THIEME

e92

Original Article

Induction of Diabetes Abolishes the
Antithrombotic Effect of Clopidogrel in
Apolipoprotein E–Deﬁcient Mice
A. Sugidachi1

K. Ohno1

J. A. Jakubowski2

Y. Ito1

1 Rare Disease and LCM Laboratories, Daiichi Sankyo Co., Ltd.,

Tokyo, Japan
2 Lilly Research Laboratories, Eli Lilly and Company, Indianapolis,
Indiana, United States

A. Tomizawa1

M. Mizuno1

Address for correspondence Atsuhiro Sugidachi, PhD, Rare Disease
and LCM Laboratories, Daiichi Sankyo Co., Ltd., 1-2-58 Hiromachi,
Shinagawa-ku, Tokyo 140-8710, Japan
(e-mail: sugidachi.atsuhiro.r7@daiichisankyo.co.jp).

TH Open 2017;1:e92–e100.

Abstract

Keywords

►
►
►
►
►
►

P2Y12
clopidogrel
diabetes mellitus
platelets
thrombosis
apolipoprotein
E–deﬁcient mouse
► thrombin

Patients with acute coronary syndrome with diabetes mellitus (DM) exhibit an impaired
platelet inhibitory response to clopidogrel which is only partially understood. DM was
induced by the administration of streptozotocin (STZ) to 9-week-old mice. The antithrombotic effects of clopidogrel (10 mg/kg/d, orally  5 days) were determined using a FeCl3induced thrombosis model employing wild-type (WT), apolipoprotein E (apoE)-deﬁcient,
and diabetic apoE-deﬁcient mice at 21 weeks. Antiplatelet effects were determined using
ﬂow cytometry. The antithrombotic effects of clopidogrel were similar in WT and apoEdeﬁcient mice but were attenuated in diabetic apoE-deﬁcient mice with the percent
inhibition of thrombus area (µm2) by clopidogrel being 85.5% (WT mice), 75.0% (apoEdeﬁcient mice), and 1.9% (diabetic apoE-deﬁcient mice). The time to ﬁrst occlusion and
lumen stenosis also reﬂected a signiﬁcant loss of the antithrombotic effects of clopidogrel
in diabetic apoE-deﬁcient mice. Ex vivo platelet activation, which was assessed using ADPinduced expression of activated glycoprotein IIb/IIIa, was completely inhibited by clopidogrel in these three groups of mice. In contrast, the effect of clopidogrel on the ex vivo
expression of platelet P-selectin induced by protease-activated receptor 4–activating
peptide was diminished in diabetic apoE-deﬁcient mice compared with that in WT and
apoE-deﬁcient mice. These data suggest that diabetic apoE-deﬁcient mice may serve as a
useful model to better understand the impaired responses to clopidogrel in patients with
DM, which may partially reﬂect a reduction of the effect of clopidogrel on thrombininduced platelet activation.

