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HIGHLIGHTS

� Patients with DM have impaired

clopidogrel-mediated platelet P2Y12

inhibition, exacerbated if CKD is present.

� Potential mechanism(s) include altered

drug absorption and/or metabolism and/

or platelet P2Y12 activity.

� CKD was associated with increased

maximal platelet aggregation, which was

not reflected in differences in the PRI or

PRUs.

� These findings could be attributed

partially to upregulation of the P2Y12

signaling pathway but not to differences

in drug absorption or metabolism.

� Further studies are needed to determine

the mechanism(s) by which CKD can lead

to upregulation of P2Y12 signaling

activity in DM patients.
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ABBR EV I A T I ON S

AND ACRONYMS

ACR = albumin-to-creatinine

ratio

ADP = adenosine diphosphate

ANCOVA = analysis of

covariance

AUC = area under the plasma

concentration curve

CAD = coronary artery disease

C-AM = clopidogrel active

metabolite

CKD = chronic kidney disease

CYP2C19 = cytochrome P450

2C19

Cmax = maximum plasma

concentration

DM = diabetes mellitus

GFR = glomerular filtration

rate

HPR = high platelet reactivity

KDIGO = Kidney Disease:

Improving Global Outcomes

LD = loading dose

LTA = light transmission

aggregometry

MD = maintenance dose

MPA = maximum platelet

aggregation

PD = pharmacodynamic

PK = pharmacokinetic

PRI = platelet reactivity index

PRU = P2Y12 reaction units

SIHD = stable ischemic heart

disease

Tmax = time to Cmax
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This prospective ex vivo and in vitro pharmacodynamic (PD)/pharmacokinetic investigation was conducted in

patients with diabetes mellitus with (n ¼ 31) and without chronic kidney disease (n ¼ 30). PD assessments

included platelet reactivity index, maximum platelet aggregation, and P2Y12 reaction units. Ex vivo pharma-

cokinetic assessments included plasma levels of clopidogrel and its active metabolite. In vitro PD assessments

were conducted on baseline samples incubated with escalating concentrations of clopidogrel and its active

metabolite. Among patients with diabetes mellitus treated with clopidogrel, impaired renal function was

associated with increased maximum platelet aggregation. This finding could be attributed partially to upre-

gulation of the P2Y12 activity without differences in drug absorption or metabolism. (Impact of Chronic Kidney

Disease on Clopidogrel Effects in Diabetes Mellitus; NCT03774394) (JACC Basic Transl Sci 2024;9:865–876)

© 2024 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
C lopidogrel is the most widely used
oral P2Y12 receptor inhibitor and is
recommended to prevent ischemic

events in patients with atherosclerotic dis-
ease, particularly in those undergoing percu-
taneous cardiac intervention.1 Importantly,
patients with diabetes mellitus (DM) have
consistently shown to have impaired platelet
inhibitory response to clopidogrel, contrib-
uting to their increased risk of atherothrom-
botic recurrences compared with patients
without DM.2-7 Of note, DM is among the
most important determinants for the devel-
opment of chronic kidney disease (CKD),
and also a risk factor for recurrent athero-
thrombotic events.8,9 This factor can explain
why clinical outcome studies have shown a
gradient of risk according to the presence or
absence of DM and CKD, with patients having
both risk factors at highest risk of recurrent
atherothrombotic events.8,10 These observations
could be in part explained by the enhanced magni-
tude of impaired clopidogrel-mediated platelet inhi-
bition in patients with DM with coexisting CKD.11

Prior investigations have shown that the reduced
level of platelet P2Y12 inhibition mediated by clopi-
dogrel in patients with DM could be attributed to
lower plasma levels of clopidogrel active metabolite
(C-AM) compared with patients without DM.12
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Moreover, among clopidogrel-treated patients with
DM, those with CKD have increased platelet reactivity
than those without CKD.11 These latter observations
have been suggested to be attributed to increased ac-
tivity of the platelet P2Y12 receptor signaling
pathway.13 However, comprehensive pharmacoki-
netic (PK) and pharmacodynamic (PD) assessments
that would allow a better understanding of the un-
derlying mechanism(s) leading to the enhanced de-
gree of impaired clopidogrel response resulting in
increased platelet reactivity among patients with DM
with CKD compared with those without are lacking,
leading to the design of this prospective investigation.

METHODS

PATIENT POPULATION. Patients were screened at
the outpatient clinic of the Division of Cardiology–
University of Florida College of Medicine Jackson-
ville. Details on study inclusion and exclusion criteria
are provided in the Supplemental Appendix. In brief,
patients were eligible for the study if they were $18
years of age, had stable ischemic heart disease (SIHD)
on low-dose aspirin (81 mg/d) for $30 days as part of
standard of care, and a diagnosis of type 2 DM. All
patients needed to be on treatment with oral hypo-
glycemic agents and/or insulin for $2 months without
any changes in their regimen. Key exclusion criteria
included any active bleeding, high risk for bleeding,
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use of an oral P2Y12 receptor inhibitor or an oral
anticoagulant in the prior 30 days, clinical indication
(eg, recent acute ischemic event) to be on an oral
P2Y12 receptor inhibitor, end-stage renal disease on
hemodialysis, and known allergies to clopidogrel.

