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Abstract

Background: High on-treatment platelet reactivity has been reported in 30% of pa-
tients on clopidogrel and 50% in elderly patients; however, little is known about the
mechanisms of this biological resistance. One hypothesis is an age-related impaired
hepatic metabolism of the prodrug clopidogrel, leading to a lower formation of its
active metabolite (clopidogrel-AM).

Obijectives: To compare the levels of clopidogrel-AM formed in vitro using “old” and
“young” human liver microsomes (HLMs) and their consequences on platelet functions.
Methods: We developed an in vitro model using “old” (73.6 + 2.3 years) and “young”
(51.2 + 8.5 years) HLMs, added to platelet-rich plasma from 21 healthy donors with or
without clopidogrel (50 pM) and incubated at 37 °C for 30 (T30) and 45 minutes (T45).
Clopidogrel-AM was quantified by liquid chromatography-mass spectrometry/mass
spectrometry method. Platelet aggregation was performed by light transmission
aggregometry.

Results: The generation of clopidogrel-AM increased over time and reached concen-
trations comparable with those reported in treated patients. At T30, mean clopidogrel-
AM concentrations were significantly higher with “young” (8.56 ug/L; 95% Cl, 5.87-
11.24) than with “old” HLMs (7.64 pg/L; 95% Cl, 5.14-10.14; P = .002); and at T45,
11.40 pg/L; 95% Cl (7.57-15.22) vs 10.63 pg/L, 95% Cl (7.10-14.15), P = .02 (n = 21).
Despite a significant inhibition of platelet aggregation, no significant difference was
found in light transmission aggregometry (adenosine diphosphate, 10 pM) after clopi-
dogrel metabolism by “old” or “young” HLMs, probably because of low sensitivity of the

method to small variations of clopidogrel-AM.

© 2022 The Authors. Published by Elsevier Inc. on behalf of International Society on Thrombosis and Haemostasis. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Essentials

Conclusion: In this original model combining metabolic and functional approaches, less
clopidogrel-AM was produced with HLMs from older patients. This provides support
for a decreased CYP450 activity that may contribute to high on-treatment platelet
reactivity in elderly patients.

aged, clopidogrel, microsomes, platelet aggregation, prodrugs

« Causes for clopidogrel higher on-treatment platelet reactivity in the elderly are unknown.

* In vitro clopidogrel metabolism using “old” and “young” human liver microsomes, was compared.

+ Less clopidogrel-active metabolite was produced with older than younger microsomes.

* A decreased CYP450 activity could contribute to clopidogrel resistance in elderly patients.

1 | INTRODUCTION

Clopidogrel is an antiplatelet prodrug that requires activation via 2
successive oxidation steps of hepatic metabolism involving cyto-
chrome P450 (CYP), in particular CYP3A4, CYP2C19, CYP1A2, and
CYP2B6 [1,2] and a reduction step to form clopidogrel-active
metabolite (clopidogrel-AM) [1-5], which specifically and irreversibly
binds to the adenosine diphosphate (ADP) platelet receptor P2Y12.
Approximately 30% of patients treated with clopidogrel present
high on-treatment platelet reactivity (HTPR) [6], characterized by a
low platelet inhibition under well-conducted treatment. These poor
responders have an increased risk of cardiovascular ischemic events
(odds ration [OR] = 8.0 [95% ClI, 3.4-19.0]) [7,8]. HTPR was also
associated with worse clinical outcomes after lower limb endovascular
intervention for peripheral arterial disease [?9]. Several risk factors of
HTPR have been identified, such as diabetes mellitus, obesity, age,
acute coronary syndrome, renal failure, inflammation, drug-drug in-
teractions, and CYP450 or P2Y12 gene polymorphisms [10-13].
Although elderly patients (>70-years old) are the main users of
antiplatelet agents, they are 2 to 3 times more likely to present with
HTPR than younger patients [14,15]. In this specific population, at high
risk for both bleeding and ischemic events, clopidogrel remains a
treatment of first choice, notably, since the POPular AGE study found
that in patients with non-ST-elevation acute coronary syndrome,
clopidogrel is not inferior to ticagrelor and prasugrel with fewer
bleeding events [16]. The reasons for the higher resistance to clopi-
dogrel in the elderly have not been investigated. We hypothesized an
age-related alteration of CYP450 activity, which would result in a
lower formation of clopidogrel-AM [5,15,17]. The aim of this work
was, therefore, to assess the effects of age on the hepatic metabolism
of clopidogrel via the development of an in vitro model using “young”
(ie, <70 years old) and “old” (ie, >70 years old) human liver micro-
somes (HLMs). The primary objective was to compare the levels of the
active metabolite formed after activation of clopidogrel by human

“old” and “young” microsomes, and the secondary objective was to

compare the effects of the metabolism products on platelet functions

assessed by ADP-induced platelet aggregation.

