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Abstract  

Clopidogrel pharmacotherapy is associated with substantial interindividual variability in clinical 

response which can translate into an increased risk of adverse outcomes. Clopidogrel is a 

recognized substrate of hepatic carboxylesterase 1 (CES1), and undergoes extensive hydrolytic 

metabolism in the liver ultimately forming an active metabolite. Significant interindividual 

variability in the expression and activity of CES1 exists, which is attributed to both genetic and 

environmental factors. The aim of the present study was to determine whether CES1 inhibition 

and CES1 genetic polymorphisms would significantly influence the biotransformation of 

clopidogrel and alter formation of the active metabolite. Co-incubation of clopidogrel with the 

CES1 inhibitor bis(4-nitrophenyl) phosphate in human liver s9 fractions significantly increased 

the concentrations of clopidogrel, 2-oxo-clopidogrel, and clopidogrel active metabolite, while the 

concentrations of all formed carboxylate metabolites were significantly decreased. As 

anticipated, clopidogrel and 2-oxo-clopidogrel were efficiently hydrolyzed by the cell s9 

fractions prepared from wild type CES1 transfected cells.  The enzymatic activity of the CES1 

variants G143E and D260fs were completely impaired in terms of catalyzing the hydrolysis of 

clopidogrel and 2-oxo-clopidogrel. However, the natural variants G18V, S82L, and A269S failed 

to produce any significant effect on CES1-mediated hydrolysis of clopidogrel or 2-oxo-

clopidogrel. In summary, deficient CES1 catalytic activity resulting from CES1 inhibition or 

CES1 genetic variation may be associated with higher plasma concentrations of clopidogrel-

active metabolite and hence, enhance antiplatelet activity. Additionally, CES1 genetic variants 

have the potential to serve as a biomarker to predict clopidogrel response, and individualize 

clopidogrel dosing regimens in clinical practice.  
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Introduction 

Clopidogrel is a second-generation thienopyridine derivative used extensively as an orally 

administered antiplatelet agent. The use of clopidogrel has become standard treatment in patients 

with acute coronary syndromes and undergoing percutaneous coronary interventions. 

Nevertheless, it has been consistently documented  that a significant percentage (5-40%) of 

individuals treated with clopidogrel do not receive the anticipated therapeutic benefit, which in 

turn has been associated with an increased risk of adverse outcomes (Angiolillo et al., 2007; 

Karazniewicz-Lada et al., 2012).  

Clopidogrel is a prodrug which undergoes a complex metabolic scheme. It is initially absorbed in 

its inactive prodrug (parent) form, and after a multi-step biotransformation sequence in the liver, 

is ultimately metabolized to its active 5-thiol metabolite (Figure 1). However, the majority of 

administered clopidogrel never enters this bioactivation cascade since ~ 85% of the absorbed 

prodrug is rapidly hydrolyzed to the inactive metabolite, clopidogrel carboxylic acid (Hagihara et 

al., 2009). This reaction is catalyzed by hepatic carboxylesterase 1 (CES1) (Tang et al., 2006). 

Accordingly, only ~15% of a clopidogrel dose is available to undergo further oxidative 

metabolism catalyzed by cytochrome P450 (CYP) 1A2, 2B6, and 2C19, resulting in the 

formation of the thiolactone derivative, 2-oxo-clopidogrel. A portion 2-oxo-clopidogrel is then 

hydrolyzed by CES1 to form 2-oxo-clopidogrel carboxylate, an inactive metabolite, while the 

balance of 2-oxo-clopidogrel is further hydrolyzed to the unstable but active 5-thiol metabolite. 

This final activation step is mediated by CYP2B6, CYP2C9, CYP2C19 and CYP3A4 (Kazui et 

al., 2010). The 5-thiol clopidogrel active metabolite (clopidogrel-AM) is a labile bioreactive 

compound that forms a disulfide bridge that binds irreversibly to P2Y12 receptors located on a 
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platelet membrane causing irreversible blockade. Finally, CES1 again plays a role in the further 

hydrolysis of the clopidogrel-AM, ultimately forming the 5-thiol carboxylic acid metabolite 

(Bouman et al., 2011). 

With regard to formation of the clopidogrel-AM and its dependence on CYP enzymes, numerous 

studies have focused upon CYP2C19 and its functional variants such as the loss of or reduced 

function alleles *2, *3, *4,*5, *6, *7, *8 and the gain-of-function allele *17. Of these, 

CYP2C19*2 may have particular significance with regard to its influence on clopidogrel 

metabolism and ensuing pharmacokinetic and pharmacodynamic response (Mega et al., 2009; 

Shuldiner et al., 2009). However, CYP2C19*2 explains only 5-12% of the variability in 

clopidogrel response (Karazniewicz-Lada et al., 2012), and the majority of therapeutic variability 

in clopidogrel treatment remains unknown.  

In humans, CES1 is the most predominant hydrolytic enzyme, catalyzing the hydrolysis of 

numerous ester- and amide-containing endogenous compounds, toxins, and medications to their 

respective free acids (Imai et al., 2006; Ross and Crow, 2007). CES1 contributes to 80%- 95% of 

total hydrolytic activity in the human liver. Significant interindividual variability in the expression 

and activity of CES1 has been consistently observed and reported in the biomedical literature. 

This variability is likely to be to the result of both genetic and environmental factors (Hosokawa 

et al., 1995; Fukami et al., 2008; Yoshimura et al., 2008; Yang et al., 2009; Zhu et al., 2009a; Shi 

et al., 2011; Ross et al., 2012). We have reported that the CES1 single nucleotide polymorphisms 

(SNPs) G143E (rs71647871) and D260fs (rs71647872) exhibit markedly decreased enzymatic 

activity towards the hydrolysis of the CES1 substrates methylphenidate, oseltamivir, and 

trandolapril (Zhu et al., 2008; Zhu et al., 2009b; Zhu and Markowitz, 2009). Furthermore, we 
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and others demonstrated that some therapeutic agents can significantly inhibit CES1 activity (Shi 

et al., 2006; Zhu et al., 2010; Rhoades et al., 2012). Thus, we hypothesized that variable CES1 

function is an important contributing factor to interindividual variability of clopidogrel activation 

and antiplatelet activity. In the present study, we investigated the influence of CES1 inhibition on 

the activation of clopidogrel, and the effect of several CES1 nonsynonymous variants on the 

hydrolysis of clopidogrel and its intermediate metabolite 2-oxo-clopidogrel in vitro.  
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Materials and Methods 

Materials 

S-(+)-clopidogrel, 2-oxo-clopidogrel, 2-bromo-3'-methoxy acetophenone (MPB) derivatized 

clopidogrel active metabolite (cis-clopidogrel thiol metabolite, clopidogrel-AM), clopidogrel 

carboxylate, and the internal standard d4-clopidogrel were purchased from Toronto Research 

Chemicals Inc. (Toronto, Canada). The hydrolytic metabolites of 2-oxo-clopidogrel and 

clopidogrel-AM were obtained via incubation of the parent compounds (100 µM) with the cell s9 

fractions (1 mg protein/ml) prepared from the transfected cells stably expressing wild type CES1. 