Patients were stratified according to CKD status
into patients with CKD and patients without CKD
groups. CKD was defined according to the functional
definition of the Kidney Disease: Improving Global
Outcomes (KDIGO) guidelines (CKD: glomerular
filtration rate [GFR] of <60 mL/min/1.73 m2; patients
without CKD: GFR of $60 mL/min/1.73 m2).14,15 The
rationale for considering the functional classification
to initially stratify patients is in line with clinical
studies showing the increased cardiovascular risk
according to GFR strata.11,16,17 The GFR was estimated
using the Chronic Kidney Disease Epidemiology
Collaboration equation, as suggested by guidelines as
the most accurate method to calculate GFR, especially
for values in the normal range (>60 mL/min/1.73 m2).
In addition to using the Chronic Kidney Disease
Epidemiology Collaboration equation to enhance the
sensitivity of our assessments evaluating the impact
of CKD status on PK/PD profiles being tested, CKD
was also classified according to markers of kidney
damage, particularly albuminuria.14,15 Albuminuria
was evaluated as the albumin-to-creatinine ratio
(ACR) expressed in mg/g, which is approximately
equivalent to the albumin excretion rate. According
to KDIGO guidelines, CKD was defined as an ACR of
>30 mg/g and patients without CKD as an ACR
of #30 mg/g.14,15 The study complied with the
Declaration of Helsinki, was approved by the Western
Institutional Review Board, and all patients gave
written informed consent. The study was registered
in Clinicaltrials.gov (NCT03774394).

STUDY DESIGN. This prospective investigation
included ex vivo and in vitro experiments in which
comprehensive PK and PD assessments were carried
out. Eligible patients were administered a 600-mg
loading dose (LD) of clopidogrel followed by a single
75-mg maintenance dose (MD) administered after 24
hours. Ex vivo assessments, including PK and PD
measurements, were conducted on blood samples
collected at a total of 8-time points: baseline (before
LD administration) and 30 minutes, 1, 2, 4, 6, and 24
hours after LD before administration of MD (trough),
and 2 hours after administration of the 75-mg MD of
clopidogrel (peak).

Blood samples collected at baseline (ie, before LD
administration) were used for the in vitro experi-
ments. PD testing was performed before and after
incubation (for 30 minutes at 37�C) with escalating
concentrations of clopidogrel’s active metabolite
(C-AM) (1, 3, and 10 mmol/L) to explore the functional
status of the P2Y12 signaling pathway.11,12 Daiichi
Sankyo Co, Ltd provided C-AM. A flow diagram of the
study design is presented in Figure 1.

BLOOD SAMPLING AND LABORATORY ASSESSMENTS. A
detailed description of PD and PK assessments is
provided in the Supplemental Appendix. In brief,
peripheral venous blood samples were drawn through
a short venous catheter inserted into a forearm vein
and collected in citrate, ethylenediamine tetraacetic
acid, and serum tubes as appropriate for assessments.
The first 2 to 4 mL of blood were discarded to avoid
spontaneous platelet activation. PD assessments were
conducted using 3 different assays: 1) whole blood
vasodilator-stimulated phosphoprotein (Biocytex
Inc.) with results reported as platelet reactivity index
(PRI); 2) VerifyNow PRU system with results reported
in P2Y12 reaction units (PRU); and 3) light trans-
mission aggregometry (LTA, Chrono-Log Corp). After
adenosine diphosphate (ADP) (5 and 20 mmol/L)
stimuli with results reported as the maximum platelet
aggregation (MPA).18-20 PK assessments included
determination of plasma concentration of clopidogrel
and its major active metabolite (R-130964). A com-
mercial laboratory (Q Squared Solutions BioSciences
LLC, Inc) blinded to the nature of the samples deter-
mined the plasma concentration of clopidogrel and C-
AM using liquid chromatography with tandem mass
spectrometry, according to standard protocols.12,21

For clopidogrel and its active metabolite (R-130964),
the area under the plasma concentration vs time
curve (AUC) from time 0 to the last measurable con-
centration (AUC0-last), maximum plasma concentra-
tion (Cmax), and time to Cmax (Tmax) were estimated.
Cytochrome P450 2C19 (CYP2C19) genetic poly-
morphisms (*1, *2, *3, and *17) allele status were
assessed with the Genomadix Cube CYP2C19 system
(Genomadix) as previously described.22 Albuminuria
was measured on random untimed spot urine sam-
ples. Metabolic status and glycemic control were
assessed at baseline by measuring fasting plasma
glucose, hemoglobin A1c, and lipid profile.

SAMPLE SIZE CALCULATION AND STUDY ENDPOINTS.

