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Abstract Clopidogrel reduces long-term ischemic events
in patients with acute coronary syndrome or stable angina
(SA) undergoing percutaneous coronary intervention (PCI).
Endothelial function improvement has been proposed,
among other factors, for this beneficial effect of clopido-
grel, but whether this might be associated to its anti-platelet
action remains unclear. We tested the hypothesis that
clopidogrel improvement of peripheral vascular endothe-
lial function might be associated with inhibition of plate-
let aggregation. Endothelial function was evaluated before
and at least 12 h after 600 mg clopidogrel in 43 SA pts
undergoing elective PCI by: (a) reactive hyperemia periph-
eral arterial tonometry (measuring the Endoscore); (b) cir-
culating endothelial microparticles (EMPs). Response to
clopidogrel was measured with point-of-care VerifyNow
P2Y 12 assay and expressed as platelet reaction unit (PRU)
and percent platelet inhibition (%PI). High platelet reactivity
after clopidogrel was defined as PRU > 240. Endothelial
function improved after clopidogrel in 20 pts. Changes in
Endoscore (A Endoscore) were significantly correlated with
both PRU (r = —0.61, P < 0.001) and %PI (r = 0.57,
P < 0.001). Endoscore significantly increased after clopi-
dogrel in pts with PRU < 240 (0.38 £ 0.26 to 0.57 £ 0.33,
P < 0.001), butdid not in pts with PRU > 240 (0.53 =+ 0.31
to 0.40 = 0.37, P = 0.12). EMPs were also significantly
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reduced in pts with PRU < 240 (222 [140-593] to 142
[83-371]/ul, P = 0.001), while no changes were observed in
pts with PRU > 240 (256 [178-531] to 388 [238-499]/pl,
P = 0.55). In patients with stable coronary artery disease, a
single 600 mg clopidogrel loading dose improves vascular
endothelial function. This improvement is associated with
optimal platelet inhibition and it is not observed in patients
with post-clopidogrel high platelet reactivity.

Keywords Endothelium - Clopidogrel -
Platelet reactivity - Percutaneous coronary intervention

Introduction

Clopidogrel has been associated with better long-term
outcome in patients with acute coronary syndrome or stable
angina (SA) whether or not undergoing percutaneous cor-
onary intervention (PCI) [1-3]. Beyond the inhibition of
platelet aggregation, this beneficial effect of clopidogrel
has been explained by potential vasoprotective mecha-
nisms. In particular, clopidogrel has been shown to
increase nitric oxide (NO) production in cultured endo-
thelial cells and to improve NO mediated-vasodilatation in
animal models [4, 5]. In patients with stable coronary
artery disease (CAD), clopidogrel administration both as
loading-dose or chronic therapy, has been associated with
improvement in forearm blood flow and reduction of
biomarkers of oxidative stress and inflammation [6, 7],
suggesting a direct effect of clopidogrel on vascular
endothelium, irrespective of its anti-platelet action.
Nevertheless, these studies have been conducted in
patients with uniform optimal platelet inhibition to clopi-
dogrel, therefore leaving unanswered the question as to
whether endothelium improvement might also be associated
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with the degree of platelet inhibition [6, 7]. We tested
the hypothesis that clopidogrel improvement of endothe-
lial function is associated with inhibition of platelet
aggregation.

Methods
Patient population

Patients with stable angina undergoing coronary angiog-
raphy were consecutively screened for coronary artery
disease amenable of percutaneous coronary intervention.
Stable angina patients had typical stable chest pain or
positive functional stress-tests. Only patients in whom PCI
was electively staged (n = 43) were finally included in the
study protocol. Patients were excluded in the presence of
acute coronary syndrome, chronic therapy with or known
allergy to clopidogrel, history of gastrointestinal bleeding
or thrombocytopenia, platelet count < 100/nl, chronic
renal failure (glomerular filtration rate < 90 ml/min),
serious comorbidities, left ventricular ejection fraction
<40%, 1Ib/Il1a inhibitors administration. All patients were
under chronic aspirin treatment (160-325 mg). All patients
received 600 mg clopidogrel loading dose at the time of
hospital admission for the planned PCI.