The hydrolytic reaction was completed in 90 min at 37 ˚C. The completion of the bioconversion 

was confirmed by LC-MS/MS analysis. The derivatizing agent MPB and the CES inhibitor 

bis(4-nitrophenyl) phosphate (BNPP) were products from Sigma-Aldrich (St. Louis, MO). Flp-

InTM-293 cells, pcDNA5/FRT/V5-His TOPO®TA Expression Kit, hygromycin B, and 

Lipofectamine 2000TM were obtained from Invitrogen (Carlsbad, CA). Taq polymerase was 

purchased from Takara (Takara EX TaqTM HS, Shiga, Japan). Human CES1A1 cDNA cloned 

into a pCMV-SPORT6 vector was from American Type Culture Collection (ATCC, Manassas, 

VA). Pooled human liver s9 fraction was obtained from BD Biosciences (Woburn, MA). All 

other chemicals and agents were of the highest analytical grade commercially available. 

CES1 inhibition study in human liver s9 fractions  

Pooled human liver s9 fractions were pre-incubated with an NADPH generating system (0.1 

mg/ml yeast glucose-6-phosphate dehydrogenase, 3 mg/ml NADP+, and 0.07 M glucose-6-

phosphate) in the presence and absence of the CES1 inhibitor BNPP at 37 ˚C for 5 min. The 
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reaction was initiated by adding clopidogrel. The final concentrations of the liver s9 fractions, 

BNPP, and clopidogrel in the reaction system were 4 mg/ml, 10 µM, and 20 µM, respectively, 

and the total volume was 200 µl. Samples (20 µl) were collected at 0.25, 0.5, 1, 2, 4, 6, 8, 22 h 

after initiation of the reaction. The reaction was terminated by adding a 5-fold volume of 

acetonitrile containing the internal standard d4-clopidogrel (25 ng/ml) and the derivatizing 

reagent MPB (5 mM). The concentrations of clopidogrel and its five metabolites including 2-

oxo-clopidogrel, clopidogrel-AM, clopidogrel carboxylate, 2-oxo-clopidogrel carboxylate, 

clopidogrel-AM carboxylate were determined by a validated LC-MS/MS assay. The area under 

the time-concentration curve (AUC) of each compound was calculated using linear-trapezoidal 

rule by the software WinNonlin 5.2.1 (Pharsight, Mountain View, California). The differences 

between BNPP treated and untreated groups were compared using independent student t-test, and 

were considered statistically significant when p value was less than 0.05. 

Establishment of cell lines stably expressing CES1 variants G18V, S82L, and A269S   

The Flp-InTM-293 cell lines stably expressing wild type CES1 and its variants G143E and D260fs 

have been developed previously and applied to our  ensuing CES1 pharmacogenetic studies (Zhu 

et al., 2008; Zhu et al., 2009b; Zhu and Markowitz, 2009). The minor allele frequency (MAF) of 

G143E is estimated to be 3.7%, 4.3%, 2.0%, and 0% in Caucasian, Blacks, Hispanic, and Asian 

populations, respectively, whereas D260fs appears to be a rare mutation in all racial and ethnic 

groups studied to date (Zhu et al., 2008). In the present study, we developed three additional cell 

lines expressing the CES1 variants G18V (rs3826190), S82L (rs62028647), and A269S 

(rs115629050) to study the effect of these nonsynonymous variants on CES1 enzymatic activity 

and clopidogrel hydrolysis. Briefly, the mutant CES1A1 plasmids were obtained via site-directed 
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mutagenesis assay using specific primers and probes. All plasmids were bidirectionally 

sequenced to confirm that the desired constructs were generated. The plasmids were co-

transfected with the pOG44 plasmid at a ratio of 1:10 into Flp-InTM-293 cells using the 

transfection reagent Lipofectamine 2000TM in serum free RPMI Medium 1640. The cell lines 

were established after hygromycin B selection (100 µg/ml) for 3 weeks. The choice of these three 

CES1 variants was based on their relatively high MAFs, and all of these variants were predicted 

by the in silico programs SIFT (https://sift.jcvi.org) and Polyphen2 

(https://genetics.bwh.harvard.edu/pph2/) to be possibly detrimental to enzyme function. The 

MAFs of G18V, S82L, and A269S range from 0.072 to 0.340, 0.026 to 0.368, and 0.014 to 

0.057, respectively, among different populations (detailed information about the MAFs of these 

SNPs in different populations can be found in the Supplemental Table 1). Cells were cultured in 

Dulbecco’s Modified Eagle Medium containing 10% fetal bovine serum. To prepare cell 

supernatant 9000 (s9) fractions, the cells were rinsed and suspended in PBS buffer solution (pH 

7.4). The cells were then sonicated and the s9 fractions were collected after centrifugation at 

9000g for 30 min at 4˚C. The protein concentration was determined using a Pierce BCA assay kit 

(Rockford, IL). 

Hydrolysis of clopidogrel and 2-oxo-clopidogrel by wild type and mutant CES1 

An in vitro incubation study was conducted to determine the catalytic activity of CES1 and its 

variants G18V, S82L, G143E, D260fs, A269S on the hydrolysis of clopidogrel and 2-oxo-

clopidogrel. Selected concentrations of clopidogrel (0.5, 1.5, 5.0, 15, 50, 150 µM) and 2-oxo-

clopidogrel (0.05, 0.15, 0.5, 1.5, 5 µM) were incubated with cell s9 fractions at 37 ˚C for 10 and 

20 min, respectively. The final concentrations of the s9 fractions were 0.05 mg/ml and 0.2 mg/ml 
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for clopidogrel and 2-oxo-clopidogrel, respectively. The reaction was terminated by the addition 

of a 5-fold volume of acetonitrile containing the internal standard d4-clopidogrel (25 ng/ml). 