The sample size was determined based on assump-
tions derived for the ex vivo PD component of the
study, in particular, the comparison of PRI values at 6
hours after a 600-mg clopidogrel LD between patients
with DM with and without CKD (primary endpoint).
Assuming a common standard deviation of 10 PRI and
an approximately 10% rate of invalid results owing to
hemolysis or dropout, we hypothesized to detect an
absolute difference of 10% in PRI with 60 patients (30

https://classic.clinicaltrials.gov/ct2/show/NCT03774394
https://doi.org/10.1016/j.jacbts.2024.03.003


FIGURE 1 Study Design

C-AM ¼ clopidogrel active metabolite; CKD ¼ chronic kidney disease; DM ¼ diabetes mellitus; LD ¼ loading dose; MD ¼ maintenance dose;

PD ¼ pharmacodynamic; PK ¼ pharmacokinetic; SIHD ¼ stable ischemic heart disease.
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with CKD and 30 without CKD), with 95% power and a
2-tailed alpha value of 0.05. PRI was chosen in line
with prior investigations because it is most specific to
define the functional activity of the P2Y12 signaling
pathway.12 A cutoff of a 10% absolute change in the
PRI was chosen as this has been associated with a
44% relative decrease in thrombotic events in pa-
tients undergoing percutaneous cardiac interven-
tion.23 Other exploratory endpoints included PD
assessments (PRI, PRU, and MPA) at each time point
as part of the ex vivo component of the experimental
design; PK assessments (clopidogrel and C-AM
plasma concentrations, Tmax, Cmax, and AUC[0-tlast]) as
a part of the ex vivo component of the experimental
design, and PD assessments (PRI, PRU, and MPA) as a
part of the in vitro component of the experimental
design. High platelet reactivity (HPR) on treatment, a
marker of thrombotic risk, was defined as a PRU of
>208, PRI of >50%, LTA-ADP 20 mmol/L of >59%, and
5 mmol/L of >46%, in line with consensus defini-
tions.24 A sensitivity analysis was performed for the
ex vivo PD component of the study using ACR to
classify CKD.

STATISTICAL ANALYSIS. Conformity to the normal
distribution was evaluated for continuous variables
with the Kolmogorov-Smirnov test. For baseline
characteristics, continuous variables are expressed as
mean � SD or median with 25th-75th percentiles
(Q1-Q3), unless otherwise specified, and categorical
variables are expressed as frequency and percentage.
The chi-square or Fisher exact tests (if the expected
value in any cell was <5) were used to compare cat-
egorical variables between 2 groups, and the Student
t-test or Mann-Whitney U test was used to compare
continuous variables, where appropriate. A univari-
ate analysis of covariance (ANCOVA) model using a
general linear model using the corresponding base-
line platelet function value and oral hypoglycemic
agents use as covariates was used to calculate the
difference between groups at each time point and C-
AM dosing. A mixed between-within subjects
ANCOVA with polynomial contrast, also adjusted for
baseline platelet reactivity and oral hypoglycemic
agents use, was conducted with a general linear
model to evaluate the overall difference between
groups across time points and across C-AM doses. A
repeated-measures ANCOVA model, also adjusted by
baseline platelet function value and oral hypoglyce-
mic agents use, was used to evaluate the overall dif-
ference between groups. ANCOVA models were
performed for the previously mentioned analyses in
line with other PK/PD studies.12,25,26 In line with prior
investigations, given the translational and explor-
atory nature of the analysis, there was no adjustment
for multiple comparisons in the primary endpoint
analysis.19,27,28 PD results are reported as least-
squares means with 95% CIs. A 2-sided P value
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of <0.05 indicated a statistically significant difference
for superiority for all the analyses performed. Statis-
tical analysis was performed using SPSS version 29.0
software (SPSS Inc). Graphs were plotted with
GraphPad Prism version 9.1.0 (Dotmatics).

The safety population included all randomized
patients exposed to the study medication. The PD
population included all patients with PD data without
a major protocol deviation. The PD population was
used to analyze all primary and exploratory PK/PD
endpoints. The data, analytical methods, and study
materials will not be made available to other re-
searchers for the purposes of reproducing the results
or replicating the procedure.

RESULTS

PATIENT POPULATION. Between August 21, 2019,
and May 23, 2022, a total of 65 patients provided
written informed consent to participate in the study.
Of these, 1 screen failed and 3 withdrew informed
consent. The remaining 61 patients received at least 1
dose of the medication representing the safety pop-
ulation. Of these, 2 patients withdrew consent after 1
dose of study medication in the CKD group; in pa-
tients without CKD, no patients were excluded. Ulti-
mately, 59 patients (CKD, n ¼ 29; non-CKD, n ¼ 30)
completed the study and had valid primary endpoint
data representing the PD population (Supplemental
Figure 1). Patient characteristics were similar be-
tween groups, except for hypoglycemic agent use,
which was higher in the non-CKD group (P ¼ 0.010),
and insulin use, which was higher in the CKD group
(P ¼ 0.026) (Table 1). Hemoglobin A1c levels were
similar between the CKD and non-CKD groups (7.7 �
1.4 vs 7.7 � 1.7; P ¼ 0.91), and there were no differ-
ences in the distribution of the CYP2C19 genotype
polymorphisms between groups (P ¼ 0.77) (Table 1,
Supplemental Table 1).

