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Abstract

Background

Human carboxylesterase 1 (CES1) is a serine esterase that hydrolyses various exogenous
and endogenous compounds including oseltamivir, a prodrug used to treat influenza. A
novel CES1c.662A>G single nucleotide polymorphism (SNP) was predicted to decrease
CES1 enzymatic activity in an in silico analysis. This study evaluated the effect of the
¢.662A>G SNP on the pharmacokinetics (PK) of oseltamivir in humans.

Methods

A single oral dose of oseltamivir at 75 mg was administered to 20 healthy subjects, 8 hetero-
zygous ¢.662A>G carriers (c.662AG) and 12 non-carriers (c.662AA). The concentrations of
oseltamivir and its active metabolite, oseltamivir carboxylate, were measured in plasma and
urine using a validated liquid chromatography-tandem mass spectrometry (LC-MS/MS)
method. The PK parameters were calculated using a noncompartmental method. The geo-
metric mean ratios (GMR, ¢.662AG to c.662AA) of the PK parameters and their 90% confi-
dence intervals (Cl) were calculated.

Results

The systemic exposure to oseltamivir, as assessed by the AUC_4gp, Of oseltamivir,

was increased by 10% in ¢.662AG subjects, whereas the AUC_4g,, Of 0seltamivir carbox-
ylate was 5% lower in c.662AG subjects. The GMR and 90% ClI of the metabolic ratio
(AUC0-48h, Oseltamivir carboxylate/AUC0-48h, Oseltamivir) was 0.87 (066_1 14) The amount of
unchanged oseltamivir excreted in the urine was increased by 15% in subjects with the
€.662AG genotype.
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Conclusions

This result suggests that CES1 enzymatic activity may be decreased in these heterozygous
allele carriers, although further studies are warranted to investigate the clinical implications
of this genetic variation on CES1 substrate drugs.

Trial registration
ClinicalTtrials.gov NCT01902342

Introduction

Oseltamivir is one of the most commonly used antiviral agents to treat and prevent influenza
[1-3]. It is an ethyl ester prodrug of the active oseltamivir carboxylate, which selectively inhib-
its the neuraminidase enzyme of the influenza virus [1-4]. Up to 80% of an orally administered
dose of oseltamivir is converted into oseltamivir carboxylate, as mediated by human carboxy-
lesterase 1 (CES1). Oseltamivir carboxylate is eliminated by urinary excretion (S1 Fig) [2, 4].
Other drug metabolizing enzymes (i.e., cytochrome P450 or glucuronosyltransferases) are not
involved in the elimination process of oseltamivir or its active metabolite [2, 4].

The human CES enzyme is present as 2 main isozymes, i.e., CES1 and CES2, and the level
of expression of these CES isozymes differs among organs. Namely, the CES1 isozyme is highly
expressed in the liver, whereas the expression of the CES2 enzyme is high in the intestine [5,
6]. Numerous ester prodrugs (e.g., oseltamivir, clopidogrel, and angiotensin converting
enzyme inhibitors), methylphenidate, and some illegal psychotropic drugs (e.g., cocaine and
heroin) are substrates for the CES1 enzyme [7-12].

Genetic polymorphisms of the human CES1 enzyme contribute to the large inter-individual
variability of its substrate drugs. In earlier in vitro and in vivo studies, CES1 genetic variants
such as ¢.428G>A (p.Gly143Glu, rs121912777) and ¢.780delT (p.Asp260fs, rs71647872) were
associated with decreased activity of the CES1 enzyme, resulting in altered pharmacokinetic
characteristics of methylphenidate, enalapril, clopidogrel and oseltamivir in humans [13-17].
However, those CES1 genetic variants have not been observed in Asians and they are also
rarely found in white, black and Hispanic populations [13, 18]. In Asian populations, the
genetic polymorphism of CES1 enzyme has been evaluated in Japanese subjects, but the study
results based on different study designs and substrates were inconsistent [19, 20]. To identify
novel CES1 genetic variants that can alter the CES1 enzyme activity in Asian population, we
identified 41 single nucleotide polymorphisms (SNPs) including 14 nonsynonymous variants
for CESI in 200 Koreans [18]. Among them, 3 SNPs (i.e., c.662A>G, rs200707504; c56G>T,
rs3826190; ¢.808G>T, rs115629050) were predicted to decrease CES1 enzymatic activity
based on an in silico analysis using the PolyPhen-2 software (http://genetics.bwh.harvard.edu/
pph2/), and their minor allele frequencies (MAFs) in Koreans were 2%, 1.5% and 0.8%, respec-
tively, compared with 4.57% in the global population [18, 21, 22]. Whereas neither c56G>T
nor ¢.808G>T was associated with a significant effect on CES1-mediated hydrolysis in a previ-
ous in vitro study [9], the effect of the c.662A>G SNP on the CES1 enzyme has not been char-
acterized previously.

Many people may be exposed to oseltamivir during an influenza pandemic, and the
€.662A>G SNP can be an important clinical biomarker if it significantly decreases CES1
enzyme function in humans, although the frequency of the c.662A>G SNP is relatively
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infrequent. Based on this understanding, we hypothesized that the CESI c.662A>G SNP
decreases the enzymatic activity of human CES1, thereby decreasing the bioactivation of osel-
tamivir. To test this hypothesis, the pharmacokinetics (PK) of oseltamivir and its active metab-
olite, oseltamivir carboxylate, were compared among 20 healthy male volunteers, classified
into 2 genotype groups according to their c.662A>G variant status.