After centrifugation at 16,000 ×g at 4 ˚C for 10 min, the supernatant was collected and analyzed 

for concentrations of the hydrolytic products (i.e. clopidogrel carboxylate and 2-oxo-clopidogrel 

carboxylate) utilizing established validated LC-MS/MS assay. Data were fit to the Michaelis-

Menten equation, and kinetic parameters Km and Vmax were calculated using nonlinear regression 

analysis (Graphpad Prism software Version 4.0 for Windows, Graphpad Software Inc., San 

Diego, CA). Additionally, in an effort to capture any substrate specificity exhibited by any 

variant, a well characterized CES1 selective substrate, methylphenidate was included in the 

incubation study at a single concentration of 100 µM. The experiment procedures were identical 

to those previously published (Zhu et al., 2008). The catalytic activity of CES1 and its variants 

towards methylphenidate was evaluated by measuring the concentrations of the formed 

hydrolytic metabolite ritalinic acid.  

HPLC-MS/MS assay 

An HPLC-MS/MS assay was developed for the simultaneous quantification of clopidogrel and 

its five metabolites including the intermediate metabolite 2-oxo-clodipgrel, the active metabolite 

clopidogrel-AM, and three hydrolytic metabolites (i.e. clopidogrel carboxylate, 2-oxo-

clopidogrel carboxylate, and clopidogrel-AM carboxylate). This assay was a modification of a 

previously published method (Tuffal et al., 2011). For the human liver s9 inhibition study, the 

samples were prepared by mixing 20 µl of reaction mixtures with 100 µl of acetonitrile 

containing the internal standard d4-clopidogrel (25 ng/ml) and the derivatizing agent MPB (5 

mM). Clopidogrel-AM is very unstable, and thus was carefully derivatized with MPB to form the 
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stable derivative clopidogrel-AM-MPB for analysis (Takahashi et al., 2008; Tuffal et al., 2011). 

The mixtures were left standing at room temperature for 10 min to allow the  derivatization 

reaction to proceed to completion. No derivatizing agent was used for the samples from the 

clopidogrel and 2-oxo-clopidogrel cell s9 hydrolysis studies. All samples were centrifuged at 

16,000 ×g at 4ºC for 10 min to remove proteins. The resulting supernatant was then collected for 

HPLC-MS/MS analysis. 

A Shimadzu HPLC system coupled to an Applied Biosystems API 3000 triple quadrupole mass 

spectrometer was employed. Ionization was achieved via ESI in the positive mode and ions were 

monitored by multiple reaction monitoring. Clopidogrel, 2-oxo-clopidogrel, clopidogrel-AM, 

clopidogrel carboxylate, 2-oxo-clopidogrel carboxylate, clopidogrel-AM carboxylate, and the 

internal standard d4-clopidogrel were monitored via the m/z transition 322.1>194.0, 

338.0>183.0, 504.0>354.0, 308.0>197.9, 324.0>169.0, 490.0>340.0, and 326.2>188.1, 

respectively. The compounds were separated on a C18 reverse phase column with the mobile 

phase consisting of 48% of acetonitrile, 2 mM ammonium acetate, and 0.2% formic acid, and 

delivered at a flow rate of 0.3 ml/min. The assay is highly sensitive, selective, and reliable. The 

lower limit of quantification (LLOQ) of all analytes was estimated to be 1 nM. Accuracy and 

precision were within FDA guidelines (FDA, 2001). A representative chromatogram obtained 

following the incubation of 20 µM of clopidogrel with human liver s9 fractions for 30 min in the 

presence of a NADPH-generating system can be found in the associated Supplemental Materials. 

As anticipated, two isomers of the thiol metabolites were observed (panel #4 from the top), 

which are Z compounds with reference to the C3-C16 double bond of 7S clopidogrel (Pereillo et 

al., 2002; Tuffal et al., 2011).  These two isomers differ in terms of whether the C4 configuration 

is R or S. After being separated by a conventional reverse-phase column (e.g. C18), the first and 
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second peaks are noted to correspond to H3 and H4 metabolites, respectively (Tuffal et al., 

2011). It is essential that the analytical assay is enantioselective as both the H3 and H4 

metabolites can be formed after hepatic metabolism, but only the H4 isomer is believed to be 

pharmacologically active. The identity of the active H4 metabolite was confirmed by performing 

comparisons with pure analytical reference standards.  
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Results 

BNPP affected clopidogrel metabolism and activation  

Co-incubation of BNPP with human liver s9 fractions significantly increased the concentrations 

of clopidogrel, 2-oxo-clopidogrel, and clopidogrel-AM while the concentrations of all formed 

carboxylate metabolites were significantly decreased (Figure 2). Notably, the AUC0-22h of 

clopidogrel-AM increased by more than 100% in the presence of the CES1 inhibitor BNPP 

(Table 1). The ratios of clopidogrel to 2-oxo-clopidogrel and 2-oxo-clopidogrel to clopidogrel-

AM were not increased following co-administration of BNPP, indicating the increased formation 

of clopidogrel-AM was not due to the interaction between BNPP and CYP isoenzymes. The data 

suggest that CES1 inhibition led to enhanced formation of clopidogrel-AM as well as the 

increased concentrations of the intermediate metabolite, 2-oxo-clopidogrel. .  