Introduction
Dual-antiplatelet therapy using aspirin and an antagonist of
the P2Y12 ADP receptor is the ﬁrst-line treatment for patients
with acute coronary syndrome as well as for those undergoing
percutaneous coronary intervention.1,2 Despite the development of P2Y12 antagonists with more predictable effects, such
as prasugrel3–5 and ticagrelor,3,6,7 clopidogrel remains a
widely used P2Y12 antagonist.8,9 However, the antiplatelet
effect of clopidogrel is highly variable among individuals,10–13
and patients with higher platelet reactivity on clopidogrel
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treatment are at higher risk of thrombotic events after percutaneous coronary intervention.14–16 Accordingly, delineating
the mechanisms underlying the variable response to clopidogrel is clinically relevant and may provide insights into the
reasons for treatment failure and inform selection of the three
available oral P2Y12 receptor antagonists administered to
patients with acute coronary syndrome.17
Clopidogrel is a prodrug requiring hepatic conversion to an
active metabolite (AM) that mediates the antiplatelet effect.
Numerous pharmacokinetic (PK) and pharmacodynamic studies
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have shown that CYP2C19, a CYP450 isozyme, is important for
generating clopidogrel’s AM; moreover, common genetic polymorphisms that reduce the catalytic activity of CYP2C19
decrease AM production.18,19 However, the cause of the variability of the clopidogrel response is multifactorial,20–22 and
diabetes mellitus (DM) is a major risk factor for a diminished
clopidogrel response, independent of the CYP2C19 genotype.20,21 Overall, patients with DM have an increased prevalence of low platelet inhibition following clopidogrel treatment
and a two- to four-fold increased risk of cardiovascular events
compared with patients without DM.23–27
While the cause of these characteristics has been attributed to systemic inﬂammation and insulin resistance,28
impaired inhibition of P2Y12-mediated platelet inhibition
by clopidogrel is largely attributed to attenuation of clopidogrel’s PK proﬁle.29 Animal models for studying the impaired
clopidogrel response have been employed; however, to the
best of our knowledge, there are no reports of a wellestablished nonclinical model to study the diabetes-associated reduction of response to clopidogrel.
Streptozotocin (STZ)-treated apolipoprotein E (apoE)-deﬁcient mice are widely used to model atherosclerosis with
higher cardiovascular risks compared with apoE-deﬁcient or
STZ-treated diabetic mice.30–33 The FeCl3-induced thrombosis model is widely used as a standard method by thrombosis
researchers.34,35 In this article, we used this thrombosis
model to study the antithrombotic effects of clopidogrel in
STZ-treated apoE-deﬁcient mice (diabetic apoE-deﬁcient
mice) compared with its antithrombotic effects in wildtype (WT) and nondiabetic apoE-deﬁcient mice (apoE-deﬁcient mice). Further, we determined the antiplatelet effects
of clopidogrel in these three groups of mice.

Materials and Methods
Materials
ADP, protease-activated receptor-4 thrombin receptor activating peptide (PAR4 TRAP), and FeCl3 were purchased from
Sigma-Aldrich (St. Louis, Missouri, United States). FITC-labeled
rat anti-mouse GPIX (Xia.B4), PE-labeled rat anti-mouse
GPIIb/IIIa (JON/A), and PE-labeled rat anti-mouse P-selectin
(Wug.E9) antibodies were purchased from Emfret Analytics
GmbH & Co. KG (Eibelstadt, Germany). Clopidogrel bisulfate
(clopidogrel) was purchased from Kemprotec Limited
(Cumbria, United Kingdom). Gum arabic and STZ were purchased from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan) or Sigma-Aldrich. Receptor nomenclature follows the
recommendations of the Nomenclature Committee of the
International Union of Biochemistry and Molecular Biology.36

Animals
WT (C57BL/6J; Charles River Laboratories Japan, Inc., Yokohama,
Kanagawa, Japan) and apoE-deﬁcient male mice (B6.129P2Apoetm1Unc/J; The Jackson Laboratory, United States), which
were acquired at 6 or 8 weeks of age, were quarantined and
acclimated for at least 7 days and were observed daily for clinical
signs during and after the quarantine period. The ex vivo
antiplatelet study was conducted in compliance with the Act
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on Welfare and Management of Animals of Japan and the
Guidance for Animal Care and Use of Ina Research Inc., in
accordance with the protocol (study no. IP15213) approved
by the Institutional Animal Care and Use Committee of Ina
Research Inc., which is fully accredited by AAALAC International
(accredited unit no. 001107). The thrombosis study was conducted as approved by the Institutional Animal Experiment
Committee of Nissei Bilis Co., Ltd. (permit no. 1505–08). These
models of atherothrombosis in mice have been in use for several
years.30–35 All studies involving mice were reported in accordance with the ARRIVE guidelines.37,38

Drug Administration
Clopidogrel was suspended in 5% gum arabic solution and
administered orally to mice once daily for 5 days. The dose of
clopidogrel was determined according to the results of pilot
ex vivo platelet aggregation studies using platelet-rich
plasma, which indicated that administration of 10 mg/kg/d
of clopidogrel for 5 days completely inhibited ADP-induced
platelet aggregation in WT mice (data not shown).

Induction of Diabetes Mellitus
DM was induced in mice that did not exhibit detectable
abnormalities during the quarantine period. Citrate buffer
solution or STZ (55 mg/kg/d, intraperitoneally) was administered for 5 days to 9-week-old apoE-deﬁcient and
WT mice.