Study protocol

Peripheral endothelial function assessment and blood
sample withdrawal was performed in the morning, after
12-h fasting state (Fig. 1). All vasoactive medications were
withheld at least 24 h before the measurements: e.g. ace-
inhibitors, calcium-antagonists, nitrates, beta-blockers.
Protocol A was performed in 30 patients: baseline endo-
thelial and platelet function assessment was performed the
morning after the diagnostic coronary angiography. PCI
was then electively staged in order to administer clopido-
grel 600 mg loading dose uniformly at least 12 h before
PCI. Second endothelial and platelet function assessment
occurred in the morning right before the planned PCI after
a mean time from clopidogrel administration of 14 £ 1 h.
Except for clopidogrel, no changes in the ongoing medical
therapy were allowed between the diagnostic and the
interventional procedure. Mean time between baseline and
post-clopidogrel endothelial and platelet function assess-
ments was 27 £ 2 days. Protocol B was performed in 13
patients: at variance with protocol A, all the endothelial
and biomarker measurements were performed at the time
of the hospital admission for PCI. Baseline endothelial and
platelet function assessment was performed in the morning,
the day before the planned PCI. Clopidogrel 600 mg
loading dose was administered thereafter. The morning

after, the second endothelial and platelet function assess-
ment occurred right before the planned PCI, after a mean
time from clopidogrel administration of 16 & 3 h.

Protocol C was performed in 9 patients (control group),
undergoing coronary angiography for suspected coronary
artery disease, in whom no significant lesions could be
detected and therefore a conservative medical treatment
was advised: baseline endothelial function assessment
(only Endoscore) was performed the morning after the
diagnostic coronary angiography. Second endothelial
assessment (only Endoscore) occurred the next morning.

The study was approved by local Ethics Committee and
all patients provided written informed consent. The study
protocol conforms to the ethical guidelines of the 1975
Declaration of Helsinki as reflected in a priori approval by
the institution’s human research committee.

Measurements of peripheral endothelial function

Peripheral endothelial function was measured by digital
pulse amplitude with the Endothelial Peripheral Arterial
Tonometry (Endo-PAT2000, Itamar Medical, Caesarea,
Israel) as previously described [8, 9]. Briefly, the device
measures distal finger blood volume changes accompany-
ing pulse waves. A peripheral arterial tonometry (PAT)
finger probe is placed at the tip of each index finger and a
blood pressure cuff is placed at the level of the study arm.
After a 5-min resting period (baseline), blood pressure cuff
is inflated 20 mmHg above systolic pressure for 5 min
(occlusion). Thereafter blood pressure cuff is deflated and
PAT recording continued for additional 5 min (hyperemia).
Endothelial responses were assessed by using the recently
validated Framingham Reactive Hyperemia Index (Endo-
score) [8], according to the following formula:

Endoscore = lan(RH occluded (90s — 1205s)/
RH control (90s — 1205))

— lan PWAocc(90s — 120s) /PWAcont(90s — 120s)
N PWAocc(BL) PWAcont(BL)

where lan is natural base log; RH is reactive hyper-
emia = mean pulse wave amplitude (PWA) of post
occlusion section/mean PWA of baseline region of interest;
OCC is occluded indicating the test arm, e.g. the arm on
which the cuff is placed; CONT is control indicating the
control arm; PWA is pulse wave amplitude.