The CES1 variants G143E and D260fs are loss-of-function variants for clopidogrel and 2-

oxo-clopidogrel hydrolysis 

Consistent with previous reports, both clopidogrel and 2-oxo-clopidogrel were efficiently 

hydrolyzed by wild type CES1 (Tang et al., 2006; Bouman et al., 2011). The Vmax and Km values 

for clopidogrel were determined to be 3558 ± 371 pmol/min/mg protein and 62.7 ± 15.4 µM, 

respectively, while the Vmax and Km values for 2-oxo-clopidogrel were 158.1± 16.2 pmol/min/mg 

protein and 2.4 ± 0.6 µM, respectively. The enzymatic activity of the CES1 variants G143E and 

D260fs were completely impaired in terms of catalyzing the hydrolysis of clopidogrel and 2-oxo-

clopidogrel (Figure 3. The D260fs data overlapped with G143E, and are not shown in the 

Figure). However, the variants G18V, S82L, and A269S produced no significant effect on CES1-
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mediated hydrolysis of clopidogrel or 2-oxo-clopidogrel. Similar to clopidogrel and 2-oxo-

clopidogrel, no catalytic activity of G143E or D260fs was observed with regard to 

methylphenidate metabolism, while the activity of G18V, S82L, and A269S appeared to remain 

intact and was comparable to that of wild type enzyme (Figure 4). Thus, the study demonstrated 

that both 143E and D260fs are loss-of-function alleles and the G18V, S82L, and A269S are 

nonfunctional variants for all three tested CES1 substrates. The results also suggest that the 

commonly used in silico programs SIFT and Polyphen2 may not be useful approaches for the 

prediction of the function of CES1 nonsynonymous variants. 
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Discussion 

CES1 is encoded in humans by the CES1 gene, which consists of three isoforms, i.e. CES1A1, 

CES1A2, and CES1A3 (Hosokawa et al., 2007; Fukami et al., 2008). CES1A1 and CES1A3 are 

inversely located on chromosome 16 q13-q22.1 while CES1A2 is a variant of the CES1A3 gene 

(Fukami et al., 2008). Both CES1A1 and CES1A2 are functional whereas CES1A3 is a 

pseudogene due to a premature stop codon located in exon 3 (Fukami et al., 2008; Hosokawa et 

al., 2008; Zhu and Markowitz, 2012). CES1A1 and CES1A2 are identical with the exception of 

the exon 1 and promoter regions. In the liver, the majority of CES1 is the product of the CES1A1 

gene since the transcription efficiency of the CES1A2 gene is only ~ 2% of that of CES1A1, 

probably due to additional Sp1 and C/EBP binding sites in the promoter region of CES1A1 

(Fukami et al., 2008; Hosokawa et al., 2008). Thus, only CES1A1 genetic variants are likely to 

produce a significant impact on CES1 expression and activity.  

CES1 expression and activity vary markedly among individuals. Consolidated evidence supports 

the presence of both genetic and non-genetic factors as significant contributors to observed 

variability (Hosokawa et al., 1995; Fukami et al., 2008; Yoshimura et al., 2008; Yang et al., 

2009; Zhu et al., 2009a; Ross et al., 2012). We have identified and characterized two novel CES1 

nonsynonymous variants G143E and D260fs within the CES1A1 and CES1A2 genes, 

respectively, in a human subject participating in a normal volunteer pharmacokinetic study of dl-

methylphenidate (Patrick et al., 2007; Zhu et al., 2008). Systemic blood concentrations of both d- 

and l-methylphenidate were grossly elevated following a single modest dose (0.3 mg/kg) of dl-

methylphenidate relative to typical values found in the published literature as well as his 19 

study peers. Additionally, all hemodynamic measures (i.e. systolic blood pressure, diastolic 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 28, 2012 as DOI: 10.1124/jpet.112.201640

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #201640 

 

17 

 

blood pressure, mean arterial blood pressure, heart rate) in this poor metabolizer differed 

significantly from his study peers (Zhu et al., 2008). Our in vitro functional studies have 

demonstrated that catalytic function of both G143E and D260fs are profoundly impaired in terms 

of hydrolyzing dl-methylphenidate and other CES1 substrates including the prodrugs trandolapril 

and oseltamivir (Zhu et al., 2008; Zhu et al., 2009b; Zhu and Markowitz, 2009). Subsequently, a 

clinical study was conducted in patients with attention deficit-hyperactivity disorder (ADHD) 

treated with methylphenidate. The results showed that patients carrying the 143E allele required 

significantly lower doses of methylphenidate for symptom reduction relative to non-carriers 

(Nemoda et al., 2009). These findings are consistent with the expectation that impaired 

hydrolysis of methylphenidate would result in higher systemic and CNS concentrations, and 

accordingly, a decreased need for upward dosage titration. Recently, and consistent with our 

published in vitro findings (Zhu and Markowitz, 2009), a healthy volunteer pharmacokinetic 

study demonstrated that the G143E variant significantly impaired the activation of the prodrug 

oseltamivir (Tarkiainen et al., 2012). Notably, the AUC0-∞ of oseltamivir in a homozygous 

variant type (143EE) was found to be 360% greater than the non-carrier peers.  

Beyond the nonsynonymous SNPs, a number of SNPs within the promoter and 5’-untranslated 

region (5’-UTR) of CES1A1 and CES1A2/CES1A3 genes have been reported (Geshi et al., 2005; 

Yoshimura et al., 2008; Sai et al., 2010; Yamada et al., 2010). Among them, -816A>C was 

reported to be significantly associated with the efficacy of the ACE inhibitor prodrug imidapril 

(Geshi et al., 2005). However, a later study demonstrated that this SNP resides in the 

nonfunctional pseudogene CES1A3 (Sai et al., 2010). Furthermore, it was not found to be 

associated with the activation of the partial CES1 substrate irinotecan, leaving its clinical 

significance unresolved (Sai et al., 2010). Additionally, the variant -75T>G within the 5’- 
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untranslated region (5’-UTR) of CES1A1 gene was recently found to be associated with 

isoniazid-induced hepatotoxicity in patients with latent tuberculosis (Yamada et al., 2010). A 

subsequent clinical study revealed that the AUC ratios of irinotecan metabolites (SN-38+SN-

38G) to irinotecan, an indicator of in vivo CES1 and CES2 activity, were significantly lower in 

cancer patients carrying the minor G allele relative to wild type patients (Sai et al., 2010). Most 

recently, the -75G allele was associated with the worsening of appetite deduction in ADHD 

patients treated with methylphenidate (Bruxel et al., 2012). In addition to the promoter, 5’-UTR, 

and nonsynonymous variants, more than 900 other CES1 variants, such as synonymous and 

intronic variants, have been documented in several SNP databases (e.g. NCBI dbSNP). However, 

the function of essentially none of these variants has been systematically evaluated to date. 

