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Abstract

Purpose—The majority of angiotensin-converting enzyme inhibitors (ACEIs) are synthesized as
ester prodrugs that must be converted to their active forms in vivo in order to exert therapeutic
effects. Hepatic carboxylesterase 1 (CES1) is the primary enzyme responsible for the bioactivation
of ACEI prodrugs in humans. The genetic variant -816 A>C (rs3785161) is a common variant
located in the promoter region of the CES1P1 gene. Previous studies report conflicting results with
regard to the association of this variant and therapeutic outcomes of CES1 substrate drugs. The
purpose of this study was to determine the effect of the variant -816 A>C on the activation of the
ACEI prodrug trandolapril and the blood pressure (BP) lowering effect of trandolapril in
hypertensive patients.

Methods—The —816A>C genotypes and CES1 expression and activity on trandolapril activation
were determined in 100 individual human liver samples. Furthermore, the association of the
—-816A>C variant and the BP lowering effect of trandolapril was evaluated in hypertensive patients
who participated in the INternational VErapamil SR Trandolapril Study (INVEST).

Results—Our /in vitro study demonstrated that hepatic CES1 expression and activity did not
differ among different —-816 A>C genotypes. Moreover, we were unable to identify a clinical
association between BP lowering effects of trandolapril and —-816A>C genotypes.

Conclusions—We conclude that the —816 A>C variant is not associated with interindividual
variability in CES1 expression, activity or therapeutic response to ACEI prodrugs.
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University of Florida College of Pharmacy, 1600 SW Archer Road, RM PG-23, Gainesville, FL 32610-0486, Tel : 1-352-273-6262,
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Introduction

Angiotensin-converting enzyme inhibitors (ACEIs) are commonly used for the treatment of
hypertension, heart failure, and delaying progression of diabetic nephropathy. The majority
of ACElIs are synthesized as ester prodrugs to improve otherwise poor oral bioavailability.
We and others have found that the activation of ACEI prodrugs takes place primarily in the
liver via carboxylesterase 1 (CES1)-catalyzed hydrolysis [1-4]. This bioactivation is
essential for ACEI prodrugs to exert their intended therapeutic effects since the resulting
acid metabolites are far more potent inhibitors of ACE activity relative to the intact parent
compounds.

CES1 is the primary hepatic hydrolase responsible for metabolism of many important
medications, endogenous substances, and environmental toxins. In humans, CES1 is
encoded by the CESI gene, located in chromosome 16. CESIP1 is a pseudogene in close
proximity with the CESI gene. The CES1P1 gene does not encode any functional protein
due to a premature stop codon in exon 3. However, CESIPIVAR, a CESIPI variation with a
minor allele frequency (MAF) of approximately 30% in the general population, expresses
functional CESL1 protein, which is identical to that of the CESZ gene. CES1and CESIPI
genes are highly polymorphic with numerous variants in both coding and non-coding
regions. A single nucleotide polymorphism (SNP) —816A>C (rs3785161) within the
promoter region of the CESZPI gene was reported to be associated with a greater BP
lowering effect of the ACEI prodrug imidapril in hypertensive patients [5], suggesting this
SNP may be associated with higher level of CES1 expression. Furthermore, two clinical
investigations were recently carried out evaluating the association between the —816A>C
genotype and the antiplatelet activity of the CES1 substrate drug clopidogrel [6, 7].
However, the results from the two studies were contradictory with regard to potential effects
of the SNP on the antiplatelet activity of clopidogrel. Thus, whether the —816A>C is a
functional genetic variant associated with significantly altered CES1 expression and activity
remains an open question.

In the present study, we assessed the potential impact of the variant -816 A>C on CES1
expression and activity utilizing individual human liver samples. Moreover, the association
between this SNP and antihypertensive effect of the ACEI prodrug trandolapril was
evaluated in hypertensive patients who participated in the INternational VErapamil SR
Trandolapril Study (INVEST).

Materials and Methods

Materials

A total of 100 individual normal human liver samples were obtained from the XenoTech
LLC (Lenexa, KS) and the Cooperative Human Tissue Network (CHTN, Columbus, OH).
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Liver samples were obtained from 44 males and 56 females with ages ranging from 22 to 81
years old. The donors included 90 Caucasians, 6 African-Americans, 2 Hispanics, and 2
classified as ‘others’.