Materials and methods

Clinical study design

To identify subjects with the c.662A>G SNP, a genotype test was performed using banked
blood samples (N = 546) at Seoul National University. After identifying the CESI genotype,
the subjects who were willing to be enrolled in this study underwent a screening test. Twenty
healthy male volunteers were enrolled into this parallel-group clinical study based on their
c.662A>G SNP status (8 heterozygous c.662A>G carriers (c.662AG) and 12 non-carriers
(c.662AA)). Subjects were admitted to the Clinical Trials Center at Seoul National University
Hospital one day before the administration of oseltamivir. After an overnight fast, all the sub-
jects received 75 mg of oseltamivir (Tamiflu®™ Capsule; Roche Registration Ltd., Welwin Gar-
den City, United Kingdom) with 240 mL of water. The study drug was administered by the
investigators. Serial plasma samples were collected at 0 (i.e., pre-dose), 0.5,1, 1.5, 2, 3,4, 5, 6, 8,
10, 12, 24, 36 and 48 h post-dose for the analysis of oseltamivir and oseltamivir carboxylate
concentrations using a heparinized tube. Urine samples were also collected up to 48 h post-
dose. The study subjects participated starting 10 to 12 days from the time of drug administra-
tion to the end of the study visit.

The study protocol was approved by the Institutional Review Board of the Seoul National
University Hospital, Seoul, Korea, and the study was conducted in accordance with the princi-
ples of the Declaration of Helsinki and ICH Good Clinical Practice (clinicaltrials.gov identifi-
cation number: NCT01902342). Written consent was obtained from all the subjects before any
study-related procedure was performed.

Determination of the oseltamivir and oseltamivir carboxylate
concentration

The oseltamivir and oseltamivir carboxylate concentrations in the plasma and urine were
determined using a highly specific and sensitive method of liquid chromatography-tandem
mass spectrometry (LC-MS/MS) (Agilent 6490 Triple Quadrupole, Agilent Technologies,
Santa Clara, CA, USA). To prepare the samples for analysis, an aliquot of the plasma or urine
specimen was mixed with acetonitrile in the presence or absence of the internal standard osel-
tamivir carboxylate-d3. The mixture was vortexed for 30 sec and then centrifuged for 10 min
at 14,000 rpm. An aliquot of the supernatant was transferred to an autosampler vial, and 2 uL
was injected onto the Kinetex HILIC column (50 mm X 2.1 mm, 5 um; Phenomenex, Tor-
rance, CA, USA) within a 3 min run at a flow rate of 0.3 mL/min using gradient elution.
Mobile phase A consisted of 10 mM ammonium acetate in water, and mobile phase B con-
sisted of 100% acetonitrile. Oseltamivir and oseltamivir carboxylate were quantitatively
detected using positive ionization of triple-quadrupole mass spectrometry equipped with elec-
trospray ionization. The method was validated within a ranges of 0.5-100 ng/mL and 20-
20,000 ng/mL for oseltamivir, and 2-500 ng/mL and 500-100,000 ng/mL for oseltamivir car-
boxylate in plasma and urine, respectively.
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Genotyping of CES1c.662A>G SNP

Genomic DNA samples were extracted using a QIAamp DNA Mini Kit (QIAgen, Hilden Ger-
many). Target gene-specific primer pairs (CES1-1F: ctgtggtcctgaaggtcctg; CES1-1R: caaccaagctg-
gaagaggag) and Dr. MAX DNA Polymerase (Doctor Protein INC, Seoul, Korea) were used for
the PCR reactions. The PCR amplification conditions consisted of 94°C for 5 min; 35 cycles of
94°C for 30 sec, variable temperature for 30 sec, and 72°C for 40 sec; and finally 72°C for 7
min. PCR products were purified using Millipore plate MSNU030 (Millipore SAS, Molsheim,
France). The purified PCR products were then Sanger-sequenced with the BigDye Terminator
Sequencing Kit v3.1 on an ABI PRISM 3730xl automated sequencer (Applied Biosystems, Fos-
ter City, CA, USA). Nucleotide sequences were determined for both strands of the PCR ampli-
fication products at the Macrogen Sequencing Facility (Macrogen Inc., Seoul, Korea). The
CES1 SNP genotyping was focused on ¢.662A>G and did not cover other CESI SNPs.