Beyond the presence of functional CES1 variants, patient age and potential drug-drug 

interactions may contribute to interindividual variability in CES1 function as well. Data recently 

generated in our laboratory and by others demonstrate that the expression of CES1 is markedly 

lower in neonates and infants, gradually increases in a developmental manner, and full 

maturation in expression and function is observed by age 6 to 9 years (Yang et al., 2009; Zhu et 

al., 2009a; Shi et al., 2011). Additionally, a number of commonly used medications have been 

recently identified as CES1 inhibitors or inducers (Shi et al., 2006; Fukami et al., 2010; Zhu et 

al., 2010; Hatfield and Potter, 2011; Rhoades et al., 2012). However, the magnitude of effect and 

clinical significance of CES1 inhibitors/inducers and developmental age need to be validated by 

in vivo assessments, and both areas of study are in their relative infancy.   

CES1 is responsible for the initial hydrolysis of ~85% of clopidogrel, converting it to its inactive 

carboxylate metabolite, leaving a balance of ~15% of clopidogrel for further hepatic metabolism 
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(Figure 1). Furthermore, 2-oxo-clopidogrel and clopidogrel-AM are also hydrolyzed by CES1 

forming their respective inactive metabolites. In the present study, we have demonstrated that co-

incubation of clopidogrel with 10 μM BNPP resulted in significant inhibition of the hydrolysis of 

clopidogrel, 2-oxo-clopidogrel, and clopidogrel-AM. Based upon the AUCs generated for the 

three carboxylate metabolites assessed in the inhibition study (Table 1), the inhibitory rates of 

BNPP (10 μM) on the hydrolysis of clopidogrel, 2-oxo-clopidogrel, and clopidogrel-AM were 

determined to be 81.6%, 60.6%, and 44.0%, respectively. Several CYP enzymes including 

CYP1A2, 2B6, 2C9, 2C19, and 3A4 are involved in the two-step activation process of 

clopidogrel. In order to fully appreciate the effect of CES1 inhibition on the metabolism and 

activation of clopidogrel, it is critical that the CES1 inhibitor should not significantly interact 

with these CYP enzymes at the concentration(s) utilized in the study. In the present study, 10 μM 

BNPP significantly inhibited CES1 activity resulting in decreased hydrolytic metabolism and 

increased formation of clopidogrel-AM. However, at this concentration, the inhibitor did not 

significantly alter the ratios of clopidogrel-to-2-oxo-clopidogel and 2-oxo-clopidogrel-to-

clopidogrel-AM, indicating that 10 μM BNPP had no significantly effect on the activity of those 

CYP enzymes under the utilized experimental conditions. Thus, the concentration (10 μM) of 

BNPP appeared to inhibit CES1 as intended, without perturbing native CYP function.  

Clopidogrel undergoes a fairly complex metabolism, and two sequential metabolic reactions lead 

to the formation of clopidogrel-AM. Accordingly, we employed a relatively lengthy incubation 

(22 h) approach with multiple time points sample collections.. Under our experimental 

conditions, the formation of clopidogrel-AM and clopidogrel-AM carboxylate peaked at 2.5 and 

4.5 hours, respectively, after the initiation of the incubation period. If only a brief incubation 

period were employed (i.e. ≤ 60 min), the study would have failed to detect the influence of 
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CES1 inhibition on the production of clopidogrel-AM. The prolonged incubation time  permitted 

a more thorough characterization of the effect of CES1 inhibition on clopidogrel metabolism and 

activation. The results showed CES1 inhibition can lead to significant increases in the metabolic 

production of both active and intermediate metabolites of clopidogrel. This is speculated to be 

the result of the accumulation of the parent compound coupled with the impairment of hydrolytic 

metabolism.  

Beyond the demonstrated effects of chemical inhibition of CES1 and the ensuing influence on 

clopidogrel biotransformation, we further assessed the influence of CES1 genetic variants on 

clopidogrel metabolism utilizing transfected cell lines. Functional CES1 SNPs such as G143E 

and D260fs exhibited null activity for the hydrolysis of both clopidogrel and 2-oxo-clopidogrel. 

However, catalytic activity of the variants G18V, S82L, and A269S on the hydrolysis of 

clopidogrel or 2-oxo-clopidogrel was comparable to the wild type enzyme, indicating that these 

variants are nonfunctional SNPs for clopidogrel and 2-oxo-clopidogrel metabolism though all of 

these three variants were predicted to be potentially damaging to enzyme function by the in silico 

programs SIFT and Polyphen2. Clopidogrel-AM is very unstable, and is currently not 

commercially available. Thus, we were not able to evaluate whether these variants exert similar 

effects on clopidogrel-AM hydrolysis. However, given the fact that clopidogrel-AM shares a 

high degree of similarity in its chemical structure with clopidogrel and 2-oxo-clopidogrel, we 

anticipate that G143E and D260fs are loss-of-function variants for clopidogrel-AM as well. 

Native expression of major drug metabolizing enzymes including CYP enzymes and CES1 are 

undetectable in the parent HEK293 cells which were used to create the transfected cell lines 

(Bouman et al., 2011). Therefore, the cells serve as an excellent model to study the effect of 

genetic variation on the function of CES1. However, the oxidative intermediate and active 
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metabolites of clopidogrel cannot be observed in the transfected HEK293 cells due to the lack of 

expression of CYP enzymes in the cells. 

The clinical benefits of clopidogrel therapy have been demonstrated in numerous large-scale 

trials, and have established this agent as one of the mainstay treatments in patients with acute 

coronary syndromes and those undergoing percutaneous coronary intervention, as also reflected 

in clinical practice guidelines (Levine et al., 2011; Wright et al., 2011). However, numerous 

investigations have revealed a broad interindividual variability in response profiles to clopidogrel 

therapy. Importantly, this has shown to have prognostic implications (Angiolillo et al., 2007). In 

particular, patients with reduced clopidogrel mediated antiplatelet effects who persist with high 

on-treatment platelet reactivity (also known as “poor responders”) have an increased risk of 

recurrent ischemic events, including stent thrombosis, while patients with enhanced clopidogrel 

mediated antiplatelet effects who have low on-treatment platelet reactivity (also known as “hyper 

responders”) have an increased risk of bleeding complications (Ferreiro et al., 2010). Enormous 

efforts have been made to determine the causes of this marked variability of outcomes. Genetic 

polymorphisms of drug metabolizing enzymes, such as CYP2C19, are considered to be an 

important contributing factor to varied clopidogrel treatment outcomes. However, all biomarkers 

currently used for the prediction of clopidogrel response including CYP2C19 genotypes can only 

explain a very small portion of the observed variability. Given the very broad application in 

clinical practice of this pivotal antiplatelet agent, defining determinants of variability in 

clopidogrel response is critical and may have important therapeutic implications. Our present 

study suggests that CES1 can markedly affect clopidogrel metabolism and activation, indicating 

functional CES1 SNPs may be associated with higher plasma concentrations of clopidogrel-AM 

and enhanced antiplatelet activity. In fact, while this manuscript was under preparation, Lewis et 
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al reported that the CES1A1 variant G143E discovered in our laboratory (Zhu et al., 2008) was 

associated with significantly increased plasma concentrations of clopidogrel-AM and greater 

clopidogrel response in participants of the Pharmacogenomics of Anti-Platelet Intervention 