Endothelial microparticles
Endothelial microparticles (EMPs) are sub-microscopic

membrane vesicles shed from endothelial cells during
activation and/or apoptosis and can be measured as a
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Fig. 1 Flow chart of the study protocols: patients were considered for
inclusion in the study after coronary angiogram and in the presence of
coronary stenosis amenable for elective PCI. Patients included in
protocol A performed the baseline endothelial assessment the day

marker for endothelial injury [10-12]. Levels of EMPs
before and after clopidogrel treatment were analyzed by
flow cytometry. Blood samples were drawn into Mono-
vette® collection tubes containing K2-EDTA (Sarstedt).
Plasma was obtained by centrifugation for 10 min at
2,500 g. Further centrifugation for 25 min at 13,500 x g was
performed to obtain platelet free plasma (PFP). The PFP was
stored at —80°C and thawed once before analysis. A volume
of 50 pl of PFP was incubated with 5 pl of respectively
CD42a-FITC, CD31-PE and CD45-PerCP (3-D) for 30 min
in the dark at room temperature after which 2 ml of filtered
(22 pm) FACSFlow™ solution (Becton—Dickinson) was
added. Finally in each sample, 50 pl of SPHERO™ Accu-
Count particles (Spherotech Inc.) was added as reference
particles with known number of particles per ml used
to calculate the number of microparticles/pl detected in
the samples. Microparticles were analyzed on a BD
FACSCanto™ and were defined as particles <1 pm on
a fluorescence/forward light scatter plot with the use of
1 pm diameter precision particles (microparticles GmbH,
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after coronary angiography, while the post-clopidogrel assessment
took place at the time of hospital admission for PCL. Patients included
in protocol B performed both baseline and post-clopidogrel endothe-
lial assessment during the admission for PCI

Germany). The EMP population was characterized as
CD31"/CD42a™ microparticles.

Assessment of platelet response

VerifyNow assay was used to assess platelet response to
aspirin and clopidogrel. VerifyNow is a rapid platelet-
function cartridge-based assay with specific cartridges for
the P2Y12 pathway (clopidogrel) and for aspirin. The
Verify Now P2Y12 is designed to directly measure the
effects of drugs on the P2Y12 receptor, using prostaglandin
E, in addition to adenosine diphosphate to increase intra-
platelet cyclic adenosine monophosphate, whereas the
VerifyNow aspirin cartridge uses arachidonic acid. The
results provided are expressed in P2Y12 reaction units
(PRUs) and as aspirin reaction units (ARUs). Percentage
inhibition P2Y12 from baseline activation by Thrombin
Receptor Activating Peptide (TRAP) was calculated as
(1 — PRU/baseline) x 100. Residual High platelet reac-
tivity (HPR) is defined as PRU > 240 to identify those
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patients with sub-optimal platelet response to clopidogrel.
This PRU value has been previously proposed as optimal
cut-off to discriminate patients undergoing PCI at higher
risk of 30-day major adverse cardiovascular events
(MACEs) [13, 14].

Statistical analysis

Statistical analysis was performed using the GraphPad
Prism software, version 5. Normal distribution of measured
parameters among the whole population was confirmed by
Kolmogorov—Smirnov test. Continuous data are summa-
rized as mean =+ standard deviation and as median (inter-
quartile ranges) in case of data not normally distributed
(PRU, %PI, EMP, AEMP). Categorical variables are
reported as frequencies and percentages. Student’s ¢ test
was used to compare continuous variables (age, BMI,
LVEF, number of diseased vessels, cholesterol levels,
Endoscore, ARU, PRU, %PI, EMP) between patients with
LPR and HPR. #? test was used to test the differences in
categorical variables between the 2 groups. Paired ¢ test or
Wilcoxon matched test were used to compare changes in
Endoscore and EMPs before and after clopidogrel admin-
istration within groups. Correlation between variables was
determined by Pearson or Spearman correlation tests as
appropriate.

Variability between serial measurements was assessed
in 6 normal volunteers by performing peripheral endothe-
lial function assessment with Endo-PAT 2000 on 2 con-
secutive days in the morning, after 12-h fasting state.
Average coefficient of variation between 2 consecutive
measurements was 15 & 9%, in line with previous reports
[15]. Taking into account Endo-PAT test variability, the
study was designed to have 80% power based on a dif-
ference of 3.0% points of Endoscore change after 600 mg
clopidogrel as previously observed [7], with a minimum
sample size of 10 patients per group (group with LPR vs.
group with HPR). A P value of <0.05 was considered
statistically significant.