FeCl3-Induced Thrombosis
Thrombus formation was induced in 21-week-old mice
(12 weeks after STZ administration). Mice were anesthetized
using isoﬂurane, and the right carotid artery was exposed.
A soft-cuff blood ﬂow probe (MC0.5PSB, Transonic Systems
Inc., New York, United States) was placed on the right carotid
artery, and blood ﬂow was continuously monitored using a
pulsed Doppler ﬂow meter (TS420, Transonic Systems Inc.).
Subsequently, 2 hours after the last dose of clopidogrel, ﬁlter
paper (qualitative ﬁlter paper no. 2; Advantec Toyo Kaisha,
Ltd., Tokyo, Japan) trimmed to 1  2 mm and saturated with
a 10% FeCl3 solution was placed on the arterial surface for
3 minutes. The ﬁlter paper was removed, and the time
in seconds to ﬁrst occlusion (TTO), deﬁned as the time to
arrest blood ﬂow for >1 minute, was measured. Blood ﬂow
was monitored for 60 minutes after placement of the ﬁlter
paper. If blood ﬂow was not arrested for >1 minute during
the 60-minute observation, TTO was deﬁned as 60 minutes,
and monitoring was terminated.

Blood Biochemistry
After completing the measurement of blood ﬂow, a blood
sample (500 µL) was collected from the abdominal vein,
transferred to a micro-blood collection tube, and serum was
collected after centrifugation (1,609  g, for 10 minutes at
room temperature) using a Model 6000 centrifuge (KUBOTA
Manufacturing Corporation, Osaka, Japan). All measurements
were performed in duplicate. Insulin was measured using a
Mouse Insulin ELISA Kit (TMB) (AKRIN-011T; Shibayagi Co., Ltd.,
Gunma, Japan) according to the manufacturer’s instructions.
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Glucose, total cholesterol, triglycerides, and free fatty acids
were measured using the Glucose C2-Test Wako (mutarotase-GOD method), the Cholesterol E-Test Wako (cholesterol
oxidase DAOS method), the triglyceride E-Test Wako (glycerol3-phosphate oxidase DAOS method), and the NEFA C-Test Wako
(acyl-CoA synthetase and acyl-CoA oxidase method; WAKO
Pure Chemical Industries, Ltd., Osaka, Japan), respectively. All
measurements were performed according to the instructions
included in each kit.

allowed to stand for 15 minutes at room temperature. FACS
lysing solution (Becton, Dickinson and Company, New Jersey,
United States) was added, and blood cells were ﬁxed for
30 minutes under refrigeration. A FACS Canto II (Nippon
Becton, Dickinson and Company, Tokyo, Japan) was used for
the analysis. FITC-positive cells were deﬁned as platelets, and
the intensities of PE ﬂuorescence speciﬁc to 10,000 platelets
were measured. The geometric mean calculated from the
histograms of PE ﬂuorescence intensities was deﬁned as the
mean ﬂuorescence intensity (MFI).

Pathological Evaluation
After blood collection, mice were euthanized by exsanguination under isoﬂurane anesthesia with perfusion of saline from
the left ventricle to incisions in the abdominal artery and vein.
Perfusion ﬁxation was performed using 10% neutral-buffered
formalin for 5 to 10 minutes, and the FeCl3-injured regions of
the right carotid arteries and the approximately identical
regions of the left carotid arteries were collected and ﬁxed
in 10% neutral-buffered formalin. Specimens were isolated
from three areas of the carotid arteries as follows: the approximate midsection of the FeCl3-injured region, 100-μm distal
from the midsection, and 200-μm distal from the midsection.
Parafﬁn sections were prepared, and each region was stained
using hematoxylin–eosin (HE) and an Elastica van Gieson
(EVG). For EVG-stained specimens, the luminal area (A) and
the thrombus area (T) were measured using image analysis
software (Win ROOF 2013; Mitani Corporation, Fukui, Japan),
and lumen stenosis (100  T/A) was calculated. Mean values of
T and lumen stenosis in three positions were calculated.