EX VIVO PD ASSESSMENTS. PRI levels were overall
very high across study time points. Although the PRI
was numerically higher in patients with CKD vs pa-
tients without CKD at 1 and 2 hours after the LD, there
were no significant differences in PRI levels during
the 6 hours after a 600-mg LD of clopidogrel between
patients with CKD and patients without CKD in the
unadjusted analysis (P ¼ 0.87) as well as after
adjusting for baseline PRI values and oral hypogly-
cemic agents (P ¼ 0.49) (Figure 2A). At 6 hours (pri-
mary endpoint), there were no significant differences
in PRI levels between patients with CKD or without
CKD, both in the unadjusted (P ¼ 0.96) and adjusted
(CKD: 69.7 [95% CI: 58.9-80.4] vs non-CKD: 64.9 [95%
CI: 54.3-75.7]; P ¼ 0.55) analyses (Figure 2A). No
significant interaction was observed in the primary
endpoint analysis based on CKD and CYP2C19 genetic
polymorphism (Pinteraction ¼ 0.56). There were no
differences in the PRI between groups at 24 hours
after the LD as assessed with trough levels in either
the unadjusted and adjusted analyses (CKD: 71.8 [95%
CI: 60.7-82.9] vs non-CKD: 69.4 [95% CI: 59.1-79.8]),
as well as peak levels (2 hours after a 75-mg MD of
clopidogrel; CKD: 70.8 [95% CI: 59.2-82.3] vs non-
CKD: 66.9 [95% CI: 56.2-77.7]). HPR rates were over-
all very high and similar between groups
(Supplemental Table 2).

Platelet reactivity as reported by MPA using LTA
with ADP 20 mmol/L was significantly higher in pa-
tients with CKD than patients without CKD during the
6 hours after the LD both in the unadjusted (P¼ 0.004)
and adjusted (P ¼ 0.007) analyses (Figure 2B). At 6
hours, there were no significant differences in MPA
levels between patients with CKD or without CKD,
either in the unadjusted (P ¼ 0.37) or adjusted (CKD:
41.8 [95% CI: 34.1-49.6] vs non-CKD: 36.4 [95% CI:
28.8-44.0]; P ¼ 0.34) analyses. There were no differ-
ences in MPA between groups at 24 hours after LD at
trough (adjusted analysis, CKD: 47.5 [95% CI: 39.9-
55.1] vs non-CKD: 43.9 [95% CI: 36.9-51.0]) and peak
(adjusted analysis, CKD: 43.3 [95% CI: 35.9-50.7] vs
non-CKD: 39.2 [95% CI: 32.4-46.1]). MPA assessed by
LTA with 5 mmol/L ADP showed consistent findings
with 20 mmol/L ADP (Supplemental Figure 2). There
were significantly higher rates of HPR in the CKD
group compared with the group without CKD at 1 hour
with an LTA-ADP of 20 mmol/L (Supplemental Table 3)
and at 30 minutes and 1 hour with an LTA-ADP of
5 mmol/L (Supplemental Table 4).

Platelet reactivity according to VerifyNow PRU
was numerically increased in patients with CKD vs
without CKD across the first 6 hours after the LD.
However, there were no significant differences in
PRU levels between patients with CKD and patients
without CKD in the unadjusted analysis (P ¼ 0.18)
or after adjustment (P ¼ 0.65) (Figure 2C). At 6
hours, there were no significant differences in PRU
levels between patients with CKD or without CKD,
both in the unadjusted (P ¼ 0.76) and adjusted
(CKD: 163.4 [95% CI: 129.4-197.3] vs non-CKD: 156.7
[95% CI: 122.8-190.7]; P ¼ 0.79) analyses. There
were no differences in PRU between groups at 24
hours after LD at trough (adjusted analysis, CKD:
140.2 [95% CI: 105.7-174.7] vs non-CKD: 136.2 [95%
CI: 104.2-168.2]) and peak (adjusted analysis, CKD:
132.3 [95% CI: 99.3-165.4] vs non-CKD: 131.0 [95%
CI: 100.4-161.6]). There was a significantly higher
rate of HPR in the CKD group compared with the
non-CKD group at 1 hour (Supplemental Table 5).
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TABLE 1 Baseline Characteristics

CKD
(n ¼ 31)

Patients
Without CKD

(n ¼ 30) P Value

Age, y 68.4 � 10.8 65.2 � 6.8 0.17

Female 17 (54.8) 17 (56.7)

Body mass index, kg/m2 34.2 � 5.8 34.1 � 7.7

Race 0.17

Black 9 (29.0) 15 (50.0)

White 21 (67.7) 15 (50.0)