Pharmacokinetics data analysis

The plasma concentrations of oseltamivir and oseltamivir carboxylate were analysed by non-
compartmental analysis using Phoenix™ WinNonlin®™ software version 1.3 (Certara, St. Louis,
MO, USA). The area under the concentration-time curve from time 0 to 48 h post-dose of
oseltamivir (AUCy.4gh, oseltamivir) and oseltamivir carboxylate (AUCq_4gh, oseltamivir carboxylate)
was calculated using the linear up, log down trapezoidal method [23]. The metabolic ratio was
calculated as AUC_4sp, oseltamivir carboxylate / AUCq_48h, oseltamivir- 1 he observed concentrations
and times were used to estimate the maximum concentration (C,,,,) and time to reach the
Ciax (Timax) for oseltamivir and oseltamivir carboxylate. The apparent terminal elimination
rate constant (A,) was estimated from a regression of log-transformed plasma concentrations
of oseltamivir and oseltamivir carboxylate versus time over the terminal log-linear disposition
portion of the concentration-time profiles, and the elimination half-life (t;,,) was calculated as
the natural logarithm of 2 divided by A,. Total apparent clearance (CL/F) of oseltamivir was
calculated as the administered dose (75 mg) over the AUC_ygp, oseltamivir, a10d the apparent vol-
ume of distribution was calculated as the CL/F divided by A,. The total urinary excreted
amount of oseltamivir and oseltamivir carboxylate during 48 h (Ae 45,) was calculated by
multiplying the volume of excreted urine and the urinary concentration of oseltamivir and
oseltamivir carboxylate, respectively.

Statistical analysis

The sample size was estimated to detect a 25% difference in the metabolic ratio (equivalent to a
mean difference of 0.29 in the log-transformed metabolic ratio) of oseltamivir between the two
genotype groups, with an 80% power and a 5% significance level using a two-sided T-test. The
total coefficient of variation value of the metabolic ratio in wild-type subjects was assumed to
be 20% (equivalent to a o of 0.20 in the log-transformed metabolic ratio) according to an ear-
lier study [15]. A total number of 18 subjects was sufficient to reach 80% power for showing a
minimal detectable difference of 1.45 (mean difference/o) in the log-transformed metabolic
ratio with a 5% significance level using a two-sided T-test. All the demographic characteristics
and PK parameters are presented as arithmetic mean and standard deviation (SD). A general
linear model was developed to estimate the geometric mean ratios (GMRs) of the PK parame-
ters and their 90% confidence intervals (CIs) for heterozygous carriers (c.662AG) over non-
carriers (c.662AA). Log-transformed PK parameters were used as dependent variables in the
model, where genotype was used as a fixed effects. Two one-sided T-tests at the 5% level of sig-
nificance were conducted to determine the 90% CI around the ratio of the log-transformed
population means for PK parameters. The Wilcoxon two-sample test was performed to
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Subjects genotyped for CES7 c.662A>G single nucleotide
polymorphism (N=546)

Wild type subjects Variant type subjects
(c.662AA, N=512) (c.662AG, N=34)

Excluded due to Declined to
enrollment .
completion participate

(N=500) (N=26)
Received 75mg of Received 75mg of
oral oseltamivir oral oseltamivir
(N=‘1 2) (N=8)
Completed the trial Completed the trial
as planned as planned
(N=‘1 2) (N‘=8)
Data analyzed Data analyzed
(N=12) (N=8)

Fig 1. Study flowchart.
https://doi.org/10.1371/journal.pone.0176320.9001

identify significant differences in the demographic characteristics between the genotype
groups. A p-value <0.05 was considered statistically significant. Statistical analyses were per-
formed using SAS software version 9.3 (SAS Institute Inc., Cary, NC, USA).

Results

Frequency of the CES1c.662A>G SNP

A total of 546 subjects were genotyped, and 512 and 34 of these had the c.662AA and c.662AG
genotypes, respectively (Fig 1). None had the c.662GG genotype, leading to a MAF of 3.1%.
The MAF observed in this study was compatible with that obtained in our earlier study but
was higher than the value observed in the dbSNP (0.1%, http://www.ncbi.nlm.nih.gov/SNP)
[18].

Demographic characteristics

A total of 20 healthy Korean male subjects were enrolled from July 2013, and all the subjects
completed the trial as planned until December 2013. Twelve and eight subjects had the
c.662AA and c.662AG genotype, respectively (Fig 1). The demographic characteristics were
similar between the genotype groups, at 28 vs. 27 years (age), 1.76 vs. 1.74 m (height), 72.8 vs.
67.5 kg (body weight), and 23.5 vs. 22.2 kg/m” (BMI) for the c.662AA and c.662AG genotype,
respectively (p > 0.05 for all demographic characteristics).
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Fig 2. Mean plasma concentration profiles of oseltamivir and oseltamivir carboxylate after a single oral administration of oseltamivir
at 75 mg. The open and filled circles denote the mean values in subjects with the c.662AA and c.662AG genotype, respectively. The error bars

represent the standard deviation.
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Effect of the CES1¢c.662A>G SNP on the PK of oseltamivir

The mean metabolic ratio of oseltamivir was approximately 13% lower in subjects with the
€.662AG genotype than in subjects with the c.662AA genotype, although this effect failed to
reach statistical significance (Fig 2, Table 1). The GMR (90% CI) for the metabolic ratio and
the AUC 41, of oseltamivir and oseltamivir carboxylate were 0.87 (0.66-1.14), 1.10 (0.83-
1.45) and 0.95 (0.86-1.05), respectively. The CL/F and Vz/F of oseltamivir were not signifi-
cantly lower in subjects with the c.662AG genotype, and the GMR (90% CI) for the corre-
sponding parameters was 0.91 (0.70-1.20) and 0.84 (0.62-1.15), respectively (Fig 3, Table 1).
The amount of oseltamivir excreted in the urine was not significantly greater in subjects with
the c.662AG genotype than in those with the c.662AA genotype, and the GMR (90% CI) for
the Aeg 45 of oseltamivir was 1.15 (0.9-1.48) (Fig 3, Table 1).