Data and Statistical Analysis
The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology.39 The data for biochemical parameters, platelet activation
markers, TTO, thrombus area, and lumen stenosis are presented as the mean  or þ standard error (SE). Student’s t-test
was conducted for each comparison. A two-way analysis of
variance (ANOVA) was performed to evaluate the data for
treatment (vehicle and clopidogrel) and genotype (WT mice
and apoE-deﬁcient mice) as well as treatment (vehicle and
clopidogrel) and diabetes (nondiabetic apoE-deﬁcient mice
and diabetic apoE-deﬁcient mice). A statistically signiﬁcant
difference was deﬁned as p < 0.05. Statistical analyses were
performed using SAS 9.1 or 9.3 for Windows (SAS Institute Inc.,
North Carolina, United States) with EXSUS Version 8.0 (Arm
Systex Co., Ltd., Osaka, Japan) or the INATOX-DP (SAS) system
(Ina Research Inc., Nagano, Japan).

Results

Detection of Activated Glycoprotein IIb/IIIa and
P-Selectin on Platelets

Blood Biochemistry

Citrated blood samples were collected from the posterior vena
cava of mice 2 hours after the ﬁnal dose of clopidogrel. Blood
samples were added to tubes containing an FITC-labeled antiGPIX antibody, a PE-labeled anti-GPIIb/IIIa antibody or an antiP-selectin antibody, an agonist, and saline. ADP or PAR4 TRAP
was used as agonists. Since preliminary studies showed little
signiﬁcant expression of P-selectin in response to ADP stimulation, we utilized PAR4 TRAP to induce platelet P-selectin
expression in mice. The tubes were then gently stirred and

The blood levels of insulin, glucose, total cholesterol, triglyceride,
and free fatty acids in WT mice, apoE-deﬁcient mice, and
diabetic apoE-deﬁcient mice are shown in ►Table 1. The
mean insulin levels were as follows: vehicle-treated group,
1.1  0.1 ng/mL; WT mice, 0.4  0.1 ng/mL; apoE-deﬁcient
mice and diabetic apoE-deﬁcient mice, 0.0  0.0 ng/mL. Insulin
levels of diabetic apoE-deﬁcient mice were lower compared with
those of WT mice (p < 0.001) and nondiabetic apoE-deﬁcient
mice (p < 0.05). The mean glucose level of the vehicle-treated

Table 1 Effects of clopidogrel on blood physiological parameters in wild-type, apoE-deﬁcient, and diabetic apoE-deﬁcient mice
Mice

Compound

n

Insulin
(ng/mL)

Glucose
(mg/dL)

Total cholesterol
(mg/dL)

Triglyceride
(mg/dL)

Free fatty acid
(mEq/L)