(PAPI) study (n=566) and in 350 patients with coronary heart disease (Lewis et al., 2012). This 

clinical observation is fully in agreement with our in vitro data of the present study. 

Beyond CES1 genetic polymorphisms, CES1 mediated drug-drug interactions have the potential 

to influence clopidogrel activation and the ensuring pharmacological effect as well. Additional 

clinical investigations are needed to evaluate the effect of CES1-mediated drug-drug interactions 

on therapeutic outcomes of clopidogrel, and whether CES1 genetic variants can be utilized as a 

biomarker to predict clopidogrel response, and individualize clopidogrel doses in clinical 

practice. 

  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 28, 2012 as DOI: 10.1124/jpet.112.201640

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #201640 

 

23 

 

Authorship Contributions 

Participated in research design: Zhu, Wang, Gawronski, and Markowitz. 

Conducted experiments: Zhu, Wang, Gawronski, Brinda. 

Performed data analysis: Zhu, Wang. 

Wrote or contributed to the writing of the manuscript: Zhu, Angiollilo, and Markowitz. 

 

   

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 28, 2012 as DOI: 10.1124/jpet.112.201640

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #201640 

 

24 

 

References 

Angiolillo DJ, Bernardo E, Sabate M, Jimenez-Quevedo P, Costa MA, Palazuelos J, Hernandez-
Antolin R, Moreno R, Escaned J, Alfonso F, Banuelos C, Guzman LA, Bass TA, Macaya 
C and Fernandez-Ortiz A (2007) Impact of platelet reactivity on cardiovascular outcomes 
in patients with type 2 diabetes mellitus and coronary artery disease. J Am Coll Cardiol 
50:1541-1547. 

Bouman HJ, Schomig E, van Werkum JW, Velder J, Hackeng CM, Hirschhauser C, Waldmann 
C, Schmalz HG, ten Berg JM and Taubert D (2011) Paraoxonase-1 is a major 
determinant of clopidogrel efficacy. Nat Med 17:110-116. 

Bruxel EM, Salatino-Oliveira A, Genro JP, Zeni CP, Polanczyk GV, Chazan R, Rohde LA and 
Hutz MH (2012) Association of a carboxylesterase 1 polymorphism with appetite 
reduction in children and adolescents with attention-deficit/hyperactivity disorder treated 
with methylphenidate. Pharmacogenomics J. doi: 10.1038/tpj.2012.25. 

FDA (2001) Center for Drug Evaluation and Research. Guidance for industry: Bioanalytical 
Method validation. 

Ferreiro JL, Sibbing D and Angiolillo DJ (2010) Platelet function testing and risk of bleeding 
complications. Thromb Haemost 103:1128-1135. 

Fukami T, Nakajima M, Maruichi T, Takahashi S, Takamiya M, Aoki Y, McLeod HL and Yokoi 
T (2008) Structure and characterization of human carboxylesterase 1A1, 1A2, and 1A3 
genes. Pharmacogenet Genomics 18:911-920. 

Fukami T, Takahashi S, Nakagawa N, Maruichi T, Nakajima M and Yokoi T (2010) In vitro 
evaluation of inhibitory effects of antidiabetic and antihyperlipidemic drugs on human 
carboxylesterase activities. Drug Metab Dispos 38:2173-2178. 

Geshi E, Kimura T, Yoshimura M, Suzuki H, Koba S, Sakai T, Saito T, Koga A, Muramatsu M 
and Katagiri T (2005) A single nucleotide polymorphism in the carboxylesterase gene is 
associated with the responsiveness to imidapril medication and the promoter activity. 
Hypertens Res 28:719-725. 

Hagihara K, Kazui M, Kurihara A, Yoshiike M, Honda K, Okazaki O, Farid NA and Ikeda T 
(2009) A possible mechanism for the differences in efficiency and variability of active 
metabolite formation from thienopyridine antiplatelet agents, prasugrel and clopidogrel. 
Drug Metab Dispos 37:2145-2152. 

Hatfield MJ and Potter PM (2011) Carboxylesterase inhibitors. Expert Opin Ther Pat 21:1159-
1171. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 28, 2012 as DOI: 10.1124/jpet.112.201640

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #201640 

 

25 

 

Hosokawa M, Endo T, Fujisawa M, Hara S, Iwata N, Sato Y and Satoh T (1995) Interindividual 
variation in carboxylesterase levels in human liver microsomes. Drug Metab Dispos 
23:1022-1027. 

Hosokawa M, Furihata T, Yaginuma Y, Yamamoto N, Koyano N, Fujii A, Nagahara Y, Satoh T 
and Chiba K (2007) Genomic structure and transcriptional regulation of the rat, mouse, 
and human carboxylesterase genes. Drug Metab Rev 39:1-15. 

Hosokawa M, Furihata T, Yaginuma Y, Yamamoto N, Watanabe N, Tsukada E, Ohhata Y, 
Kobayashi K, Satoh T and Chiba K (2008) Structural organization and characterization of 
the regulatory element of the human carboxylesterase (CES1A1 and CES1A2) genes. 
Drug Metab Pharmacokinet 23:73-84. 

Imai T, Taketani M, Shii M, Hosokawa M and Chiba K (2006) Substrate specificity of 
carboxylesterase isozymes and their contribution to hydrolase activity in human liver and 
small intestine. Drug Metab Dispos 34:1734-1741. 

Karazniewicz-Lada M, Danielak D and Glowka F (2012) Genetic and non-genetic factors 
affecting the response to clopidogrel therapy. Expert Opin Pharmacother 13:663-683. 