Discussion

In this study, the metabolic ratio, apparent clearance and apparent volume of distribution for
oseltamivir were 10-16% lower in subjects with the c.662AG genotype (i.e., heterozygous car-
riers) than those with the c.662AA genotype (i.e., wild-types) for the CES1 enzyme (Table 1,
Fig 3), although we failed to show the statistical significance of these differences. The
¢.662A>G SNP is associated with a missense mutation in the 5 exon of the CESI gene (refer-
ence sequence NG_012057.1) that leads to a glutamate (Glu)-to-glycine (Gly) amino acid
change at position 220 [18]. Glu220 is located next to Ser221, one of the three catalytic residues
of the CES1 enzyme, and the switch of this amino acid with glycine at position 220 has been
suggested to decrease the catalytic function of the CES1 enzyme [21, 22, 24-26]. The intrinsic
clearance of oseltamivir by the human CES1 enzyme is rapid even in neonates and infants, and
the overall clearance of oseltamivir to oseltamivir carboxylate approached the hepatic blood
flow (i.e., the extraction ratio of oseltamivir in the liver is close to 1 in humans) [27]. For high
extraction ratio drugs such as oseltamivir and propranolol, a slight difference in bioavailability
(F) may lead to a large variability in drug exposures [28, 29]. Therefore, we postulate that the
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Table 1. Pharmacokinetic characteristics of oseltamivirin CES1 c.662A>G and wild-type subjects.

Subject group Geometric mean ratio P-
(Variant subjects/wild-type value
subjects)
(90% Cl)
Variant Wild-type
subjects subjects
(c.662AG) (c.662AA)
(N=8) (N=12)
Demographic 26.6+3.2 28.3+4.1 0.362
Characteristics
1.74+0.03 1.76 £0.04 0.471
67.5+£6.2 72.8+6.4 0.114
222+1.7 23.5+1.6 . 0.114
Pharmacokinetic Oseltamivir Metabolic 37.1+13.1 43.3+15.6 0.87 (0.66-1.14) 0.386
parameter Ratio'
AUCq.48n (g-h/ |  114.6133.0 106.2 £ 39.0 1.10 (0.83-1.45) 0.555
L)
Cmax (HO/L) 68.41+35.3 475+21.7 1.42 (0.98-2.06) 0.122
Tmax (h) 0.5 0.5 0.675
(0.5-1.5) (0.5-2.0)
CL/F (L/h) 704.1£242.8 779.5+281.3 0.91 (0.70-1.20) 0.581
Vz/F (L) 1115.6 + 226.6 1449.5+737.8 0.84 (0.62—-1.15) 0.355
t12 (h) 1.2+0.5 1.3£0.5 0.92 (0.67—-1.26) 0.657
Aeg-4sn (MY) 4.33+1.22 3.64+0.87 1.15(0.9-1.48) 0.334
Oseltamivir AUCq.48n (g-h/ | 3948.1 +586.0 4142.1 £486.8 0.95 (0.86-1.05) 0.410
carboxylate L)
Cax (HG/L) 374.7 £65.7 377.9+70.9 1.00 (0.85-1.17) 0.967
Tmax (h) 3.0 3.0 1.0
(5.0-6.1) (5.0-6.0)
t12 (h) 6.5+0.3 6.8+1.2 0.96 (0.86-1.07) 0.507
Aeg.4sn (MY) 59.95+9.53 61.83+5.41 0.96 (0.86-1.07) 0.513

AUCo.48n, Cmax, CL/F, VZ/F 11,2, AEq.4n and CLg are presented as the arithmetic means + standard deviations.
Tmax is presented as the median (min—max).
! The metabolic ratio was calculated as AUCO-48h, oseltamivir carboxylate / AUCO—48h, oseltamivir.

https://doi.org/10.1371/journal.pone.0176320.t001

decreased CES1 enzymatic activity in heterozygous carriers (i.e., c.662A>G SNP), as evi-
denced by a 13% lower metabolic ratio than that of wild-type subjects in the present study,
resulted in an increased bioavailability of oseltamivir (or a decreased pre-systemic clearance),
leading to a 10% greater systemic exposure to oseltamivir and a 42% higher maximum concen-
tration (Table 1, Fig 3).

To treat influenza, oseltamivir is administered for 5 days, although this treatment can be
extended for the prevention of influenza. Oseltamivir and oseltamivir carboxylate show a lin-
ear PK characteristic profile in the clinical dose range, and their plasma concentrations at
steady state can be adequately predicted using the PK parameters estimated after a single
administration [2, 4]. Therefore, individuals who carry the CESI c.662A>G SNP are likely to
have an increased systemic exposure to oseltamivir at a steady state, whereas the systemic
exposure to its active metabolite, oseltamivir carboxylate, is slightly lower.