Results

Baseline patients’ characteristics are shown in Table 1.
Patients with HPR were more frequently diabetics, hyper-
tensives and smokers. Body mass index (BMI) was found
significantly elevated in patients with HPR, who were also
more frequently treated with ACE-inhibitors.

Platelet response to clopidogrel

Platelet response to aspirin and clopidogrel is summarized
in Tables 1 and 2. HPR was present in 23 patients, where
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Table 1 General characteristics of the patients’ population
LPR (20) HPR (23) P value
Age (years) 64 + 12 67 £ 11 0.44
Male, n (%) 14 (70) 16 (70) 1.00
Diabetes, n (%) 2 (10) 9 (39) 0.04
Hyperlipidemia, n (%) 17 (85) 14 (61) 0.10
Hypertension, n (%) 7 (35) 16 (70) 0.03
Smoking (%) 3 (15 11 (48) 0.03
BMI 26+ 3 29+£3 0.03
LVEF (%) 62 + 4 63 £ 7 0.51
No of diseased vessels 1.5 £ 0.6 1.6 £ 0.8 0.63
Cholesterol (mg/dl) 162 + 25 177 £ 16 0.28
Statins, n (%) 14 (70) 20 (87) 0.26
B-blockers, n (%) 9 (45) 14 (61) 0.37
ACE inhibitors, n (%) 3 (15) 12 (52) 0.02
PRU 180 (102-232) 302 (275-327) <0.001
% PI 39 (28-72) 14 (5-15) <0.001
ARU 469 + 100 502 + 61 0.21

LPR low platelet reactivity (PRU < 240), HPR high platelet reactivity
(PRU > 240), BMI is body mass index, LVEF left ventricular ejection
fraction, ACE angiotensin converting enzyme, PRU P2Y12 reaction
unit, %PI % platelet inhibition, ARU aspirin reaction unit

Table 2 Endoscore and endothelial microparticles in patients of the
protocol A and B

Baseline Post-clopidogrel P value
Protocol A Endoscore
All patients 0.49 + 0.31 0.44 + 0.39 0.51
LPR 0.35 + 0.22 0.49 + 0.29 0.015
HPR 0.59 + 0.31 0.40 + 0.45 0.09
Protocol B Endoscore
All patients 0.43 £ 0.19 0.55 £ 0.29 0.23
LPR 0.42 + 0.19 0.72 £ 0.28 <0.01
HPR 0.45 £+ 0.20 0.36 + 0.18 0.21
Protocol A EMPs (pl)
All patients 235 (150-553) 260 (124-465) 0.047
LPR 201 (143-674) 138 (80—418) 0.009
HPR 246 (152-519) 402 (231-476) 0.87

Protocol B EMPs (ul)
All patients 255 (183-608)
LPR 244 (123-543)
HPR 259 (237-691)

242 (143-506) 0.50
196 (85-408) 0.09
292 (222-619) 0.45

PRU platelet reaction unit, ARU aspirin reaction unit, EMP endo-
thelial microparticle, LPR low platelet reactivity (PRU < 240), HPR
high platelet reactivity (PRU > 240)

LPR was present in the remaining 20 patients. Platelet
percent inhibition was significantly lower in patients with
HPR as compared with patients with LPR. ARU was not
different between patients with HPR and LPR.
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Peripheral endothelial function

A significant inverse correlation was found between
Endoscore changes (A%) and PRU (r = —0.61, P <
0.001) (Fig. 2, panel a). A significant direct correlation was
found between A% Endoscore and % platelet inhibition
(r=0.57, P<0.001) (Fig.2, panel b). A significant
overall Endoscore improvement was observed in patients
with LPR after clopidogrel (from 0.38 & 0.26 to
0.57 £ 0.33, P < 0.001) (Table 2). No significant differ-
ence was observed after clopidogrel in patients with HPR
(from 0.53 + 0.31 to 0.40 &+ 0.37, P = 0.10). Baseline
and post-clopidogrel Endoscore in patients undergoing
protocol A and B are reported in Table 2. In the control
group, Endoscore did not significantly differ between
the second and first endothelial function assessment
(0.57 £ 0.22 vs. 0.52 vs. 0.20, P = 0.42).