Kazui M, Nishiya Y, Ishizuka T, Hagihara K, Farid NA, Okazaki O, Ikeda T and Kurihara A 
(2010) Identification of the human cytochrome P450 enzymes involved in the two 
oxidative steps in the bioactivation of clopidogrel to its pharmacologically active 
metabolite. Drug Metab Dispos 38:92-99. 

Levine GN, Bates ER, Blankenship JC, Bailey SR, Bittl JA, Cercek B, Chambers CE, Ellis SG, 
Guyton RA, Hollenberg SM, Khot UN, Lange RA, Mauri L, Mehran R, Moussa ID, 
Mukherjee D, Nallamothu BK and Ting HH (2011) 2011 ACCF/AHA/SCAI Guideline 
for Percutaneous Coronary Intervention. A report of the American College of Cardiology 
Foundation/American Heart Association Task Force on Practice Guidelines and the 
Society for Cardiovascular Angiography and Interventions. J Am Coll Cardiol 58:e44-
122. 

Lewis JP, Horenstein RB, Ryan K, O'Connell JR, Gibson Q, Mitchell BD, Tanner K, Chai S, 
Bliden KP, Tantry US, Peer CJ, Figg WD, Spencer SD, Pacanowski MA, Gurbel PA and 
Shuldiner AR (2013) The functional G143E variant of carboxylesterase 1 is associated 
with increased clopidogrel active metabolite levels and greater clopidogrel response. 
Pharmacogenet Genomics. 23:1-8. 

Mega JL, Close SL, Wiviott SD, Shen L, Hockett RD, Brandt JT, Walker JR, Antman EM, 
Macias W, Braunwald E and Sabatine MS (2009) Cytochrome p-450 polymorphisms and 
response to clopidogrel. N Engl J Med 360:354-362. 

Nemoda Z, Angyal N, Tarnok Z, Gadoros J and Sasvari-Szekely M (2009) Carboxylesterase 1 
gene polymorphism and methylphenidate response in ADHD. Neuropharmacology 
57:731-733. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 28, 2012 as DOI: 10.1124/jpet.112.201640

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #201640 

 

26 

 

Patrick KS, Straughn AB, Minhinnett RR, Yeatts SD, Herrin AE, DeVane CL, Malcolm R, Janis 
GC and Markowitz JS (2007) Influence of ethanol and gender on methylphenidate 
pharmacokinetics and pharmacodynamics. Clin Pharmacol Ther 81:346-353. 

Pereillo JM, Maftouh M, Andrieu A, Uzabiaga MF, Fedeli O, Savi P, Pascal M, Herbert JM, 
Maffrand JP and Picard C (2002) Structure and stereochemistry of the active metabolite 
of clopidogrel. Drug Metab Dispos 30:1288-1295. 

Rhoades JA, Peterson YK, Zhu HJ, Appel DI, Peloquin CA and Markowitz JS (2012) Prediction 
and in vitro evaluation of selected protease inhibitor antiviral drugs as inhibitors of 
carboxylesterase 1: a potential source of drug-drug interactions. Pharm Res 29:972-982. 

Ross MK, Borazjani A, Wang R, Allen Crow J and Xie S (2012) Examination of the 
carboxylesterase phenotype in human liver. Arch Biochem Biophys. doi: 
10.1016/j.abb.2012.04.010 

Ross MK and Crow JA (2007) Human carboxylesterases and their role in xenobiotic and 
endobiotic metabolism. J Biochem Mol Toxicol 21:187-196. 

Sai K, Saito Y, Tatewaki N, Hosokawa M, Kaniwa N, Nishimaki-Mogami T, Naito M, Sawada 
J, Shirao K, Hamaguchi T, Yamamoto N, Kunitoh H, Tamura T, Yamada Y, Ohe Y, 
Yoshida T, Minami H, Ohtsu A, Matsumura Y, Saijo N and Okuda H (2010) Association 
of carboxylesterase 1A genotypes with irinotecan pharmacokinetics in Japanese cancer 
patients. Br J Clin Pharmacol 70:222-233. 

Shi D, Yang D, Prinssen EP, Davies BE and Yan B (2011) Surge in expression of 
carboxylesterase 1 during the post-neonatal stage enables a rapid gain of the capacity to 
activate the anti-influenza prodrug oseltamivir. J Infect Dis 203:937-942. 

Shi D, Yang J, Yang D, LeCluyse EL, Black C, You L, Akhlaghi F and Yan B (2006) Anti-
influenza prodrug oseltamivir is activated by carboxylesterase human carboxylesterase 1, 
and the activation is inhibited by antiplatelet agent clopidogrel. J Pharmacol Exp Ther 
319:1477-1484. 

Shuldiner AR, O'Connell JR, Bliden KP, Gandhi A, Ryan K, Horenstein RB, Damcott CM, 
Pakyz R, Tantry US, Gibson Q, Pollin TI, Post W, Parsa A, Mitchell BD, Faraday N, 
Herzog W and Gurbel PA (2009) Association of cytochrome P450 2C19 genotype with 
the antiplatelet effect and clinical efficacy of clopidogrel therapy. Jama 302:849-857. 

Takahashi M, Pang H, Kawabata K, Farid NA and Kurihara A (2008) Quantitative determination 
of clopidogrel active metabolite in human plasma by LC-MS/MS. J Pharm Biomed Anal 
48:1219-1224. 

Tang M, Mukundan M, Yang J, Charpentier N, LeCluyse EL, Black C, Yang D, Shi D and Yan 
B (2006) Antiplatelet agents aspirin and clopidogrel are hydrolyzed by distinct 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 28, 2012 as DOI: 10.1124/jpet.112.201640

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #201640 

 

27 

 

carboxylesterases, and clopidogrel is transesterificated in the presence of ethyl alcohol. J 
Pharmacol Exp Ther 319:1467-1476. 

Tarkiainen EK, Backman JT, Neuvonen M, Neuvonen PJ, Schwab M and Niemi M (2012) 
Carboxylesterase 1 Polymorphism Impairs Oseltamivir Bioactivation in Humans. Clin 
Pharmacol Ther. doi: 10.1038/clpt.2012.13 

Tuffal G, Roy S, Lavisse M, Brasseur D, Schofield J, Delesque Touchard N, Savi P, Bremond N, 
Rouchon MC, Hurbin F and Sultan E (2011) An improved method for specific and 
quantitative determination of the clopidogrel active metabolite isomers in human plasma. 
Thromb Haemost 105:696-705. 