The PK characteristics of oseltamivir that we observed in carriers of the CESI c.662A>G
SNP may have important implications for the efficacy and safety profiles of this drug. First, the
plasma concentration of oseltamivir carboxylate has been shown to be associated with the

PLOS ONE | https://doi.org/10.1371/journal.pone.0176320  April 24, 2017 7/11


https://doi.org/10.1371/journal.pone.0176320.t001
https://doi.org/10.1371/journal.pone.0176320

@° PLOS | ONE

CES1¢.662A>G and bioactivation of oseltamivir

180 7 5500 -
= [ J
i ¥ -
_ 160 Y (a,
- = 5000 +
£ LJ 2
2 140 4 ©
: o : H
= o 2 4500
‘E 120 A & °
8 o o
S | £ [ ]
%] ( ] = °
S 100 4 ° IS $
‘G S 4000 |
= [ © s
) 172}
5 o
o 80 —
S S °
< ] & 3500 A
60 - s
S °
<
40 T T 3000 T T
c.662AA subjects ¢.662AG subjects €.662AA subjects C.662AG subjects
80 4 6 -
2
_ L4 g L
0 £ s $
I g :
= [ J
]
o %01 ° 8 L4
8 . ° 5 41 .
2 g S
_8 50 ° o
© £
5 T 3] [
= ot °
40 2
° o
° 2
$ = 21
30 - ° 2
- ¢ 5 *
)
20 T T 1 T T
C.662AA subjects c.662AG subjects c.662AA subjects c.662AG subjects

Fig 3. Comparison of PK parameters between genotype groups. The metabolic ratio was calculated as the AUCq.4gn, oseltamivir carboxylate /
AUC.48h, oseitamivir. The solid lines across the box, the top edge, and the bottom edge represent the median, the 75" percentile, and the 25™ percentile,
respectively. The horizontal lines connected with the whiskers extending from the box denote the 90" and 10" percentiles, respectively. The dots
outside of the whiskers represent outliers.

https://doi.org/10.1371/journal.pone.0176320.9003

anti-viral effect of oseltamivir [4]. The metabolic ratio in CESI c.428G>A heterozygous carri-
ers was only approximately 16% lower than that in wild-type subjects, whereas homozygous
carriers showed a 23% lower metabolic ratio than wild-type subjects [15], which is comparable
to the effects found in the present study (13% lower, Table 1). Although no ¢.662A>G homo-
zygous carriers were enrolled in the present study, their bioactivation of oseltamivir could
have been much lower than those of both heterozygous carriers and wild-type subjects. There-
fore, the antiviral efficacy of oseltamivir could be much more compromised in homozygous
carriers as a consequence of decreased CES1 enzyme activity. Second, abnormal behaviours
and even death have been reported after oseltamivir treatment in Japan, which may have been
caused by the adverse effects of oseltamivir on the central nervous system (CNS) [30]. Because
oseltamivir is more lipophilic than oseltamivir carboxylate, penetration into the CNS was
higher for oseltamivir than for its active metabolite [31]. Therefore, the increased systemic
exposure to oseltamivir in CES1 variants can lead to increased concentrations in the brain,
which might increase the likelihood of CNS toxicity.
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Altered CESI enzyme activity can also influence the PK, pharmacodynamics (PD) and
clinical outcomes of various drugs such as cocaine, methylphenidate, enalapril and clopidogrel
[7-12, 16, 17]. Inhibition of the CES1 enzyme and its loss-of-function genetic variant (i.e.,
c.428G>A) have been associated with higher concentrations of clopidogrel’s active metabolite,
which enhanced the antiplatelet activity of clopidogrel in in vitro and in vivo studies [9, 10, 17].
Additionally, subjects with the c.428G>A SNP showed higher methylphenidate concentra-
tions, requiring lower doses of methylphenidate for symptom reduction in patients with atten-
tion deficit hyperactivity disorder carrying the variant allele [13, 32]. Therefore, further studies
are warranted to investigate the role of the CESI ¢.662A>G SNP on the PK, PD and clinical
outcomes of various CES1 substrate drugs.

The present study has several limitations. First, the role of the c.662A>G SNP on CES1
enzyme structure or its catalytic function had not been evaluated in in vitro studies before
the present in vivo study was performed. However, it was expected that the c.662A>G SNP
would act as a functional SNP based on i# silico analysis, and the clinical significance of the
€.662A>G SNP remained to be evaluated in vivo [18]. Additionally, the study was performed
in a relatively small number of subjects due to the low frequencies of the c.662A>G SNP in
Koreans. A post hoc power analysis showed that the actual statistical power was only 31% for
the metabolic ratio, and 25% decrements in the metabolic ratio should have been observed to
attain the same statistical power (i.e., 80%) with 20 subjects at the same significance level of
5%. Therefore, the number of subjects was not large enough to detect a possible difference
between genotypes. Finally, the results of the present study cannot be extrapolated to a general
population due to differences in CES1 enzyme activity among different age groups. For
instance, CES1 enzyme activity is lower in populations younger and older than in the young
adults we studied, and the difference in catalytic function due to genetic polymorphisms
would be smaller in those age groups [33, 34].

In conclusion, the bioactivation of oseltamivir was decreased in subjects with the c.662AG
genotype compared to wild-type subjects, although this difference failed to reach statistical sig-
nificance. This finding suggests that the CESI c.662A>G SNP may be associated with lower
enzymatic activity of the human CES1 enzyme, which may contribute to inter-individual vari-
ability in the effectiveness of drugs metabolized via CES1 activity. Further studies including a
larger number of subjects are warranted to investigate the impact of the CESI c.662A>G vari-
ant on CES1 enzyme activity.