WT

Vehicle

10

1.1  0.1

329  32

102.8  3.1

77.2  11.4

1.03  0.05

Clopidogrel

10

1.3  0.2

297  15

99.2  2.4

ApoE-deﬁcient
Diabetic
apoE-deﬁcient

Vehicle

10

0.4  0.1

a
a

73.3  9.0

667.6  37.8

b

279  32

698.6  28.0

b

261  25

0.96  0.03

144.1  5.8

b

1.58  0.12b

143.9  9.9

b

1.49  0.05b

Clopidogrel

10

0.7  0.1

Vehicle

10

0.0  0.0b

548  15b

1,671.1  149.7b

192.5  18.6b

3.54  0.54b

Clopidogrel

10

0.0  0.0b

557  20b

1,714.4  156.2b

190.6  20.2b

3.39  0.56b

Abbreviations: apoE, apolipoprotein E; WT, wild-type.
Notes: Clopidogrel (10 mg/kg/d) was orally administered once a day for 5 days. There were no statistical differences between each vehicle and
clopidogrel groups in WT, apoE-deﬁcient, and STZ-induced diabetic apoE-deﬁcient mice.
a
p < 0.01.
b
p < 0.001 versus each WT group.
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Effect of Clopidogrel on Thrombus Formation: Blood
Flow Analyses
The patency of the carotid artery following FeCl3-induced
injury in each animal is shown in ►Fig. 1. In the three vehicle
groups, blood ﬂow stopped in most mice soon after the
application of FeCl3, and arterial occlusion persisted thereafter. In contrast, in clopidogrel-treated WT and apoE-deﬁcient mice, blood ﬂow did not stop in all mice. In diabetic
apoE-deﬁcient mice, blood ﬂow was disrupted in 6 of 10
mice. Typical tracings of carotid artery blood ﬂow after the
arterial injury show that blood ﬂow stopped in diabetic
apoE-deﬁcient mice despite clopidogrel pretreatment
(►supplementary Fig. S1, available online).
We further evaluated TTO as a marker of thrombus
formation. The mean TTO values were as follows: vehicle
group, 594  37 seconds in WT mice; 530  21 seconds in
apoE-deﬁcient mice; and 487  13 seconds in the diabetic
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diabetic apoE-deﬁcient mice was 548  15 mg/dL, which was
signiﬁcantly higher compared with those of the vehicle-treated
WT mice (329  32 mg/dL, p < 0.001) and the vehicle-treated
nondiabetic apoE-deﬁcient mice (261  25 mg/dL, p < 0.001).
The total cholesterol, triglyceride, and free fatty acid levels in
the vehicle-treated diabetic apoE-deﬁcient mice were
1671.1  149.7 mg/dL, 192.5  18.6 mg/dL, and 3.54  0.54
mEq/L, respectively, which were signiﬁcantly higher compared
with those of the vehicle-treated WT mice (p < 0.001). There
were no statistically signiﬁcant differences between any vehicle
and clopidogrel group among the WT, apoE-deﬁcient, and
diabetic apoE-deﬁcient mice.
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Fig. 2 Effect of clopidogrel on time to ﬁrst occlusion. Clopidogrel (C)
at 10 mg/kg/d (orally) or vehicle (V) was administered once daily for 5
days to wild-type (WT), apoE-deﬁcient, and diabetic apoE-deﬁcient
mice (n ¼ 10 per group). Carotid artery occlusion was initiated by
application of FeCl3 2 hours after the last dose of clopidogrel, arterial
blood ﬂow was monitored, and the time in seconds to ﬁrst occlusion
was determined. The results are presented as the mean þ SE
(n ¼ 10). p < 0.001 versus each vehicle group, †p < 0.05 versus
the vehicle group of WT mice, # p < 0.05 (Student’s t-test).

apoE-deﬁcient mice (►Fig. 2). The mean TTO of diabetic
apoE-deﬁcient mice was signiﬁcantly shorter compared with
that of the WT mice (p < 0.05). In the clopidogrel-treated
groups, the mean TTO values were 3,600  0 seconds

Fig. 1 Effects of clopidogrel on the patency of carotid arteries. Clopidogrel (10 mg/kg/d, orally) or vehicle was administered once daily for
5 days. Carotid artery occlusion was initiated by application of FeCl 3 and blood ﬂow was determined for 1 hour. Individual patency data are shown
for vehicle-treated WT (1), clopidogrel-treated WT (2), vehicle-treated apoE-deﬁcient (3), clopidogrel-treated apoE-deﬁcient (4), vehicle-treated
diabetic apoE-deﬁcient (5), and clopidogrel-treated diabetic apoE-deﬁcient groups (6). Open and ﬁlled bars indicate patent and occluded
arteries, respectively. The number on the left side of each column represents animal ID number. apoE, apolipoprotein E; WT, wild-type.
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(p < 0.001) in WT mice, 3,600  0 seconds (p < 0.001) in
apoE-deﬁcient mice, and 2,421  481 seconds (p < 0.001)
in diabetic apoE-deﬁcient mice (►Fig. 2). The mean TTO
values of the clopidogrel-treated groups were signiﬁcantly
prolonged in WT mice, apoE-deﬁcient mice, and diabetic
apoE-deﬁcient mice compared with those of each vehicle
group; however, the mean TTO of clopidogrel-treated
diabetic apoE-deﬁcient mice was signiﬁcantly shorter compared with those of clopidogrel-treated WT and apoE-deﬁcient mice (each p < 0.05).