Trandolapril, trandolaprilat, and simvastatin acid were purchased from Toronto Research
Chemicals Inc. (Toronto, Canada). Taq polymerase was obtained from New England Biolabs
Inc. (Ipswich, MA). All other chemicals and agents were of the highest analytical grade
commercially available.

INVEST-GENES study

The INternational VErapamil SR Trandolapril Study (INVEST) was an international,
multicenter, parallel randomized controlled trial (clinicaltrials.gov identifier NCT00133692)
that enrolled 22,576 hypertensive coronary artery disease (CAD) patients from 862 sites in
14 countries to compare a calcium channel blocker verapamil SR-based treatment strategy
versus a beta blocker atenolol-based treatment strategy for the prevention of adverse
cardiovascular outcomes [8, 9]. Briefly, participants were randomly assigned to one of the
two treatment strategies and were followed with protocol visits every six weeks for the first
six months and every six months until the last participant was enrolled. In order to achieve
BP control, trandolapril and/or hydrochlorothiazide were added in a protocol-defined
manner, and finally non-study antihypertensive drugs were included for BP control. At each
visit, BP was measured twice with the patient in a seated position after a 5-minute period.
The average of two seated cuff BP measurements was used as the BP at that visit. The BP
response to trandolapril was calculated as (BP after trandospril treatment) — (BP before
trandolapril use). Only patients with BP readings at these two visits were included in the BP
response analysis.

The genetic substudy of INVEST, INVEST-GENES, collected DNA samples from 5,979
participants residing in the United States including Puerto Rico. Participants provided
written informed consent to participate in INVEST and INVEST-GENES. The study was
approved by an ethics committee for all participating study sites, and was conducted in
accordance with the Declaration of Helsinki and the U.S. Code of Federal Regulations for
Protection of Human Subjects. This analysis included 486 patients with analyzable data for
BP response to trandolapril treatment.

Genotyping of the -816A>C variant

For the clinical study, genomic DNA was isolated from mouthwash buccal cell samples
collected from participants using a commercially available kit (PureGene, Gentra Systems
Inc., Minneapolis, MN). Genotyping analysis was carried out on TagMan® 7900 HT SNP
genotyping platform using Tagman® allele discrimination assays from Applied Biosystems
(Life Technologies, Carlsbad, CA). The custom designed probes (6FAM-
CATCACCCCTACTGCMGBNFQ, and VIC-CATCACACCTACTGCT-MGBNFQ), and
PCR primers (Forward: 5’-CCTTAATTTGGTGATTTCACATTGC-3’; Reverse: 5’-
CAAGACATGGTTCAGCTTCTCAAG-3’) were purchased from Applied Biosystems (Life
Technologies, Carlsbad, CA), and used in 5 pl reactions in 384-well plates according to the
manufacturer's recommendations.
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For human liver samples, total genomic DNA was extracted from 100 individuals with Pure
Link™ Genomic DNA Mini Kit (Life technology, Austin, TX) according to the
manufacturer’s instructions. To determine the —-816 A>C genotypes, the promoter region of
CES1P1 was amplified using the primers and thermocycling conditions summarized in
Supplemental Tables 1 and 2. The PCR products were purified with the Pure Link™ Quick
PCR Purification Kit (Life technologies, Austin, TX), then subjected to Sanger sequencing
analysis utilizing the same PCR primers.

Western blot study of CES1 expression in human livers

Human liver s9 fraction (HLS9) samples were prepared according to a standard procedure
[10]. Levels of CES1 expression in individual HLS9 samples were determined by an
established western blot assay [2, 10]. CES1 expression of each sample was semi-quantified
by comparing the density of CES1 bands with the bands obtained from various amounts of
pooled HLS9 samples.

Hydrolysis of trandolapril in individual human liver s9 fractions

An in vitro incubation study was performed to assess CES1 activity on trandolapril
hydrolysis (i.e. bioactivation) in individual human liver samples. Trandolapril (200 uM) and
human HLS9 (0.2 mg/ml) were freshly prepared in phosphate buffered saline (PBS, pH7.4)
from stock solutions, and hydrolysis was initiated by mixing equal volumes of trandolapril
and HLS9 fraction work solutions. After incubation at 37 °C for10 min, the reaction was
terminated by adding 4-fold volume of acetonitrile containing the analytic internal standard,
simvastatin acid (20 ng/ml). Samples were then briefly vortexed, and centrifuged at 13,200
rpm at 4°C for 20 min to remove precipitated proteins. Ten pl of the supernatant was
injected into an HPLC-MS/MS system for the analysis of the concentrations of
trandolaprilat, the active acid metabolite of trandolapril formed via CES1-mediated
hydrolysis.