2 | METHODS

2.1 | Study design

2.1.1 | Platelets
Whole blood was obtained from healthy donors of the blood bank of
Rennes (Etablissement Francais du Sang, convention 19/2019-2022)
after ethical approval. It was collected on citrate tubes (BD Vacutainer
sodium citrate 0.105M, tubes of 2.7 mL). The donors were aged <65
years and were not treated by antiplatelet agents or nonsteroidal
antiinflammatory drugs.

Platelet-rich plasma (PRP) was obtained after 10 minutes of
centrifugation at 150 g with no breaks and platelet-poor plasma after

15 minutes of centrifugation at 2500 g.

2.1.2 | In vitro clopidogrel metabolism
Pooled HLMs 20 mg proteins/mL (5 donors, nongenotyped and
selected on age) were from Tebu-Bio. HLMs are US Food and Drug
Administration-approved for in vitro metabolism- and transporter-
mediated drug-drug interaction studies. They consisted of HLMs
from donors aged 71 to 77 years (mean = 73.6 + 2.3) and 37 to 58
years (mean = 51.2 + 8.5), called “old” and “young” HLMs, respectively.
They were stored at —80 °C and thawed for 1-minute incubation at 37
°C before use. One batch of young and 1 batch of old HLMs were
used.

B-nicotinamide adenine dinucleotide phosphate (NADP)+ hydrate,
D-glucose-6-phosphate (G6P), recombinant glucose-6-phosphate de-

hydrogenase (G6PD) from Leuconostoc mesenteroides and magnesium
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chloride (MgCl,), were all from Sigma-Aldrich. p-NADP+ hydrate and
MgCl, were reconstituted in distilled water (Fresenius Kabi), and G6P
and G6PD were in solution. All reagents were stored at —20 °C, ac-
cording to the supplier's recommendations. Clopidogrel hydrogen
sulfate (Alsachim) was reconstituted in acetonitrile (10 mg/mL) and
stored at —20 °C.

The incubation mixture was extemporaneously prepared at 37 °C
in a potassium-phosphate buffer (K2HPO4 + KH2PO4, 0.1 M pH 7.4)
at the following final concentrations: f-NADP+ (1 mM), G6P (15 mM),
and MgCl, (5 mM).

Samples were prepared as follows: 212 pL of incubation mixture,
3 pL of HLMs (final concentration of 0.2 mg protein/mL), 10 pL of
clopidogrel (final concentration of 50 pM, ie, 20.5 pg/mL), and 225 pL
of PRP. The reaction was initiated by the addition of 1 pL of G6PD
(final concentration 4 Ul/mL), and incubated at 37 °C for 30 (T30) and
45 minutes (T45), with no agitation, according to preliminary estab-
lished optimal conditions. In each experiment, a sample with “young”
and one with “old” HLMs were prepared in parallel.

Control samples consisting of the same mix with 10 pL acetoni-
trile without clopidogrel were also prepared with “young” and with
“old” HLMs and incubated at 37 °C for 30 and 45 minutes.

After 30 and 45 minutes of incubation, samples were separated
into 2 parts, one was handled for clopidogrel-AM quantification and

the other part was for platelet aggregation.

2.1.3 | Clopidogrel-AM quantification
At T30 and T45, 25 plL of 2-bromo-3'-methoxyacetophenone 500 mM
(Sigma-Aldrich) and acetonitrile 2:1 were added to 200 pL of the
mixture before being stored at —80 °C until analysis.
Clopidogrel-AM  quantification was performed by ultra-
performance liquid chromatography-mass spectrometry/mass spec-
trometry (Waters) in the Laboratory of Pharmacology, Toxicology and
Blood Gazes of the University Hospital of St Etienne, according to a
validated and previously described method [18]. The lower limit of
quantification was 0.8 ng/mL.

2.14 | Platelet aggregation
At T30 and T45, platelet aggregation was immediately performed on
the incubation mixture-PRP mix, by light transmission aggregometry
on an optical platelet aggregometer (PAP-8 Bio/Data). Maximal ag-
gregation and area under the curve (AUC) at 5 minutes induced by
ADP (Sigma-Aldrich) of 10 uM final concentration, were analyzed.
ADP 5 pM was also tested and showed similar response to clopi-
dogrel-AM.