Effect of Clopidogrel on Thrombus Formation:
Pathological Evaluation
HE-stained cross-sections of injured carotid arteries show the
presence of large thrombi in all vehicle-treated mice and
clopidogrel-treated diabetic apoE-deﬁcient mice (►Fig. 3).
There were no signiﬁcant differences among the mean thrombus areas of the vehicle groups: 147,174  9,936 μm2 in WT
mice, 149,814  8,606 μm2 in apoE-deﬁcient mice, and
121,557  14,916 μm2 in diabetic apoE-deﬁcient mice
(►Fig. 4). The mean thrombus areas of the clopidogrel groups
were signiﬁcantly reduced in WT mice (21,272  7,787 μm2,

p < 0.001) and in apoE-deﬁcient mice (37,501  7,034 μm2,
p < 0.0001) compared with each vehicle group. The mean
thrombus area of the clopidogrel-treated diabetic apoE-deﬁcient mice was 119,280  16,835 μm2, and a statistically
signiﬁcant effect of clopidogrel was not observed compared
with the corresponding vehicle treatment. The mean thrombus area in diabetic apoE-deﬁcient mice was signiﬁcantly
larger compared with those of WT mice (p < 0.001) and
nondiabetic apoE-deﬁcient mice (p < 0.001).
Mean lumen stenosis was not signiﬁcantly different
among the vehicle groups as follows: 95.0  2.2% in WT
mice, 96.2  1.1% in apoE-deﬁcient mice, and 87.7  6.5% in
diabetic apoE-deﬁcient mice (►Fig. 4). Clopidogrel signiﬁcantly reduced mean lumen stenosis in WT mice
(18.1  6.0%, p < 0.001) and in apoE-deﬁcient mice
(34.5  6.4%, p < 0.001) compared with each vehicle group.
Mean lumen stenosis in clopidogrel-treated diabetic apoEdeﬁcient mice was 78.4  7.0%, which was not signiﬁcantly
different from that of the corresponding vehicle-treated
mice. Mean lumen stenosis in diabetic apoE-deﬁcient mice
was signiﬁcantly higher compared with those of WT mice
(p < 0.001) and apoE-deﬁcient mice (p < 0.001).

Fig. 3 Hematoxylin–eosin-stained cross-sections of injured carotid arteries. (A) Vehicle-treated wild-type (WT) (animal ID no. 105 in ►Fig. 1);
(B) clopidogrel-treated WT (no. 202); (C) vehicle-treated apoE-deﬁcient (no. 308); (D) clopidogrel-treated apoE-deﬁcient (no. 406);
(E) vehicle-treated diabetic apoE-deﬁcient (no. 501); and (F) clopidogrel-treated diabetic apoE-deﬁcient mice (no. 607). Scale bar ¼ 100 μm.
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Fig. 4 Effects of clopidogrel on morphometric parameters of injured carotid arteries, thrombus area (A) and lumen stenosis (B). Clopidogrel
(C) at 10 mg/kg/d (orally) or vehicle (V) was administered once daily for 5 days to wild-type (WT), apoE-deﬁcient, and diabetic apoE-deﬁcient
mice (n ¼ 10 per group) and arterial occlusion was induced 2 hours after the last dose of clopidogrel. After completing blood ﬂow monitoring,
mice were euthanized. The FeCl 3-injured regions of the carotid arteries were collected, further ﬁxed in 10% neutral-buffered formalin and
parafﬁn sections prepared, and stained. The lumen and thrombotic areas were measured using an image analysis software (WinROOF 2013), and
lumen stenosis (100  thrombus area/lumen area) was calculated. Results are presented as the mean þ SE (n ¼ 10). p < 0.001 versus each
vehicle group, ### p < 0.001 (Student’s t-test).

Two-Way Analysis of Variance
Two-way ANOVA revealed associations between DM and
clopidogrel according to TTO (p < 0.05), thrombus
(p < 0.001), and lumen stenosis (p < 0.001), but not with
all biochemical parameters. These results conﬁrm that the
antithrombotic effects of clopidogrel were attenuated in
diabetic apoE-deﬁcient mice. There was no signiﬁcant association between genotype of mice and clopidogrel for all
parameters, indicating that apoE deﬁciency did not inﬂuence
the effects of clopidogrel.