Supporting information

S1 Fig. Disposition of oseltamivir and oseltamivir carboxylate in the human body.
(TIF)

S1 File. CONSORT checKklist.
(PDF)

S2 File. Study protocol.
(DOC)

S3 File. Pharmacokinetic dataset.
(ZIP)

Acknowledgments

The authors thank the staff of the Seoul National University Hospital Clinical Trials Center for
generous cooperation.

PLOS ONE | https://doi.org/10.1371/journal.pone.0176320  April 24, 2017 9/11


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176320.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176320.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176320.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0176320.s004
https://doi.org/10.1371/journal.pone.0176320

@° PLOS | ONE

CES1¢.662A>G and bioactivation of oseltamivir

Author Contributions

Conceptualization: JO SHL KSL.

Data curation: JO KSL.

Formal analysis: JYC SHY.

Funding acquisition: KSL.

Investigation: JO KSL.

Project administration: IJ] KSY.

Resources: IJ] KSY.

Supervision: IJ] KSY.

Writing - original draft: JO.

Writing - review & editing: SHL HL JYC SHY IJJ KSY KSL.

References

1.

10.

11.

12

13.

14.

Hayden FG, Treanor JJ, Fritz RS, Lobo M, Betts RF, Miller M, et al. Use of the oral neuraminidase inhib-
itor oseltamivir in experimental human influenza: randomized controlled trials for prevention and treat-
ment. JAMA. 1999; 282: 1240-1246. PMID: 10517426

He G, Massarella J, Ward P. Clinical pharmacokinetics of the prodrug oseltamivir and its active metabo-
lite Ro 64—0802. Clin Pharmacokinet. 1999; 37: 471—484. https://doi.org/10.2165/00003088-
199937060-00003 PMID: 10628898

Moscona A. Neuraminidase inhibitors for influenza. N Engl J Med. 2005; 353: 1363—1373. https://doi.
org/10.1056/NEJMra050740 PMID: 16192481

Davies BE. Pharmacokinetics of oseltamivir: an oral antiviral for the treatment and prophylaxis of influ-
enza in diverse populations. J Antimicrob Chemother. 2010; 65;Suppl 2: ii5—ii10.

Imai T. Human carboxylesterase isozymes: catalytic properties and rational drug design. Drug Metab
Pharmacokinet. 2006; 21: 173—185. PMID: 16858120

Hosokawa M. Structure and catalytic properties of carboxylesterase isozymes involved in metabolic
activation of prodrugs. Molecules. 2008; 13: 412—431. PMID: 18305428

Beaumont K, Webster R, Gardner |, Dack K. Design of ester prodrugs to enhance oral absorption of
poorly permeable compounds: challenges to the discovery scientist. Curr Drug Metab. 2003; 4: 461—
485. PMID: 14683475

Redinbo MR, Bencharit S, Potter PM. Human carboxylesterase 1: From drug metabolism to drug dis-
covery. Biochem Soc Trans. 2003; 31: 620—-624. https://doi.org/10.1042/ PMID: 12773168

Zhu HJ, Wang X, Gawronski BE, Brinda BJ, Angiolillo DJ, Markowitz JS. Carboxylesterase 1 as a deter-
minant of clopidogrel metabolism and activation. J Pharmacol Exp Ther. 2013; 344: 665-672. https:/
doi.org/10.1124/jpet.112.201640 PMID: 23275066

Lewis JP, Horenstein RB, Ryan K, O’Connell JR, Gibson Q, Mitchell BD, et al. The functional G143E
variant of carboxylesterase 1 is associated with increased clopidogrel active metabolite levels and
greater clopidogrel response. Pharmacogenet Genomics. 2013; 23: 1-8. https://doi.org/10.1097/FPC.
0b013e32835aa8a2 PMID: 23111421

Sun Z, Murry DJ, Sanghani SP, Davis WI, Kedishvili NY, Zou Q, et al. Methylphenidate is stereoselec-
tively hydrolyzed by human carboxylesterase CES1A1. J Pharmacol Exp Ther. 2004; 310: 469—476.
https://doi.org/10.1124/jpet.104.067116 PMID: 15082749

Laizure SC, Mandrell T, Gades NM, Parker RB. Cocaethylene metabolism and interaction with cocaine
and ethanol: role of carboxylesterases. Drug Metab Dispos. 2003; 31: 16—20. PMID: 12485948

Zhu HJ, Patrick KS, Yuan HJ, Wang JS, Donovan JL, DeVane CL, et al. Two CES1 gene mutations
lead to dysfunctional carboxylesterase 1 activity in man: clinical significance and molecular basis. Am J
Hum Genet. 2008; 82: 1241-1248. https://doi.org/10.1016/j.ajhg.2008.04.015 PMID: 18485328

Zhu HJ, Markowitz JS. Activation of the antiviral prodrug oseltamivir is impaired by two newly identified
carboxylesterase 1 variants. Drug Metab Dispos. 2009; 37: 264—267. https://doi.org/10.1124/dmd.108.
024943 PMID: 19022936