Hispanic 1 (3.2) 0

Current smoking 3 (9.6) 3 (10.0) 1.00

Hypertension 31 (100.0) 30 (100.0) 1.00

Diabetes mellitus 31 (100.0) 30 (100.0) 1.00

Hyperlipidemia 29 (93.5) 27 (90.0) 0.61

Family history of premature CAD 11 (35.5) 13 (43.3) 0.53

PAD 4 (12.9) 2 (6.7) 0.41

Stroke 5 (16.1) 2 (6.7) 0.25

Prior MI 12 (38.7) 9 (30.0) 0.47

Prior PCI 12 (38.7) 9 (30.0) 0.25

Prior CABG 8 (25.8) 10 (33.3) 0.52

Congestive heart failure 11 (35.5) 7 (23.3) 0.30

Left ventricular ejection fraction 51.9 � 12.2 52.6 � 12.7 0.89

Medications

ASA 31 (100.0) 30 (100.0) 1.00

Statins 30 (96.8) 30 (100.0) 1.00

Beta-blockers 28 (90.3) 24 (80.0) 0.26

ACE inhibitors or ARB 22 (71.0) 20 (69.0) 0.87

Nitrates 12 (38.7) 11 (36.7) 0.87

Proton pump inhibitors 9 (29.0) 11 (36.7) 0.52

Calcium channel blockers 15 (48.4) 15 (50.0) 1.00

Oral antidiabetic drug 15 (48.4) 24 (80.0) 0.010

Insulin 18 (60.0) 9 (31.0) 0.026

Hemoglobin, g/dL 12.6 � 1.9 13.1 � 1.5 0.28

Hematocrit, % 38.5 � 5.3 40.6 � 4.3 0.09

Platelet count, �103/mL 264.1 � 119.4 254.1 � 68.2 0.69

Serum creatinine, mg/dL 1.5 � 0.4 0.9 � 0.2 <0.001

eGFR (mL/min/1.73 m2) 45.6 � 8.5 83.7 � 14.3 <0.001

ACR, mg/dL 34.6 (16.9-69.7) 18.4 (1.1-25.3) 0.019

Total cholesterol, mg/dL 156.0 � 88.3 144.5 � 39.0 0.52

LDL-C, mg/dL 71.9 � 34.4 71.6 � 34.3 0.97

HDL-C, mg/dL 42.7 � 16.8 46.8 � 14.5 0.33

Triglycerides 133.5 (76.0-193.0) 114.0 (70.0-175.0) 0.52

Fasting glucose 142.0 (100.0-188.0) 138.5 (114.0-167.0) 0.42

HbA1c, % 7.7 � 1.4 7.7 �.17 0.91

CYP2C19 genetics

No LOF 20 (66.6) 20 (66.6)

Heterozygous LOF 9 (30.0) 9 (30.0)

Homozygous LOF 0 1 (3.33)

Values are mean � SD, n (%), or median (25th-75th percentiles).

ACE ¼ angiotensin-converting enzyme; ACR ¼ albumin-to-creatinine ratio; ARB ¼ angiotensin receptor
blocker; ASA ¼ aspirin; CABG ¼ coronary artery bypass graft; CAD ¼ coronary artery disease; CKD ¼ chronic
kidney disease; eGFR ¼ estimated glomerular filtration rate; HbA1c ¼ hemoglobin A1c; HDL-C ¼ high-density
lipoprotein cholesterol; LDL-C ¼ low-density lipoprotein cholesterol; LOF ¼ ; LVEF ¼ left ventricular ejection
fraction; MI ¼ myocardial infarction; PAD ¼ peripheral artery disease; PCI ¼ percutaneous coronary intervention;
PPI ¼ proton pump inhibitor.
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When CKD was defined according to ACR, there
were no differences in platelet reactivity between
patients with CKD and patients without CKD accord-
ing to PRI (Supplemental Figure 3), MPA with LTA
using ADP 20 mmol/L (Supplemental Figure 4) and
5 mmol/L (Supplemental Figure 5), and PRU
(Supplemental Figure 6).

PK ASSESSMENTS. After the 600-mg LD and 75-mg
MD of clopidogrel, plasma levels of clopidogrel and
C-AM were similar between patients with CKD and
patients without CKD throughout the 24-hour time
course (Figures 3A and 3B). During the 6 hours after a
600-mg LD of clopidogrel, there were no differences
in exposure to clopidogrel and C-AM between pa-
tients with CKD and patients without CKD (Table 2).
There were no differences between the geometric
mean (range) for clopidogrel AUC[0-tlast] (58.0 [95%
CI: 40.3-100.8] ng$h/mL vs 45.1 [95% CI: 24.3-
100.8] ng$h/mL; P ¼ 0.25) and C-AM AUC[0-tlast]

(47.1 [95% CI: 32.8-62.7] ng$h/mL vs 39.6 [95% CI:
19.8-85.8] ng$h/mL; P ¼ 0.65) between CKD and
patients without CKD. There were no significant
differences when clopidogrel and C-AM levels ana-
lyses were adjusted according to CYP2C19 genotypes
(P ¼ 0.42 and P ¼ 0.54, respectively). When CKD was
defined according to ACR, clopidogrel and C-AM
levels were similar between patients with CKD and
patients without CKD (Supplemental Figure 7), and
there were no significant differences in any of the
assessed PK parameters (Supplemental Table 6).

IN VITRO PD ASSESSMENTS. In vitro incubation of
blood samples collected at baseline with escalating
concentrations of C-AM showed a non-significant
difference in PRI between CKD and patients without
CKD in the unadjusted analysis (P ¼ 0.69) but
significantly higher PRI levels in CKD compared with
patients without CKD in the adjusted analysis
(P ¼ 0.005) (Figure 4A). There were no differences in
MPA according to LTA with 20 mmol/L ADP in either
the unadjusted (P ¼ 0.340) or adjusted (P ¼ 0.922)
analyses (Figure 4B). Patients with CKD had margin-
ally higher MPA compared with patients without CKD
according to LTA with 5 mmol/L ADP in the adjusted
analysis (P ¼ 0.038) but not in the unadjusted anal-
ysis (P ¼ 0.11) (Supplemental Figure 8). There were no
differences in PRU between patients with CKD and
patients without CKD in both the unadjusted
(P ¼ 0.076) and the adjusted (P ¼ 0.267) ana-
lyses (Figure 4C).