Platelet Surface Expression of ADP-Induced Activated
GPIIb/IIIa
In the vehicle groups, treatment with ADP (5 and 20 μM)
signiﬁcantly increased the expression of activated GPIIb/IIIa on
platelets compared with no agonist (►Fig. 5) in WT, apoEdeﬁcient, and diabetic apoE-deﬁcient mice (p < 0.01). There
was no signiﬁcant difference in levels of activated GPIIb/IIIa
among the vehicle-treated WT, apoE-deﬁcient, and diabetic
apoE-deﬁcient mice. Clopidogrel treatment resulted in nearcomplete inhibition of ADP-induced activated GPIIb/IIIa
expression compared with each vehicle group (p < 0.01 each).

Effect of Clopidogrel on PAR4-Activating PeptideInduced Expression of Platelet P-Selectin

Fig. 5 Effects of clopidogrel on platelet expression of ADP-induced
activated GPIIb/IIIa expression. Clopidogrel (10 mg/kg/d) or vehicle
was administered orally once daily for 5 days to wild-type (WT),
apoE-deﬁcient, and streptozotocin-induced diabetic apoE-deﬁcient
mice, and blood collected 2 hours after the last dose. Ex vivo
expression of activated GPIIb/IIIa on platelets induced by 5 and 20 μM
ADP was assessed using a ﬂow cytometer. In the vehicle groups, ADP
stimulation resulted in a signiﬁcant increase in the expression of
activated platelet GPIIb/IIIa compared with no agonist (p < 0.01 for
diabetic apoE-deﬁcient mice, p < 0.001 for other groups). The results
are presented as mean  SE (n ¼ 10). p < 0.01 versus
corresponding vehicle group (Student’s t-test).

In the vehicle groups, treatment with PAR4 TRAP (100 and
300 μM) signiﬁcantly increased the expression of platelet
P-selectin compared with those of the controls (p < 0.001,
all groups; ►Fig. 6). Of note, the level of P-selectin expression
in diabetic apoE-deﬁcient mice induced by 100 μM PAR4 TRAP
was signiﬁcantly increased compared with those in WT mice
and non-diabetic apoE-deﬁcient mice (p < 0.05 each). Clopidogrel treatment signiﬁcantly inhibited PAR4 TRAP-induced
platelet P-selectin expression compared with that of each
vehicle group (p < 0.05, diabetic apoE-deﬁcient mice, 300
μM PAR4 TRAP; p < 0.001 for the other groups). However,
the degree of the inhibition differed among the groups as
follows: the expression of P-selectin induced by PAR4 TRAP in
the diabetic apoE-deﬁcient mice was signiﬁcantly higher
compared with that of WT or nondiabetic apoE-deﬁcient
mice (p < 0.001, all groups).

Discussion
In this study, blood biochemistry values revealed unmeasurable insulin levels and a signiﬁcant increase in glucose in
diabetic apoE-deﬁcient mice compared with those of WT and
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Fig. 6 Effects of clopidogrel on PAR4 TRAP-induced expression of
platelet P-selectin. Clopidogrel (10 mg/kg/d) or vehicle was
administered orally once daily for 5 days to wild-type (WT),
apoE-deﬁcient, and diabetic apoE-deﬁcient mice, and blood collected
2 hours after the last dose. Ex vivo expression of P-selectin on platelets
induced by 100 and 300 µM PAR4 TRAP was assessed using a ﬂow
cytometer. In the vehicle groups, PAR4 TRAP stimulation resulted in a
signiﬁcant increase in platelet P-selectin expression compared with no
agonist (p < 0.001, all groups). The results are presented as the
mean  SE (n ¼ 10). p < 0.05, p < 0.01 versus corresponding
vehicle group; # p < 0.05 versus the vehicle group of diabetic
apoE-deﬁcient mice; ††p < 0.01 versus clopidogrel group of diabetic
apoE-deﬁcient mice (Student’s t-test).