PLOS ONE | https://doi.org/10.1371/journal.pone.0176320  April 24, 2017 10/11


http://www.ncbi.nlm.nih.gov/pubmed/10517426
https://doi.org/10.2165/00003088-199937060-00003
https://doi.org/10.2165/00003088-199937060-00003
http://www.ncbi.nlm.nih.gov/pubmed/10628898
https://doi.org/10.1056/NEJMra050740
https://doi.org/10.1056/NEJMra050740
http://www.ncbi.nlm.nih.gov/pubmed/16192481
http://www.ncbi.nlm.nih.gov/pubmed/16858120
http://www.ncbi.nlm.nih.gov/pubmed/18305428
http://www.ncbi.nlm.nih.gov/pubmed/14683475
https://doi.org/10.1042/
http://www.ncbi.nlm.nih.gov/pubmed/12773168
https://doi.org/10.1124/jpet.112.201640
https://doi.org/10.1124/jpet.112.201640
http://www.ncbi.nlm.nih.gov/pubmed/23275066
https://doi.org/10.1097/FPC.0b013e32835aa8a2
https://doi.org/10.1097/FPC.0b013e32835aa8a2
http://www.ncbi.nlm.nih.gov/pubmed/23111421
https://doi.org/10.1124/jpet.104.067116
http://www.ncbi.nlm.nih.gov/pubmed/15082749
http://www.ncbi.nlm.nih.gov/pubmed/12485948
https://doi.org/10.1016/j.ajhg.2008.04.015
http://www.ncbi.nlm.nih.gov/pubmed/18485328
https://doi.org/10.1124/dmd.108.024943
https://doi.org/10.1124/dmd.108.024943
http://www.ncbi.nlm.nih.gov/pubmed/19022936
https://doi.org/10.1371/journal.pone.0176320

@° PLOS | ONE

CES1¢.662A>G and bioactivation of oseltamivir

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Tarkiainen EK, Backman JT, Neuvonen M, Neuvonen PJ, Schwab M, Niemi M. Carboxylesterase 1
polymorphism impairs oseltamivir bioactivation in humans. Clin Pharmacol Ther. 2012; 92: 68-71.
https://doi.org/10.1038/clpt.2012.13 PMID: 22588607

Tarkiainen EK, Tornio A, Holmberg MT, Launiainen T, Neuvonen PJ, Backman JT, et al. Effect of car-
boxylesterase 1 ¢.428G > A single nucleotide variation on the pharmacokinetics of quinapril and enala-
pril. BrJ Clin Pharmacol. 2015; 80: 1131-1138. https://doi.org/10.1111/bcp.12667 PMID: 25919042

Tarkiainen EK, Holmberg MT, Tornio A, Neuvonen M, Neuvonen PJ, Backman JT, et al. Carboxylester-
ase 1 ¢.428G>A single nucleotide variation increases the antiplatelet effects of clopidogrel by reducing
its hydrolysis in humans. Clin Pharmacol Ther. 2015; 97: 650-658. https://doi.org/10.1002/cpt.101
PMID: 25704243

ChaY, Jeong H, Shin J, Kim E, Yu K, Cho J, et al. Genetic polymorphisms of the Carboxylesterase 1
(CES1) gene in a Korean population. Transl Clin Pharmacol. 2014; 22: 30-34.

Sai K, Saito Y, Tatewaki N, Hosokawa M, Kaniwa N, Nishimaki-Mogami T, et al. Association of carboxy-
lesterase 1A genotypes with irinotecan pharmacokinetics in Japanese cancer patients. Br J Clin Phar-
macol. 2010; 70: 222—-233. https://doi.org/10.1111/j.1365-2125.2010.03695.x PMID: 20653675

Suzaki Y, Uemura N, Takada M, Ohyama T, ltohda A, Morimoto T, et al. The effect of carboxylesterase
1 (CES1) polymorphisms on the pharmacokinetics of oseltamivir in humans. Eur J Clin Pharmacol.
2013; 69: 21-30. https://doi.org/10.1007/s00228-012-1315-5 PMID: 22673926

Adzhubei IA, Schmidt S, Peshkin L, Ramensky VE, Gerasimova A, Bork P, et al. A method and server
for predicting damaging missense mutations. Nat Methods. 2010; 7: 248—249. https://doi.org/10.1038/
nmeth0410-248 PMID: 20354512

Adzhubei |, Jordan DM, Sunyaev SR. Predicting functional effect of human missense mutations using
PolyPhen-2. Curr Protoc Hum Genet; 2013; Chapter 7, Unit 7.20.

Gabrielsson J, Weiner D. Non-compartmental analysis. Methods Mol Biol. 2012; 929: 377-389. https://
doi.org/10.1007/978-1-62703-050-2_16 PMID: 23007438

Bencharit S, Morton CL, Xue Y, Potter PM, Redinbo MR. Structural basis of heroin and cocaine metabo-
lism by a promiscuous human drug-processing enzyme. Nat Struct Biol. 2003; 10: 349-356. https://doi.
org/10.1038/nsb919 PMID: 12679808

Alam M, Vance DE, Lehner R. Structure-function analysis of human triacylglycerol hydrolase by site-
directed mutagenesis: identification of the catalytic triad and a glycosylation site. Biochemistry. 2002;
41: 6679-6687. PMID: 12022871