https://doi.org/10.1016/j.jacbts.2024.03.003
https://doi.org/10.1016/j.jacbts.2024.03.003
https://doi.org/10.1016/j.jacbts.2024.03.003
https://doi.org/10.1016/j.jacbts.2024.03.003
https://doi.org/10.1016/j.jacbts.2024.03.003
https://doi.org/10.1016/j.jacbts.2024.03.003
https://doi.org/10.1016/j.jacbts.2024.03.003


FIGURE 2 Ex Vivo Pharmacodynamic Assessment After Clopidogrel LD and MD of

Clopidogrel

(A)Platelet reactivity indexmeasuredby the vasodilator-stimulatedphosphoprotein assay. (B)

Platelet aggregation measured by light transmission aggregometry after stimulation with

20 mmol/L ADP. (C) P2Y12 reaction units measured by the VerifyNow-P2Y12 assay. ANCOVA

method was used to generate the curves. *Adjusted for baseline platelet reactivity and oral

hypoglycemic agents and analyzed from0 to 6 hours after 600-mg LD of clopidogrel. †P<

0.05; adjusted for baseline platelet reactivity and oral hypoglycemic agents. Values are

expressed as least-squares means and error bars indicate 95% CIs. ADP ¼ adenosine diphos-
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DISCUSSION

This investigation was designed to identify potential
mechanism(s) associated with impaired clopidogrel-
mediated platelet P2Y12 inhibitory effects in patients
with DM stratified according to the presence or
absence of CKD. The study design included both
ex vivo and in vitro experiments with comprehensive
PD and PK assessments. The key observations from
our study can be summarized as follows: 1) after
clopidogrel LD administration, MPA during the first 6
hours, but not at 24 hours, was higher in patients with
DM with CKD than those without, but no significant
differences were observed in PRI and PRU levels,
albeit there were numerical differences between
groups following the same trend; 2) no differences
were observed in plasma levels of clopidogrel (ie,
indicative of drug absorption) and C-AM (ie, indica-
tive of drug metabolism) between patients with and
without CKD; 3) in vitro incubation with escalating
concentrations of C-AM showed impaired inhibition
of PRI, but not MPA and PRU, in patients with CKD
compared with those without; and 4) finally, consis-
tent results were found using alternative definitions
of CKD, such as urine ACR.

Clopidogrel is the most broadly used oral platelet
P2Y12 inhibitor and is recommended to prevent
ischemic events in patients with atherosclerotic dis-
ease.1 Although most commonly used as an adjunct to
low-dose aspirin (ie, dual antiplatelet therapy) in
high-risk settings such as after an acute ischemic
event or percutaneous cardiac intervention, clopi-
dogrel monotherapy may also be used for long-term
secondary prevention in patients with stable athero-
sclerotic disease.1,29,30 PD investigations have
consistently shown that patients with DM have
impaired platelet inhibitory response to clopidogrel
resulting in higher rates of on-treatment HPR, a
marker of thrombotic risk, compared with patient
without DM.2-7,12,24 Clinically, this is manifested as an
increased risk for on-treatment atherothrombotic
events (ie, myocardial infarction, stent thrombosis,
stroke, or acute limb ischemia) in patients with DM
compared with those without.4,10 Importantly, DM is
a key determinant for deterioration of renal function,
and patients with concomitant CKD have an
enhanced risk of recurrent atherothrombotic
events.8,31 PD studies have also shown patients with
CKD to have impaired clopidogrel-mediated platelet
inhibition, albeit with inconsistent findings and
potentially dependent on whether patients also have
DM.11,31-34 These findings suggest that, when DM and
CKD coexist, there is an interaction as reflected in
both ex vivo PD experiments and clinical outcomes
phate; ANCOVA¼ analysis of covariance; other abbreviations as in Figure 1.



FIGURE 3 Plasma Concentrations of Clopidogrel and C-AM

(A) Plasma levels of clopidogrel and (B) C-AM during the 24 hours after a 600-mg LD and

75-mg MDs of clopidogrel. Values are expressed as medians and error bars indicate 25th

and 75th percentiles. Abbreviations as in Figure 1.
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studies showing that patients with DM with CKD have
an enhanced degree of impaired clopidogrel-
mediated inhibition and a higher risk of recurrent
atherothrombotic events, compared with those
without CKD.8,10

The presence of lower levels of C-AM in DM
compared with patients without DM has been iden-
tified as a key factor of their reduced clopidogrel-
mediated platelet inhibitory effects and elevated
rates of HPR.12 In vitro experiments suggest that pa-
tients with DM who also have CKD may also be
affected by upregulation of the P2Y12 receptor
signaling pathway.13 However, these previous
preliminary findings have yet to be validated in a
dedicated investigation specifically designed in pa-
tients with DM stratified according to CKD status in
which detailed experiments, both ex vivo and
in vitro, with comprehensive PK and PD assessments,
are carried out. Hence, the design and conduct of the
current investigation.