A PRP sample and a PRP sample spiked with commercialized
clopidogrel-AM (Alsachim) and incubated at 37 °C for 30 and 45 minutes
were systematically run in parallel to test each platelet preparation

reactivity to ADP 10 uM and platelet sensitivity to clopidogrel-AM.
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FIGURE 1 Concentrations of clopidogrel-active metabolite

after metabolism by <70 (young) and >70 (old) years old human
liver microsomes after 30 minutes (T30) or 45 minutes (T45) of
incubation. n = 21 in each group. **: P < .01 ***: P < .001. HLM,

Inhibition of platelet aggregation (IPA) was calculated for each

condition on AUC according to the following formula:

_ AUC (selected condition)
AUC (corresponding control sample)

IPA (%) = (1 ) x 100

IPA for maximal aggregation was also calculated, based on the
same formula.

2.1.5 | Statistics
The normality of the different results was evaluated by the Shapiro-
Wilk test, with an alpha level of 5%.

The 2 HLM groups were compared with Student’s t-test for paired
samples in case of a normally distributed difference between the 2
samples or the Wilcoxon signed-rank test if the difference was not
normally distributed. Correlations were evaluated by simple linear
regression. The effect sizes were provided in addition to the P value.
They were calculated using Cohen’s formula and an effect >0.2 was

considered noticeable [19].
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3 | RESULTS AND DISCUSSION

3.1 | Effect of age on the in vitro formation of
clopidogrel-AM by HLMs

Before testing “young” and “old” HLMs, we performed a preliminary
study, based on previous studies [20,21], designed to set up the best
experimental conditions to generate in vitro active metabolite, without
any deleterious effect on platelets contained in the reagent mixture,
such as cell membrane lysis or spontaneous activation.

Then, blood from 21 healthy blood donors was used. The sex ratio
was 15:6 (male:female), and the median age was 45 years (IQR, 37-
55). The mean platelet count was 304 G/L in whole blood (SD = 56 G/
L) and 392 G/L in PRP (SD = 81 G/L).

Twenty-one experiments were performed, each of them using
both “young” and “old” HLMs at the 2-incubation time points (T30 and
T45), resulting in 84 clopidogrel-AM measurements (Figure 1).

Interestingly, clopidogrel-AM levels generated in our in vitro
conditions were of the same order of magnitude as those observed in
patients treated with clopidogrel 75 mg/d at a steady state [18,22,23].

The generation of clopidogrel-AM increased over time between T30
and T45 in both HLMs groups (P < .001 and d > 0.8 in each group)
(Figure 1), in accordance with the few data from the literature on the
subject [20]. We limited the maximal incubation time to T45 to avoid the
toxicity of the HLM incubation medium on platelets. However, at both
incubation times, we bring the first evidence that “young” HLMs generate
higher concentrations of clopidogrel-AM than older ones. Indeed, at T30
the mean production of active metabolite was significantly higher with
“young” HLMs (8.56 pg/L; 95%Cl, 5.87-11.24) than with “old” HLMs (7.64
ug/L; 95% Cl, 5.14-10.14) (P = .002, d = 0.35), corresponding to a 10.7%
decrease in metabolite production in “old” compared with “young“ HLMs.
Similar results were found at T45: mean production of clopidogrel-AM
was 11.40 pg/L (95% Cl, 7.57-15.22) with “young” HLM vs 10.63 pg/L
(95% Cl, 7.10-14.15), with “old” HLMs (P = .02, d = 0.21).

These significantly higher concentrations of clopidogrel-AM pro-
duced with younger HLMs, under strictly identical experimental con-
ditions, suggest an age-related lower hepatic metabolism of
clopidogrel, especially because it has been described that the CYP450
activity is influenced by age [24,25]. Given that (i) the difference of
age between the 2 groups of HLMs we tested was small (22.4 years)
and (ii) that the “old” HLMs had only a mean age of 73.6 years, one can

expect that the impaired generation of clopidogrel-AM we found,
would be even much greater in patients aged >80 years who present
HTPR. Unfortunately, HLMs from subjects aged >75 years are not
commercially available. These in vitro results, therefore, support the
hypothesis of a decreased CYP450 activity in elderly patients that
might contribute to HTPR. An increased esterase activity and
increased basal platelet activity because of age [5,15,17] have also
been proposed as potential causes of HTPR in the elderly. Our study
was not designed to address these issues.

Nevertheless, as far as we know, this is the first study using mi-
crosomes to explore age-related clopidogrel metabolism. This approach
could be applied to other prodrugs as an easy tool to evaluate age-
related drug metabolism instead or in addition to in vivo studies.

Finally, we checked that neither age, gender, nor PRP-platelet
count of blood donors correlated with the concentrations of
clopidogrel-AM (data not shown).

3.2 | Effects of clopidogrel bioactivation with
“young” and “old” HLMs on platelet functions

IPA induced by 10 pM ADP was assessed on 8 and 13 different ex-
periments out of 21, in each group of the HLMs, at T30 and T45.