Vistoli G, Pedretti A, Mazzolari A, Testa B. In silico prediction of human carboxylesterase-1 (hnCES1)
metabolism combining docking analyses and MD simulations. Bioorg Med Chem. 2010; 18: 320-329.
https://doi.org/10.1016/j.bmc.2009.10.052 PMID: 19932971

Standing JF, Nika A, Tsagris V, Kapetanakis I, Maltezou HC, Kafetzis DA, et al. Oseltamivir pharmaco-
kinetics and clinical experience in neonates and infants during an outbreak of HIN1 influenza A virus
infection in a neonatal intensive care unit. Antimicrob Agents Chemother. 2012; 56: 3833-3840. https://
doi.org/10.1128/AAC.00290-12 PMID: 22564835

Shand DG, Nuckolls EM, Oates JA. Plasma propranolol levels in adults with observations in four chil-
dren. Clin Pharmacol Ther. 1970; 11: 112—-120. PMID: 5410893

Rowland M, Tozer TN. Clinical pharmacokinetics and pharmacodynamics: concepts and applications.
Philadelphia: Lippincott Williams & Wilkins; 2011.

Izumi Y, Tokuda K, O’Dell KA, Zorumski CF, Narahashi T. Neuroexcitatory actions of Tamiflu and its
carboxylate metabolite. Neurosci Lett. 2007; 426: 54-58. https://doi.org/10.1016/j.neulet.2007.08.054
PMID: 17884292

Jhee SS, Yen M, Ereshefsky L, Leibowitz M, Schulte M, Kaeser B, et al. Low penetration of oseltamivir
and its carboxylate into cerebrospinal fluid in healthy Japanese and Caucasian volunteers. Antimicrob
Agents Chemother. 2008; 52: 3687-3693. https://doi.org/10.1128/AAC.00327-08 PMID: 18676886

Nemoda Z, Angyal N, Tarnok Z, Gadoros J, Sasvari-Szekely M. Carboxylesterase 1 gene polymor-
phism and methylphenidate response in ADHD. Neuropharmacology. 2009; 57: 731-733. https://doi.
org/10.1016/j.neuropharm.2009.08.014 PMID: 19733552

Zhu HJ, Appel DI, Jiang Y, Markowitz JS. Age- and sex-related expression and activity of carboxylester-
ase 1 and 2 in mouse and human liver. Drug Metab Dispos. 2009; 37: 1819—-1825. https://doi.org/10.
1124/dmd.109.028209 PMID: 19487248

Ohura K, Tasaka K, Hashimoto M, Imai T. Distinct patterns of aging effects on the expression and activ-
ity of carboxylesterases in rat liver and intestine. Drug Metab Dispos. 2014; 42: 264-273. https://doi.
org/10.1124/dmd.113.054551 PMID: 24271336

PLOS ONE | https://doi.org/10.1371/journal.pone.0176320  April 24, 2017 11/11


https://doi.org/10.1038/clpt.2012.13
http://www.ncbi.nlm.nih.gov/pubmed/22588607
https://doi.org/10.1111/bcp.12667
http://www.ncbi.nlm.nih.gov/pubmed/25919042
https://doi.org/10.1002/cpt.101
http://www.ncbi.nlm.nih.gov/pubmed/25704243
https://doi.org/10.1111/j.1365-2125.2010.03695.x
http://www.ncbi.nlm.nih.gov/pubmed/20653675
https://doi.org/10.1007/s00228-012-1315-5
http://www.ncbi.nlm.nih.gov/pubmed/22673926
https://doi.org/10.1038/nmeth0410-248
https://doi.org/10.1038/nmeth0410-248
http://www.ncbi.nlm.nih.gov/pubmed/20354512
https://doi.org/10.1007/978-1-62703-050-2_16
https://doi.org/10.1007/978-1-62703-050-2_16
http://www.ncbi.nlm.nih.gov/pubmed/23007438
https://doi.org/10.1038/nsb919
https://doi.org/10.1038/nsb919
http://www.ncbi.nlm.nih.gov/pubmed/12679808
http://www.ncbi.nlm.nih.gov/pubmed/12022871
https://doi.org/10.1016/j.bmc.2009.10.052
http://www.ncbi.nlm.nih.gov/pubmed/19932971
https://doi.org/10.1128/AAC.00290-12
https://doi.org/10.1128/AAC.00290-12
http://www.ncbi.nlm.nih.gov/pubmed/22564835
http://www.ncbi.nlm.nih.gov/pubmed/5410893
https://doi.org/10.1016/j.neulet.2007.08.054
http://www.ncbi.nlm.nih.gov/pubmed/17884292
https://doi.org/10.1128/AAC.00327-08
http://www.ncbi.nlm.nih.gov/pubmed/18676886
https://doi.org/10.1016/j.neuropharm.2009.08.014
https://doi.org/10.1016/j.neuropharm.2009.08.014
http://www.ncbi.nlm.nih.gov/pubmed/19733552
https://doi.org/10.1124/dmd.109.028209
https://doi.org/10.1124/dmd.109.028209
http://www.ncbi.nlm.nih.gov/pubmed/19487248
https://doi.org/10.1124/dmd.113.054551
https://doi.org/10.1124/dmd.113.054551
http://www.ncbi.nlm.nih.gov/pubmed/24271336
https://doi.org/10.1371/journal.pone.0176320