Our study showed that, during the first 6 hours,
platelet reactivity assessed ex vivo by MPA using LTA
after ADP (5 and 20 mmol/L) is increased in patients
with CKD compared with those without. This finding
is consistent with a prior observational PD investiga-
tion.13 However, PRI and PRU levels were not affected
significantly by CKD status. Both whole blood
vasodilator-stimulated phosphoprotein PRI and
VerifyNow-PRU assays have in common that, in
addition to ADP, they also use prostaglandin E1,
which is a suppressor of intracellular free calcium
levels for diminishing the nonspecific stimulation of
the ADP-binding to P2Y1 receptors.35,36 This factor
allows these assays to be more specific to P2Y12

signaling and less influenced by the contribution of
the P2Y1 ADP receptor. LTA-MPA using ADP stimuli is
more reflective of overall purinergic signaling, which
can also be modulated by other determinants (eg,
lipid plasma, hemolysis, platelet count) compared
with other platelet function tests, particularly when
used for ex vivo testing.34,35 It is, however, important
to note that the differences in MPA were no longer
present at 24 hours when patients are on mainte-
nance clopidogrel 75 mg therapy, questioning the
long-term clinical implications of our study observa-
tions. Our in vitro findings showed that incubation
with escalating doses of C-AM was associated with
impaired inhibition of PRI, but not MPA and PRU,
levels. More specifically, compared with those
without CKD, platelets from patients with CKD
exhibit higher PRI despite being incubated with the
same concentration of C-AM, suggesting some degree
of resistance to P2Y12 receptor inhibition. Overall,
these findings suggest that, among patients with DM,
those with CKD exhibit higher platelet aggregation,
which can only in part be explained by increased ac-
tivity of the P2Y12 signaling pathway, possibly with
other factors contributing to these observations.
These observations align with a prior study suggest-
ing an upregulation of the P2Y12 receptor signaling
pathway in patients with concomitant DM and CKD.13

However, in that preliminary study, patients with DM
and CKD had higher levels of PRU compared with
those without CKD, similar to the unadjusted analysis
of the present investigation.

Although a prior investigation showed that pa-
tients with DM have lower plasma levels of C-AM than



TABLE 2 Pharmacokinetic Profiles of Clopidogrel and C-AM

According to CKD Status

CKD
Patients

Without CKD P Value

Clopidogrel

Tmax, h 1.0 (1.0-2.0) 1.0 (1.0-2.0) 0.99

Cmax, (ng/mL) 21.3 (13.7-35.2) 21.0 (11.1-33.8) 0.88

AUC0-last (ng$h/mL) 58.0 (40.3-100.8) 45.1 (24.7-93.7) 0.25

C-AM

Tmax, h 1.0 (0.5-1.0) 1.0 (0.5-1.0) 0.49

Cmax, (ng/mL) 26.9 (19.1-31.4) 22.6 (14.4-48.6) 0.99

AUC0-last (ng$h/mL) 47.1 (32.8-62.7) 39.6 (19.8-85.8) 0.65

Values are median (25th-75th percentiles). Analyses done after a 600-mg loading
dose from 0 to 6 hours. Tmax is reported as median (range). Cmax and AUC0-last are
reported as geometric mean (range).

AUC0-last ¼ area under the plasma concentration vs time curve from time 0 to
the last measurable concentration; Cmax ¼ maximum observed plasma concen-
tration; Tmax ¼ time to maximum observed plasma concentration; other abbrevi-
ations as in Table 1.
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those without DM, plasma levels of clopidogrel were
not assessed, not allowing to fully ascertain if this
was attributed to impaired absorption or meta-
bolism.12 Moreover, the impact of CKD, known to
affect the absorption and metabolism of various
drugs, was not assessed in prior investigations spe-
cific to understanding the mechanism(s) of impaired
clopidogrel-mediated antiplatelet effects in patients
with DM.12 Our comprehensive PK assessments,
including Tmax, Cmax, and AUC0-last, of clopidogrel and
C-AM plasma levels at 8 time points before and after
clopidogrel exposure showed no differences between
patients with and without CKD, ruling out that the
differences observed in platelet aggregation between
these groups could be attributed to impaired drug
absorption or metabolism. The absence of differences
between patients with and without CKD in glycemic
control, which can potentially increase platelet reac-
tivity, as well as any imbalance in CYP2C19 genetic
polymorphisms associated with impaired clopidogrel
metabolism, suggest that other mechanisms may be
associated with the increased platelet aggregation of
clopidogrel-treated patients with concomitant DM
and CKD.