HPLC-MS/MS assay for trandolaprilat

An HPLC-MS/MS assay was developed to determine concentrations of the trandolapril
active metabolite, trandolaprilat, based on a previously published method with some
modifications [11]. The HPLC-MS/MS analytical system consisted of a Shimadzu
Prominence HPLC system and an Applied Biosystems APl 4000 QTRAP® mass
spectrometer. The liquid chromatographic separation was performed on a reverse phase
column (Restek, Ultra 11® C18, 2.0 x 150 mm, 5 micron) with gradient elution at a constant
flow rate of 0.3 ml/min at 40°C. The mobile phase consisted of 2 mM ammonium acetate
and 0.2% formic acid in water (A) and 2 mM ammonium acetate and 0.2% formic acid in
methanol (B). The linear gradient was run as the follows: 0 min, 50% B; 3 — 5 min, ramped
to 95% B; 5.5 — 8.5 min, returned to 50% B. The entire acquisition time was 8.5 min. The
MS was operated in an electrospray negative ionization mode using multiple reaction
monitoring (MRM) with the m/z transitions of 429.0>168.0, 401.0>168.0, and 435.3>319.0,
for trandolapril, trandolaprilat, and simvastatin acid (1.S.), respectively. The assay was
validated for accuracy and precision using blank matrix spiked with three concentrations
(0.03, 3, 10 uM) of trandolaprilat. Accuracy and precision were within 98.0% to 100.9% and
0.3% to 1.0%, respectively.
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Statistical analysis

Results

The continuous variables are presented as mean and standard deviation (SD) and categorical
variables are presented as numbers and percentages as appropriate. Hardy-Weinberg
Equilibrium (HWE) was tested within each race group using chi-square test with 1 degree of
freedom. The BP response to trandolapril therapy was calculated as the changes of BP
following trandolapril treatment (i.e. BP after trandolapril therapy - BP before trandolapril
therapy). The association between the —816 A>C genotypes and BP response was evaluated
using linear regression within each race/ethnicity group, adjusting for age, gender,
trandolapril dose and baseline BP. For /n vitro experiments, data are presented as mean = SD
of three independent experiments. One-way analysis of variance (ANOVA) was utilized to
assess the effect of the —816 A>C genotypes on the expression and activity of CES1 in
human liver samples. The correlation between CES1 expression and activity on trandolapril
activation was assessed with Pearson correlation analysis. All statistical analysis was
performed in SAS 9.4 (Cary, NC).

The -816A>C genotypes were not associated with the BP lowering effect of trandolapril in
INVEST participants

Baseline demographics of the 486 INVEST-GENES patient samples with analyzable
genotype and BP response to trandolapril are shown in Table 1. This subset of participants
were largely comparable to the overall INVEST participants, except for higher baseline
blood pressure and higher percentage of black and Hispanics and lower percentage of white
participants. The minor allele frequency (MAF) of —816 A>C was 16.6% in Caucasians,
13.5% in Hispanics and 3.3% in African Americans, respectively. The genotype frequencies
of this SNP in all race groups did not deviate from the Hardy Weinberg Equilibrium (Table
2). We were unable to identify any evidence that this SNP was associated with a systolic BP
(SBP) response to trandolapril (Figure 1). The p values were 0.52 in Caucasians, 0.37 in
Hispanics and 0.096 in African Americans, respectively.

The -816A>C variant did not affect CES1 expression and activity on trandolapril activation
in human livers

The promoter region of the CESIPI gene was sequenced to determine the —816A>C
genotypes in individual human liver samples. The MAF of the -816A>C was 16.7% within
the Caucasian subjects genotyped (Table 1), which is consistent with the data from the
INVEST GENES study. MAFs were not determined in other racial groups due to small
sample sizes.

