Biophys Res Commun. 2005; 333(3):794-802. doi: 10.1016/j.bbrc.2005.05.178 PMID:
15963463.

Cines DB, Pollak ES, Buck CA, Loscalzo J, Zimmerman GA, McEver RP, et al. Endothelial cells in
physiology and in the pathophysiology of vascular disorders. Blood. 1998; 91(10):3527-61. PMID:
9572988

Fadini GP, Losordo D, Dimmeler S. Critical reevaluation of endothelial progenitor cell phenotypes for
therapeutic and diagnostic use. Circ Res. 2012; 110(4):624-37. Epub 2012/02/22. 110/4/624 [pii] doi:
10.1161/CIRCRESAHA.111.243386 PMID: 22343557.

Tepper OM, Galiano RD, Capla JM, Kalka C, Gagne PJ, Jacobowitz GR, et al. Human endothelial pro-
genitor cells from type Il diabetics exhibit impaired proliferation, adhesion, and incorporation into vascu-
lar structures. Circulation. 2002; 106(22):2781—-6. Epub 2002/11/27. PMID: 12451003.

Urbich C, Dimmeler S. Endothelial progenitor cells: characterization and role in vascular biology. Circ
Res. 2004; 95(4):343-53. doi: 10.1161/01.RES.0000137877.89448.78 PMID: 15321944,

Li N, Hu H, Hjemdahl P. Aspirintreatment does not attenuate platelet or leukocyte activation as moni-
tored by whole blood flow cytometry. Thromb Res. 2003; 111(3):165-70. PMID: 14678815.

Razmara M, Hjemdahl P, Ostenson CG, Li N. Platelet hyperprocoagulant activity in Type 2 diabetes
mellitus: attenuation by glycoprotein llb/Illa inhibition. J Thromb Haemost. 2008; 6(12):2186-92.
JTH3185 [pii] doi: 10.1111/j.1538-7836.2008.03185.x PMID: 18983513.

Zwaal RF, Schroit AJ. Pathophysiologic implications of membrane phospholipid asymmetryin blood
cells. Blood. 1997; 89(4):1121-32. PMID: 9028933

Patzelt J, Langer HF. Platelets in angiogenesis. Curr Vasc Pharmacol. 2012; 10(5):570-7. PMID:
22338572.

Gawaz M, Vogel S. Platelets in tissue repair: control of apoptosis and interactions with regenerative
cells. Blood. 2013; 122(15):2550—4. doi: 10.1182/blood-2013-05-468694 PMID: 23963043.

Kamykowski J, Carlton P, Sehgal S, Storrie B. Quantitative immunofluorescence mapping reveals little
functional coclustering of proteins within platelet alpha-granules. Blood. 2011; 118(5):1370-3. Epub
2011/05/31. blood-2011-01-330910 [pii] doi: 10.1182/blood-2011-01-330910 PMID: 21622648.

van Holten TC, Bleijerveld OB, Wijten P, de Groot PG, Heck AJ, Barendrecht AD, et al. Quantitative
proteomics analysis reveals similar release profiles following specific PAR-1 or PAR-4 stimulation of
platelets. Cardiovasc Res. 2014; 103(1):140-6. doi: 10.1093/cvr/cvu113 PMID: 24776597.

Ferrara N, Gerber HP, LeCouter J. The biology of VEGF and its receptors. Nat Med. 2003; 9(6):669—
76. doi: 10.1038/nm0603-669 PMID: 12778165.

Wang H, Yin Y, LiW, Zhao X, Yu Y, Zhu J, et al. Over-expression of PDGFR-beta promotes PDGF-
induced proliferation, migration, and angiogenesis of EPCs through PI3K/Akt signaling pathway. PLoS
One. 2012; 7(2):e305083. doi: 10.1371/joumal.pone.0030503 PMID: 22355314; PubMed Central
PMCID: PMCPMC3280261.

Tolsma SS, Volpert OV, Good DJ, Frazier WA, Polverini PJ, Bouck N. Peptides derived from two sepa-
rate domains of the matrix protein thrombospondin-1 have anti-angiogenic activity. J Cell Biol. 1993;
122(2):497-511. PMID: 7686555; PubMed Central PMCID: PMCPMC2119646.

Rodriguez-Manzaneque JC, Lane TF, Ortega MA, Hynes RO, Lawler J, Iruela-Arispe ML. Thrombos-
pondin-1 suppresses spontaneous tumor growth and inhibits activation of matrix metalloproteinase-9
and mobilization of vascular endothelial growth factor. Proc Natl Acad Sci U S A. 2001; 98(22):12485—
90. doi: 10.1073/pnas.171460498 PMID: 11606713; PubMed Central PMCID: PMCPMC60080.

Bikfalvi A. Platelet factor 4: an inhibitor of angiogenesis. Semin Thromb Hemost. 2004; 30(3):379-85.
doi: 10.1055/s-2004-831051 PMID: 15282661.

PLOS ONE | DOI:10.1371/journal.pone.0162405 September9, 2016 13/13


http://dx.doi.org/10.1007/s00395-008-0734-z
http://www.ncbi.nlm.nih.gov/pubmed/18604625
http://dx.doi.org/10.2337/dc08-1865
http://www.ncbi.nlm.nih.gov/pubmed/19336636
http://dx.doi.org/10.1016/j.bbrc.2005.05.178
http://www.ncbi.nlm.nih.gov/pubmed/15963463
http://www.ncbi.nlm.nih.gov/pubmed/9572988
http://dx.doi.org/10.1161/CIRCRESAHA.111.243386
http://www.ncbi.nlm.nih.gov/pubmed/22343557
http://www.ncbi.nlm.nih.gov/pubmed/12451003
http://dx.doi.org/10.1161/01.RES.0000137877.89448.78
http://www.ncbi.nlm.nih.gov/pubmed/15321944
http://www.ncbi.nlm.nih.gov/pubmed/14678815
http://dx.doi.org/10.1111/j.1538-7836.2008.03185.x
http://www.ncbi.nlm.nih.gov/pubmed/18983513
http://www.ncbi.nlm.nih.gov/pubmed/9028933
http://www.ncbi.nlm.nih.gov/pubmed/22338572
http://dx.doi.org/10.1182/blood-2013-05-468694
http://www.ncbi.nlm.nih.gov/pubmed/23963043
http://dx.doi.org/10.1182/blood-2011-01-330910
http://www.ncbi.nlm.nih.gov/pubmed/21622648
http://dx.doi.org/10.1093/cvr/cvu113
http://www.ncbi.nlm.nih.gov/pubmed/24776597
http://dx.doi.org/10.1038/nm0603-669
http://www.ncbi.nlm.nih.gov/pubmed/12778165
http://dx.doi.org/10.1371/journal.pone.0030503
http://www.ncbi.nlm.nih.gov/pubmed/22355314
http://www.ncbi.nlm.nih.gov/pubmed/7686555
http://dx.doi.org/10.1073/pnas.171460498
http://www.ncbi.nlm.nih.gov/pubmed/11606713
http://dx.doi.org/10.1055/s-2004-831051
http://www.ncbi.nlm.nih.gov/pubmed/15282661