Platelets from patients with DM exhibit upregula-
tion of P2Y12 receptor signaling.37 Chronic hypergly-
cemia increases intracellular reactive oxygen species
and nuclear factor-kb pathway activation, which can
upregulate P2Y12 expression, increase platelet reac-
tivity, and promote constitutive activation (ie, acti-
vation of the receptor despite absence of the
agonist).37 A prior study has suggested that constant
exposure to higher levels of dinucleoside poly-
phosphates, which can act as agonists of purinergic
signaling, are associated with an upregulation of
P2Y12 pathway signaling.38 In patients with concom-
itant DM and CKD, these mechanisms can lead to an
enhanced upregulation of P2Y12 pathway signaling
compared with patients with DM without CKD. These
considerations may explain the increased platelet
aggregation in patients with concomitant DM and
CKD in our study and prior assessments.11,13 These
observations could also explain the enhanced
ischemic benefit of potent P2Y12 inhibitors in patients
with concomitant DM and CKD compared with pa-
tients with only 1 or none of these risk factors.10,39

Ultimately, the main results of the study were
confirmed by means of an alternative definition of
CKD. Urine ACR, a common endpoint in CKD clinical
trials, was chosen as it is complementary to the GFR
definition, as together with the presence and duration
of DM, it can establish the diagnosis of kidney disease
related to DM without needing a biopsy.14,15 More-
over, the American Diabetes Association and KDIGO
propose albuminuria (ie, urine ACR $30 mg/g) as an
indicator of disease control in patients with CKD and
DM to reduce CKD progression and cardiovascular
events.14,15 Overall, the PK/PD profile results were
consistent when CKD was defined according to ACR,
showing no significant differences in the primary or
exploratory endpoints, underscoring the robustness
of our study results.

STUDY LIMITATIONS. The PK/PD nature of this
investigation does not allow for drawing any defini-
tive conclusions on the clinical implications of the
observed findings. Our study was conducted in pa-
tients with SIHD, and whether results can be extrap-
olated to patients with an acute coronary event
characterized by a hyperreactive platelet phenotype
and who are more susceptible to absorption and
metabolism abnormalities requires dedicated inves-
tigation.40 Although our investigation is the most
comprehensive to date exploring the mechanisms
associated with differences in clopidogrel response
profiles in patients with DM with and without CKD,
the complex nature of the experiments limited our
study to a relatively small number of patients,
which could have resulted in it being underpowered
for some of the assessments, albeit powered in our
study assumptions based on available data.12

Indeed, the inherent differences between patients
with and without CKD indicate that additional
confounders, other than those already accounted for
in our statistical adjustments, may emerge in a
larger study. Also, the potential mechanism(s) by
which CKD status can lead to increased activity of
the platelet P2Y12 signaling pathway in patients
with DM (ie, either increased receptor expression or



FIGURE 4 In Vitro Pharmacodynamic Assessments After Incubation With Escalating

Concentrations of C-AM

(A) Platelet reactivity index measured by the vasodilator-stimulated phosphoprotein

assay. (B) Platelet aggregation measured by light transmission aggregometry after

stimulation with 20 mmol/L ADP. (C) P2Y12 reaction units measured by the VerifyNow-

P2Y12 assay. *Adjusted for baseline platelet reactivity and oral hypoglycemic agents, P

values indicate the overall differences between groups assessed by repeated-measures

ANCOVA. †P < 0.05, adjusted for baseline platelet reactivity and oral hypoglycemic

agents. ††P < 0.01, adjusted for baseline platelet reactivity and oral hypoglycemic

agents. Values are expressed as least-squares means and error bars indicate 95% CIs.

Abbreviations as in Figures 1 and 2.
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levels of dinucleoside polyphosphates) requires
further research. Ultimately, although in vitro in-
cubation with escalating concentrations of C-AM
showed impaired inhibition of PRI in patients with
DM with CKD compared with those without, sug-
gesting the presence of some degree of upregulation
of P2Y12 activity, it cannot be ruled out that these
observations be attributed to the presence of alter-
native platelet ADP receptors (eg, P2Y13 or P2Y14) or
weaker prostaglandin E1 stimulated Gs signaling
without any changes in P2Y12 activity.
CONCLUSIONS

Among patients with DM and SIHD, after a 600-mg LD
of clopidogrel, those with CKD had higher MPA, but
not PRI or PRU, than patients without CKD. These
findings can be attributed partly to increased activity
of the platelet P2Y12 signaling pathway, but not by
apparent differences in clopidogrel absorption or
metabolism. Further research is warranted to define
the mechanisms by which CKD status impacts the
functional status of the platelet P2Y12 signaling
pathway in patients with DM.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Patients

with DM exhibit impaired platelet inhibition in response

to clopidogrel compared with those without DM,

contributing to their increased risk of atherothrombotic

events. In particular, clinical studies have shown a

gradient of risk according to the presence or absence of

DM and CKD, with patients having both risk factors at the

highest risk. The underlying biological mechanism(s)

explaining these clinical findings are poorly understood.

Notably, a better understanding of these mechanisms

could potentially lead to targeted antiplatelet therapy in

patients with DM.

TRANSLATIONAL OUTLOOK: Our current investiga-

tion demonstrates that, among patients with DM and

SIHD treated with a 600-mg LD of clopidogrel, those

with CKD had higher maximal platelet aggregation than

patients without CKD, without differences in the PRI and

PRU levels. These findings could be attributed partly to

increased activity of the platelet P2Y12 signaling pathway,

but not differences in drug absorption or metabolism;

there were no differences in the PK profiles of clopidogrel

and its active metabolite according to the presence or

absence of CKD. Future research should focus on directly

determining the P2Y12 signaling pathway status to

confirm if its upregulation can explain the overall differ-

ences in platelet aggregation. Ultimately, the clinical

implications of these findings regarding the selection of

optimal antiplatelet therapy for patients with DM remain

to be determined.
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