Western blotting study demonstrated that the protein expression of CES1 in the human liver
samples were comparable among the three -816 A>C genotypes (i.e. AA, AC, and CC, P =
0.51, Figure 2A). Additionally, the genotypes were not associated with CES1 activity on
trandolapril hydrolysis (P = 0.57), as measured by the formation of the active metabolite
trandolaprilat (Figure 2B). The correlation analysis of CES1 expression and activity on
trandolapril activation showed that the activity was significantly correlated to CES1
expression levels (P<0.001, R?=0.27, Figure 3).
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Discussion

It has been well documented that pharmacokinetics and therapeutic outcomes of ACEls
varies significantly among individual patients [12-17]. Given that the majority of ACEls are
CES1-activated ester prodrugs, the functional status of CES1 could be an important
contributing factor to interindividual variability in the pharmacokinetics and
pharmacodynamics of ACEIs. A clinical study conducted by Geshi and associates suggested
that the —816 A>C, a common CESIPI promoter variant, was associated with greater BP
lowering effect of the ACEI prodrug imidapril in Japanese hypertensive patients [5]. This
finding led to the assumption that this SNP might be associated with the enhanced CES1
expression, and consequently increases imidapril activation and antihypertensive effects. The
clinical significance of the variant -816 A>C was further investigated by two recently
published clopidogrel clinical studies. One of the studies reported that platelet activity in
patients treated with clopidogrel was higher in the —816C carriers relative to that in non-
carriers, suggesting that CES1 activity is higher in patients carrying the minor C allele, an
observation in agreement with the previous imidapril study. However, a second clopidogrel
study published in the same year indicated that platelet activity was lower in the C allele
carriers than those with the AA genotype, suggesting that the C allele is associated with
decreased CES1 function, an observation contradictory to the findings from the two
aforementioned studies.

To elucidate potential impact of the —816 A>C variant on hepatic CES1 function, we
determined CES1 expression and its activity on trandolapril activation in individual normal
human liver samples (n=100). No significant differences of CES1 expression were observed
among the three —816 A>C genotypes (A/A, A/C, and C/C). Consistent with the expression
profiles, CES1 activity toward trandolapril bioactivation was not found to be associated with
the —816A>C genotypes. Furthermore, BP lowering effects of trandolapril did not
significantly differ between the A/A, A/C, and C/C genotypes, which is in full agreement
with the in vitro human liver study. Taken together, these results suggest that the —-816A>C
variant is unlikely to be a contributing factor to varied CES1 function and interindividual
variability in response to trandolapril or any number of other medications predominantly
metabolized by CESL1.

Substantial variations in CES1 expression and activity were observed in the 100 individual
human liver samples assayed, which is likely attributable to both genetic and non-genetic
factors. To date, over 1000 SNPs have been identified within the loci of the CESZ and
CESI1P1 genes. The first documented clinically significant CESZ nonsynonymous variant
G143E (rs71647871) was originally discovered in our laboratory from a study subject who
participated in a clinical pharmacokinetic study. The MAFs of the G143E were found to be
3.7%, 4.3%, 2.0%, and 0% in European, African American, Hispanic, and Asian
populations, respectively. The G143E is a loss-of-function variant for the metabolism of
several CES1 substrates including methylphenidate, clopidogrel, and many ACEI prodrugs
while the variant exhibits significantly decreased activity for catalyzing hydrolysis
(activation) of the antivirus prodrug oseltamivir [2, 4, 18-20]. Several clinical studies have
demonstrated that pharmacokinetics and/or pharmacodynamics of CES1 substrate
medications were significantly altered in the subjects carrying the G143E variant. Besides
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the G143E variant, more than 200 nonsynonymous CESZ variants have been reported in
various SNP databases (http://exac.broadinstitute.org). Most of these SNPs are rare variants
with MAFs less than 0.1%, and the functionality of these variants largely remains
undetermined. In addition to nonsynonymous variants, many SNPs were discovered in
regulatory regions of the CESI and CES1PI genes. For example,, the =75T>G (rs3815583)
is a common SNP located in 5’-untranslated region (5’-UTR) of CESZ, and was associated
with appetite reduction in patients with attention-deficit/hyperactivity disorder treated with
the CES1 substrate methylphenidate [21]. However, it remains unknown as to whether this
SNP is associated with altered CES1 expression and catalytic function. In addition to genetic
variants, various environmental factors, such as many medications serving as CES1
inhibitors, may affect CES1 activity, and consequently alter pharmacokinetics and
pharmacodynamics of medications metabolized by CES1 [10, 22-29].