Endothelial microparticles

Endothelial microparticles (EMPs) were slightly but sig-
nificantly increased after clopidogrel administration in the
overall patient population undergoing protocol A, while no
significant difference was observed in patients undergoing
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Fig. 2 A variable response to 600 mg clopidogrel loading dose was
observed in the patients population. A linear correlation between
Endoscore and PRU (panel a) and between Endoscore and % platelet
inhibition (panel b) suggest an effect of the anti-platelet efficacy of
clopidogrel on endothelial function improvement
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protocol B (Table 2). Overall, a significant direct correla-
tion was found between EMP changes (A%) and PRU
(r = 0.47, P = 0.002), and a significant inverse correlation
was found between A% EMP and % platelet inhibition
(r = —0.36, P = 0.02, Fig. 3). A significant EMP decrease
was observed after clopidogrel in patients with LPR
undergoing protocol A, while a trend to a decrease was
observed in patients with LPR undergoing protocol B
(Table 2). No difference was observed after clopidogrel
in patients with HPR irrespective of protocol A or B
(Table 2).

Discussion

In the present study we demonstrated that a significant
improvement of peripheral endothelial function is observed
in patients with LPR after 600 mg clopidogrel loading-
dose. This improvement was not observed in patients with
HPR.

Platelet—endothelium interaction

Platelets are actively involved in the onset of endothelial
dysfunction and development of vascular atherosclerosis
[16—-18]. Platelets are activated in patients with coronary
artery disease [19], where they adhere to vascular endo-
thelium potentially triggering adverse vascular events
through oxidative and pro-inflammatory mechanisms [20].
In addition, platelet inhibition with aspirin and IIb/Illa
inhibitors has been demonstrated to improve vascular
endothelial function [21-23], confirming the importance of
platelet—endothelium interactions in the pathogenesis of
endothelial dysfunction.
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Fig. 3 The linear correlation between changes in endothelial micro-
particles (A% EMP) and % platelet inhibition suggests a reduced
endothelial turnover in patients with better platelet inhibition after
clopidogrel
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Clopidogrel and vascular endothelium

Clopidogrel has been demonstrated to directly improve
vascular endothelial function. Clopidogrel increases nitric
oxide (NO) production in cultured endothelial cells and
improves NO mediated-vasodilatation in animal models [4,
5]. In patients with stable coronary artery disease (CAD),
clopidogrel administration both as loading-dose or chronic
therapy, improves forearm blood flow and reduces bio-
markers of oxidative stress and inflammation [6, 7]. These
findings suggested a direct improvement of the endothelial
function by clopidogrel irrespective of its anti-platelet
action. Yet, all these studies were conducted in patients
with uniform optimal response to clopidogrel, therefore not
allowing any conclusion concerning the effect of clopido-
grel in patients with suboptimal platelet inhibition.

Our study adds on the current body of evidence, because
in patients with HPR after clopidogrel, no significant
endothelial function improvement can be expected, irre-
spective of the protocol performed (Table 2; Fig. 2). On
the contrary, in patients with LPR, we confirmed with both
protocols a significant Endoscore increase (Fig. 2; Table 2)
in agreement with previous studies [6, 7]. These observa-
tions were corroborated by assessing endothelial micro-
particles (EMPs), used as marker of endothelial
dysfunction and atherosclerosis [10, 24-30]. EMPs were
significantly reduced after clopidogrel in patients with
optimal platelet inhibition (LPR), while no significant
changes were observed in HPR patients (Fig. 3; Table 2).
This confirms the Endoscore data and suggests an associ-
ation between the degree of platelet inhibition with clopi-
dogrel and improvement in endothelial function.