HLMs, in the incubation mixture in the absence of clopidogrel, did
not impair platelet aggregation in PRP, with respective mean maximum
aggregations of 78% (95% Cl, 71-85) and 79% (95% Cl, 73-85) (P = .52)
in young and old HLMs, respectively. Moreover, aggregations were
>72% in all experiments (whatever the time point), showing the absence
of any toxicity on platelet suspension or spontaneous activation.

Median IPA at T30 and T45 with young and old microsomes in the
presence of clopidogrel are presented in Table. Surprisingly, no sig-
nificant difference was found between the 2 groups of HLMs. Neither
age, gender, nor PRP-platelet count of blood donors were correlated
to IPA.

This absence of significant difference in IPA after clopidogrel
metabolism by “young” or “old” HLMs is likely due to a lack of
sensitivity of platelet aggregation to detect significant but small var-
iations in the amount of active metabolite, especially in this range of
concentrations. Indeed, few studies [20,26] have shown an association
between IPA and concentration of active metabolite; however, they
evaluated widest ranges of active metabolite than in the present one.

TABLE Areaunder the curve and maximal aggregation inhibition of platelet aggregation after 30 (T30) and 45 (T45) minutes of incubation of

clopidogrel with either old or young human liver microsomes.

T30 T45
Aggregation parameters Old HLMs Young HLMs P Old HLMs Young HLMs P
AUC 50.6 (17.9-95.5) 25.9 (11.3-80.6) .25 33.1 (10.9-94.3) 25.4 (9.32-90.5) .37
IPA (%)
Maximal aggregation 46.8 (15.4-87.9) 17 (5.15-67.9) 11 17.9 (7.52-86.1) 22.7 (3.01-81.4) 61

IPA (%)

Results are expressed as median [interquartile ratio].

AUC, area under the curve; HLMs, human liver microsomes; IPA, inhibition of platelet aggregation; IQR, interquartile range.
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the curve; clopidogrel-AM, clopidogrel-active metabolite; HLMs, human liver microsomes; IPA, inhibition of platelet aggregation.

In these studies, as in the present one, the variability of IPA in
response to clopidogrel-AM was high at concentrations similar to ours
[20]. It cannot be excluded that the number of tests performed (8 and
13) does not bring sufficient power to the study.

There was no significant relationship between IPA and clopidogrel-
AM concentration in the whole sample population. This may be due to
the narrow range of clopidogrel-AM concentrations, in comparison
with other studies [26]. Nonetheless, we observed that all IPA were
either >70% or <45%, irrespective of the metabolite concentration
(Figure 2) and whatever the incubation times. Focusing on samples
with IPA <45%, we found a relationship between IPA and clopidogrel-
AM concentration, whereas there was no relationship when IPA were
>70%. This “on-off effect” at low concentrations of active metabolite
could be in favor of an individual platelet sensitivity to clopidogrel with
good and poor responders to clopidogrel-AM. In good responders,
whatever the age, the concentration of clopidogrel-AM generated is
probably in saturating concentration with a strong platelet inhibition.
In contrast, in low responders, the inhibition depends on the
clopidogrel-AM concentration. These results are not age-related but

dependent on platelet donors, showing that HTPR is multifactorial.

4 | LIMITATIONS

This study has limitations. First, HLMs were not genotyped and thus an
effect of CYP450 polymorphism cannot be excluded but it is unlikely

because they consisted of a mixture of pooled HLMs with no donor of

Asian origin. Then, the results of an in vitro study cannot be over-
estimated, especially in terms of clinical outcomes and need to be vali-
dated in patients. To further unravel the mechanisms underlying HTPR
in the elderly, in addition to the present in vitro study, we are currently
conducting a prospective multicenter study designed to assess the
relationship between the clopidogrel-AM (pharmacokinetics) and the
platelet reactivity (pharmacodynamics) according to age in patients
treated with clopidogrel, with a clinical follow-up (NCT04990596).

5 | CONCLUSIONS

To our knowledge, this study is the first one to compare clopidogrel
metabolism with HLMs of 2 age ranges, associating the quantification
of the generated active metabolite and the assessment of the effect of
the metabolism compounds on platelet functions.

We set up experimental conditions to generate clopidogrel-AM
concentrations consistent with those observed in patients under clo-
pidogrel at steady state, without any toxic effect on platelets. We found
significantly higher concentrations of active metabolite generated with
“young” than with “old” HLMs, suggesting an age-related lower hepatic
metabolism of clopidogrel; however, with no functional effect in our
experimental conditions. Nonetheless, the IPA with “young” and “old”
HLMs displayed profiles that deserve further investigation.

Overall, our study supports a decrease in CYP450 activity that
may contribute to HTPR in the elderly patients.
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