The highly homologous CESZ and CES1PI genes are located in the same chromosome
region, suggesting the two genes were originated by gene duplication during an evolutionary
process. It is interesting that the pseudogene CESIPI variation CESIPIVAR s a functional
gene encoding functional CES1 protein which is identical to the protein product of CESI.
Therefore, it has been suspected that the CESIP1/CESIPIVAR genotypes may affect CES1
expression. However, our in vitro human liver study has revealed that the CESIP1/
CESI1P1VAR genotypes are not associated with CES1 protein expression levels in human
livers [4], which is likely due to that the transcription efficiency of CESIP1/CESIPIVAR s
only 2% of the CES1 gene, thus overall contribution of CESIPIVAR gene to CES1
expression appears negligible. The —816A>C is a variant residing in the promoter region of
the CESIP1/CESIPIVAR gene. A previous study suggested that the -816 A>C may be
associated with higher transcription activity based on an in vitro reporter assay [30].
However, the present study demonstrated that the —816 A>C genotypes do not significantly
influence hepatic CES1 expression and activity, which is consistent with the fact that the
SNP is in almost complete linkage with the nonfunctional pseudogene CES1P1[31], and the
transcription efficiency of the CES1P1/CES1IPIVAR in the liver is extremely low relative to
the CESI gene [32]. We did not pursue the study of other CESI variants due to the limited
DNA materials from our clinical samples.

In summary, our study has provided both in vitro and in vivo evidence supporting our
conclusion that the 816 A>C variant is unlikely to be a contributing factor to interindividual
variability in CES1 function nor variability in response to the treatment of ACEI prodrugs
and other medications metabolized by CES1. Further study is warranted to elucidate the
function of numerous, and as yet, unstudied CESZ genetic polymorphisms which may
enable the greater use of CESI variants as biomarkers for individualizing pharmacotherapy
involving CES1 substrate drugs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Systolic blood pressure response to trandolapril by CES1 -816 A>C genotype in each race/
ethnicity group. The p values were adjusted for age, gender, baseline systolic blood pressure
and dose. Bars: adjusted blood pressure response; error bars: standard error of the mean.
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Effect of the CESIPI variant —-816 A>C on CESL1 expression (A) and activity on trandolapril
activation (B) in human liver samples (n=100). The data were categorized into three groups

based on the -816A>C genotypes (i.e. AA, AC, CC). Horizontal bars represent mean values
in each group.
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Figure 3.

Correlation analysis of CES1 expression and CES1 activity on trandolapril hydrolysis in
human liver samples (n=100).
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Table 1

Baseline demographics of the 486 INVEST-GENES participants

Characteristics Thisstudy (n=486) INVEST (n=22,576) p
Age, mean (SD), years 66 (10) 66 (10) 0.42
Women 285 (59%) 11770 (52%) 0.23
Baseline BP, mean (SD), mmHg

Systolic 151 (18) 148 (18) 0.0001

Diastolic 87 (10) 87 (12) 0.0015
Race/ethnicity 0.0006

White 214 (44%) 10925 (48%)

Black 77 (16%) 3029 (13%)

Hispanic 189 (39%) 8045 (36%)

Other/multiracial 6 (1%) 577 (3%)
BMI, mean (SD), kg/m?2 30 (6) 29 (7) 0.04
Smoking history 189 (39%) 2265 (41%) 0.31

Past Medical History

Myocardial infarction 117 (24%) 7218 (32%) 0.65
Angina pectoris 348 (72%) 15045 (67%) 0.19
Stroke/TIA 38 (8%) 1629 (7%) 0.46
Left ventricular hypertrophy 88 (18%) 4948 (22%) 0.06
Heart failure (class I-111) 15 (3%) 1256 (6%) 0.73
Peripheral vascular disease 53 (11%) 2699 (12%) 0.91
Diabetes 137 (28%) 6401 (28%) 0.997
Hypercholesterolemia 254 (52%) 12448 (55%) 0.34
Renal impairment 8 (2%) 424 (2%) 0.9
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