Wright RS, Anderson JL, Adams CD, Bridges CR, Casey DE, Jr., Ettinger SM, Fesmire FM, 
Ganiats TG, Jneid H, Lincoff AM, Peterson ED, Philippides GJ, Theroux P, Wenger NK, 
Zidar JP and Jacobs AK (2011) 2011 ACCF/AHA Focused Update of the Guidelines for 
the Management of Patients With Unstable Angina/ Non-ST-Elevation Myocardial 
Infarction (Updating the 2007 Guideline): a report of the American College of 
Cardiology Foundation/American Heart Association Task Force on Practice Guidelines. 
Circulation 123:2022-2060. 

Yamada S, Richardson K, Tang M, Halaschek-Wiener J, Cook VJ, Fitzgerald JM, Elwood K, 
Marra F and Brooks-Wilson A (2010) Genetic variation in carboxylesterase genes and 
susceptibility to isoniazid-induced hepatotoxicity. Pharmacogenomics J 10:524-536. 

Yang D, Pearce RE, Wang X, Gaedigk R, Wan YJ and Yan B (2009) Human carboxylesterases 
HCE1 and HCE2: ontogenic expression, inter-individual variability and differential 
hydrolysis of oseltamivir, aspirin, deltamethrin and permethrin. Biochem Pharmacol 
77:238-247. 

Yoshimura M, Kimura T, Ishii M, Ishii K, Matsuura T, Geshi E, Hosokawa M and Muramatsu M 
(2008) Functional polymorphisms in carboxylesterase1A2 (CES1A2) gene involves 
specific protein 1 (Sp1) binding sites. Biochem Biophys Res Commun 369:939-942. 

Zhu HJ, Appel DI, Jiang Y and Markowitz JS (2009a) Age- and sex-related expression and 
activity of carboxylesterase 1 and 2 in mouse and human liver. Drug Metab Dispos 
37:1819-1825. 

Zhu HJ, Appel DI, Johnson JA, Chavin KD and Markowitz JS (2009b) Role of carboxylesterase 
1 and impact of natural genetic variants on the hydrolysis of trandolapril. Biochem 
Pharmacol 77:1266-1272. 

Zhu HJ, Appel DI, Peterson YK, Wang Z and Markowitz JS (2010) Identification of selected 
therapeutic agents as inhibitors of carboxylesterase 1: Potential sources of metabolic drug 
interactions. Toxicology 270:59-65. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 28, 2012 as DOI: 10.1124/jpet.112.201640

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #201640 

 

28 

 

Zhu HJ and Markowitz JS (2009) Activation of the antiviral prodrug oseltamivir is impaired by 
two newly identified carboxylesterase 1 variants. Drug Metab Dispos 37:264-267. 

Zhu HJ and Markowitz JS (2012) Carboxylesterase 1 (CES1) genetic polymorphisms and 
oseltamivir activation. Eur J Clin Pharmacol. DOI 10.1007/s00228-012-1350-2 

Zhu HJ, Patrick KS, Yuan HJ, Wang JS, Donovan JL, DeVane CL, Malcolm R, Johnson JA, 
Youngblood GL, Sweet DH, Langaee TY and Markowitz JS (2008) Two CES1 gene 
mutations lead to dysfunctional carboxylesterase 1 activity in man: clinical significance 
and molecular basis. Am J Hum Genet 82:1241-1248. 

 

 

  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 28, 2012 as DOI: 10.1124/jpet.112.201640

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #201640 

 

29 

 

Footnotes 

This study was supported in part by the National Institute of Allergy and Infectious Diseases 

(R21AI096345, John S. Markowitz). 

  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on December 28, 2012 as DOI: 10.1124/jpet.112.201640

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #201640 

 

30 

 

Legends for Figures 

Figure 1. Metabolic pathways of clopidogrel. 

Figure 2. Effect of CES1 inhibition on the metabolism and activation of clopidogrel. The 

concentrations of clopidogrel and its five metabolites were determined utilizing an established 

LC-MS/MS assay after incubation of clopidogrel (20 µM) in pooled human liver s9 fractions (4 

mg/ml) in the presence and absence of the CES1 inhibitor BNPP (10 µM). Data are the averages 

of three independent experiments with error bars representing SD.   

Figure 3. Hydrolysis of clopidogrel (A) and 2-oxo-clopidogrel (B) by CES1 and its variants. 

Catalytic activity of CES1 and its nonsynonymous variants G18V, S82L, G143E, and A269S on 

the hydrolysis of clopidogrel and 2-oxo-clopidogrel was determined by measuring the formation 

of the respective carboxylate metabolites utilizing LC-MS/MS assay. Data were expressed as the 

means from three independent experiments.  

Figure 4. Hydrolysis of methylphenidate by CES1 and its variants. The established CES1 

selective substrate methylphenidate (100 µM) was incubated with the s9 fractions prepared from 

the WT CES1 cells and the cells transfected with the variants G18V, S82L, G143E, D260fs, and 

A269S. Enzymatic activity was determined by measuring the formation of the hydrolytic 

metabolite ritalinic acid. Data were expressed as mean ± SD (n=3).    
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Table 1. The area under the concentration-time curve (AUC, µM·hr) of clopidogrel and its metabolites 
from 0 to 22 hours after incubation of clopidogrel (20 µM) with pooled human liver s9 fractions in the 
presence or absence of the CES1 inhibitor BNPP (10 µM). Data are expressed as mean ± SD from three 
independent experiments. ** P<0.001 compared to controls. 

 

 

 Clopidogrel 2-oxo-clopidogrel Clopidogrel-AM Clopidogrel carboxylate 2-oxo-clopidogrel carboxylate Clopidogrel-AM carboxylate 

Control 1.76 ± 0.29 0.57 ± 0.04 0.45 ± 0.04 45.38 ± 2.46 0.66 ± 0.07  0.25 ± 0.02 

BNPP 9.02  ± 0.50** 1.93 ± 0.11** 0.99 ± 0.04** 8.35 ± 0.55** 0.26 ± 0.03**  0.14 ± 0.01** 
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