nondiabetic apoE-deﬁcient mice, thus indicating induction
of DM. Repeated oral doses of clopidogrel markedly inhibited
acute thrombus formation following FeCl3-induced injury of
carotid arteries in WT and apoE-deﬁcient mice, consistent
with previous reports.40,41 In contrast, the antithrombotic
effect of clopidogrel, determined by measurements of blood
ﬂow, signiﬁcantly decreased in diabetic apoE-deﬁcient mice
compared with those of WT and nondiabetic apoE-deﬁcient
mice. To the best of our knowledge, the present study is the
ﬁrst to report a mouse model for studying the diabetesassociated reduction of the response to clopidogrel and
therefore represents a unique and potentially valuable approach to identify mechanisms underlying DM-associated
impairment of antiplatelet and antithrombotic responses to
clopidogrel.
Pathological evaluation, which measured thrombus area
and stenosis, further conﬁrmed a signiﬁcant reduction of the
antithrombotic effect of clopidogrel; indeed the extent of the
loss of protection against thrombus formation and stenosis
was greater than that of blood ﬂow measurements using
TTO. The TTO is a commonly used index for the dynamic
assessment of thrombus formation in several models of
thrombosis.34,42 However, our results showed that at least
in this model, direct pathological evaluation may be more
sensitive for detecting impaired antithrombotic responses.
Impaired inhibition of P2Y12 by clopidogrel in DM is largely
attributable to attenuation of the PK proﬁle of clopidogrel.29
Thus, when we determined the antiplatelet effects of clopidogrel using the present model, we found that ADP-induced
platelet activation was similarly inhibited in each group of
mice, suggesting that in this model, production of clopidogrel
TH Open
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AM was similar among the mice of each genotype/phenotype.
Therefore, a mechanism other than those that alter the PK
proﬁle may contribute to the impaired response by clopidogrel
in STZ-treated diabetic apoE-deﬁcient mice.
Platelet activation is enhanced both in patients with DM43
and in animal models of diabetes.44 Although the cause of
increased platelet activation is multifactorial,45 enhancement of ADP-induced platelet activation46,47 may contribute
to the higher rates of ischemic complications in patients with
DM.45 In this study, levels of ADP-induced platelet GPIIb/IIIa
activation among the three genotypes of mice treated with
vehicle were not signiﬁcantly different. Therefore, diabetesassociated enhancement of ADP-induced platelet activation
likely does not underlie the impaired antithrombotic effect in
diabetic apoE-deﬁcient mice.
In contrast, upon examination of the effects of clopidogrel
on PAR4 TRAP-induced activation of platelets, we found an
interesting reduction in the antiplatelet effect in diabetic
apoE-deﬁcient mice compared with those in WT and nondiabetic apoE-deﬁcient mice. These data suggest that any
changes in the effect of clopidogrel on thrombin-induced
platelet activation may, in part, mediate the impaired antithrombotic effect of clopidogrel in diabetic apoE-deﬁcient
mice. In this study, signiﬁcant enhancement of PAR4 TRAPinduced platelet activation was observed in diabetic platelets
stimulated with PAR4 TRAP (100 μM), which is consistent
with previous clinical ﬁndings that signiﬁcant enhancement
of PAR4 TRAP-induced platelet aggregation occurs in
patients with DM.48 Moreover, the effects of thienopyridines
on thrombin-induced platelet activation are dependent on
thrombin concentrations because increased activation of the
thrombin receptor of platelets may reduce the antiplatelet
effects of thienopyridines.49–51 These ﬁndings suggest that
greater DM-associated enhancement of platelet activation
via thrombin receptors in diabetic mice may reduce the
antithrombotic effects of clopidogrel. Prasugrel3,4 and ticagrelor,6,7 which exert more potent pharmacodynamic inhibition than previous P2Y12 antagonists, are associated with
increased reduction of cardiovascular risk in patients with
DM compared with clopidogrel.52,53 These ﬁndings may be
partially explained by the more potent inhibition of thrombin-induced platelet activation by prasugrel and ticagrelor.
These data suggest that apoE-deﬁcient mice with STZ-treated
diabetes will serve as a useful model to conduct further studies
of the impaired responses to clopidogrel found in patients with
DM, which may partially reﬂect a reduction of the effect of
clopidogrel on thrombin-induced platelet activation.
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