In an independent patient population, we have recently
demonstrated an inverse correlation between endothelial
function and residual platelet reactivity after 600 mg
clopidogrel [31]. In the present study, we further extended
these findings to the potential modulation of endothelial
function exerted by clopidogrel. At variance with the pre-
vious study, coronary anatomy here was already investi-
gated at the moment the first endothelium evaluation was
performed, in order to select only those patients candidate
to elective percutaneous coronary intervention, therefore
undergoing clopidogrel loading. The lower platelet reac-
tivity after 600 mg clopidogrel is not only predictive of
lower endothelial impairment, as previously shown [31],
but also, according to the present findings, it is associated
with significant improvement of endothelial function. Yet,
Warnholtz et al. [7] failed to show any correlation between
changes in flow mediated dilatation and changes in platelet
reactivity index after two different clopidogrel loading
doses (300 and 600 mg). This apparent discrepancy with
our findings can be explained by the significantly lower
flow mediated dilatation observed in this study at 2 and 4 h

in patients loaded with 300 mg clopidogrel versus patients
loaded with 600 mg which parallels different degree of
P2Y12 platelet inhibition. At 22 h, in fact, when platelet
inhibition with both doses reaches a comparable plateau, no
significant differences in flow mediated dilation are any-
more detectable in the 2 groups. More recently, the same
investigators have found neither an effect of chronic
clopidogrel treatment (75 mg/day for 1 month) on endo-
thelial function nor a correlation with the degree of platelet
inhibition [32]. Several differences do not allow compari-
sons with our study: e.g., clopidogrel loading dose was not
administered, platelet reactivity was assessed with light
trasmittance aggregometry, threshold chosen to evaluate
low responders to clopidogrel, chronic versus acute
administration.

Clinical implications

In addition to a direct effect, our study suggests that the
degree of platelet inhibition represents an important addi-
tional mechanism by which clopidogrel improves endo-
thelial function. Importantly, degree of platelet inhibition
with clopidogrel is variable, and it is common to observe
with the same 600 mg loading dose patients with subop-
timal platelet inhibition (Fig. 2) or high platelet reactivity
(HPR). Presence of HPR, in particular, has been associated
with increased cardiovascular events both at the time of the
percutaneous coronary intervention and at long-term fol-
low-up [13, 14). On the other side, a more aggressive and
effective anti-platelet therapy has been associated with a
significant improvement in clinical outcome as compared
to clopidogrel [33, 34]. Endothelial dysfunction predicts
adverse clinical outcome and can be reverted with appro-
priate pharmacologic therapy. Whether a more effective
anti-platelet therapy is able to prevent not only thrombotic
events but also revert endothelial dysfunction, with
potential positive impact on clinical outcome, is an
intriguing hypothesis that needs to be further investigated.

Study limitations

The study is limited in its non-randomized and not-blinded
nature. In addition, this study is not designed to distinguish
between the relative contribution of direct stimulatory
effect of clopidogrel on endothelial NO from the one
mediated by platelet P2Y 12 receptor inhibition.

Genetic polymorphisms have been recently described in
the subtype 2C19 of cytochrome P-450 enzyme which
results into a reduced transformation of clopidogrel into its
active metabolite [35]. In this study, we cannot exclude that
in some of our patients suboptimal platelet inhibition to
clopidogrel might be genetically determined. Nevertheless,
we believe this to be of little impact on our findings
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because: (1) we focused on the final target of activated
clopidogrel; (2) intra-individual endoscore changes before
and after 600 mg clopidogrel were measured, therefore
preventing potential genetic bias linked to inter-individual
comparisons.

Withdrawal of nitrates has been reported to alter coro-
nary endothelial vasomotor response [36]. In our study, a
minority of patients was on nitrates, therefore endothelial
assessment might have been influenced by nitrates with-
drawal. Yet, we believe this to be of limited impact on our
findings because: (1) the same experimental conditions
were kept during baseline and post-clopidogrel endothelial
assessment; (2) Patients on nitrates were equally distrib-
uted in both LPR and HPR group (15% vs. 22%, P = 0.7).

Conclusions

A significant improvement of endothelial function is
observed in patients with low residual platelet reactivity
after 600 mg clopidogrel loading-dose. This improvement
is associated with the degree of platelet P2Y 12-inhibition
as it is not observed in patients with high platelet reactivity
after clopidogrel.
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